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Abstract 
The mechanical performance of additively manufactured (AM) components remains an issue, limiting the implementation of AM 
technologies. In this work, a new method is presented, to examine the evolution of defects in an Inconel 718 two-bar test specimen, 
manufactured by laser powder bed fusion AM, during ‘staged’ thermo-mechanical testing. The test was interrupted at specific 
extensions of the specimen, and X-ray computed tomography measurements performed. This methodology has allowed, for the first 
time, the evolution of the defects in an AM specimen to be studied during a thermo-mechanical test. The number and size of the 
defects were found to increase with time as a result of the thermo-mechanical test conditions, and the location and evolution of 
these defects have been tracked. Defect tracking potentially allows for accurate prediction of failure positions, at the earliest possible 
stage of a thermo-mechanical test. Ultimately, when the ability to locate defects in this manner is coupled with manipulation of build 
parameters, laser powder bed fusion practitioners will be able to further optimise the manufacturing procedure in order to produce 
components of a higher structural integrity. 
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1. Introduction 

Laser powder-bed fusion (LPBF) additive manufacturing (AM) 
is a near-net-shape technique which provides a high design 
flexibility to components such as aero-engine turbine blades. 
However, few studies have considered thermo-mechanical 
properties such as creep, of specimens fabricated by such 
techniques. Rickenbacher et al. [1] investigated the creep 
performance of an LPBF fabricated In738LC specimen; the 
specimens’ creep property was found to be anisotropic, and also 
slightly inferior to conventionally manufactured specimens. 
Pröbstle et al. [2] studied the creep properties of LPBF 
manufactured Inconel 718 specimens and found these 
specimens possess better creep performance than cast and 
wrought specimens, though fracture results were not included 
in their study. Conventionally, creep testing cannot provide 
direct evidence regarding defect evolution during a test, thus 
staged creep testing has been implemented. Through the use of 
X-ray computed tomography (XCT) at each stage, it is possible to 
study defect evolution in a non-destructive manner and 
continue mechanical testing. Babout et al. [3] designed an in-situ 
tomography system and applied it in room temperature tensile 
testing, obtaining seven scans at different stages of a tensile 
test. The propagation of defects in the specimen was 
successfully measured. Hangai et al. [4] applied a similar concept 
and compared the conditions of pores in an aluminium specimen 
pre and post fatigue testing of the specimen. This method gave 
direct evidence of defect development and a better 
understanding of the specimen behaviour during testing 
through determination of the fracture origin. The method can 
also be extended to other mechanical test types. 

2. Methodology     

In this study, a two-bar small specimen (TBS) was used to study 
creep (as shown in figure 1, in which the bold arrow indicates 
the building direction, L for left bar and R for right bar), and 
prove the practicality of the ‘staged’ testing technique. The TBS 
is a relatively small-sized specimen, designed by Hyde et al. [5], 
which can be used to obtain both creep strain rate and fracture 
life. Specimens of this geometry were built using a Renishaw 
AM250 LPBF system with commercial Inconel 718 powder 
provided by Renishaw PLC and milled to the specific dimensions 
shown. A specimen was tested with a tensile stress of 
747.45 MPa at 650 ˚C and compared to a reference study by 
Sugahara et al. [6]. The test rig is shown in figure 2, where the 
TBS is mounted in the loading element and then encased in the 
heating element.  

 

 
 
Figure 1. Dimensions of the TBS. 
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Figure 2. (a) Loading element and (b) heating element that make up the 
test rig. 

A staged mechanical test was designed based on extension data 
obtained from preliminary experiments. The creep test was 
interrupted when the extension reached a certain distance, and 
the specimen was removed from the testing kit for XCT 
measurement. A Nikon MCT 225 was used to perform XCT 
measurements (settings: source voltage 225 kV, source current 
44 μA, exposure 2000 ms and geometric magnification 20×, 
yielding a reconstructed voxel size of 10 μm ± 0.2 μm). The test 
strategy is shown in figure 3. 
 

 
 
Figure 3. Staged creep testing strategy. 

XCT image processing was performed using MATLAB [7] and 
ImageJ [8] to examine pores, based on thresholding via the 
ISO50 surface determination method [9]. The two-bar section 
(as shown in figure 4) was considered and measured. 

 

 
 
Figure 4. XCT images and the convention for the two-bar section.  

3. Results and discussion      

3.1. Porosity distribution in the TBS before mechanical testing 
The right bar has higher porosity than the left (as shown in 

figure 5) and the porosity distribution has no regular pattern, 
which indicates that the pores in the AM manufactured parts are 
randomly distributed. The study made by Ziółkowski et al. [10] 
showed that the pore distribution was largely dependent on 
samples’ building orientation. The section which has the highest 
porosity, i.e. peak 1, can be identified in the curve. The defects 
found at this position were considered at the first stage to be the 
likely cause of eventual fracture. 
 

 
 
Figure 5. Porosity distribution in the TBS before testing. 

3.2. Cross-sectional area changes 
Figure 6 shows the decrease of the cross-sectional area in the 

two-bar section over the course of the creep test (necking). In 
this case, the most obvious reduction in the cross-sectional areas 
are located near the two ends. There is a 30% reduction of the 
cross-sectional area in the third stage when compared to the 
first stage and these positions represent likely potential fracture 
points. The negative end shown in figure 6 has an approximately 
8% higher area reduction than the positive end. The negative 
end is more likely to cause the specimen’s fracture. 

 

 
 
Figure 6. Cross-sectional area changes along the build direction. 

3.3. Porosity distribution changes during mechanical testing  



  

Figure 7 shows the porosity distribution change over time 
along the two bars of the specimen, with the greatest porosity 
increases being near the two ends. The specimen’s fracture 
occurred in the negative end, as shown in figure 7. Peak 1 (same 
as the peak 1 in figure 5) has the highest porosity in the first 
stage (as-build condition). This peak disappeared in the fourth 
stage, indicating that the defects at this point resulted in the 
eventual fracture. This result agrees with the prediction made in 
section 3.1. 

 

 
 
Figure 7. Porosity distribution change during testing. 

3.4. Performance of the fracture section during the test 
The reconstructed 3D model (as shown in figure 8) of the 

fracture section clearly indicates defects evolution. Pore 1 has 
an obvious ring shape in the first stage, which grew into a 
spherical pore during the test. Some newly developed pores are 
also observed in the third stage, which grew much faster than 
pore 1. These defects together cause the eventual fracture of 
the specimen. The small pore (pore 2 in figure 8) experienced 
almost no change during the testing. 

 

 
 
Figure 8. Reconstructed 3D model of the fracture section. 

4. Conclusion      

Defects in the as-build LPBF manufactured specimen are 
normally distributed randomly, and sections with the highest 
porosity are more likely lead to fracture. In the tested specimen, 
the most porous sections were found to be located at each end 
of the gauge sections, and the area of the respective cross-
sections dropped significantly in these sections during testing. 
The evolution of pores in the fracture section involved the 
growth of existing pores in addition to the generation of the new 
pores. These mechanisms both contribute to specimen fracture. 

 
The combination of the staged testing and XCT can be applied 

to estimate the potential fracture points and gain information of 
the subsequent specimen response, such as the pore evolution, 
in testing. 
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