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Abstract

The creep performance of additively manufactured components remains an issue
before additive manufacturing can be put fully implemented. In this study, Inconel 718
two-bar specimens are produced by selective laser melting and subjected to a ‘staged’
creep test. Creep test was interrupted at critical junctures and X-ray computed
tomography measurements performed at various extensions of the specimen. Periodic
X-ray computed tomography measurements allow, for the first time, examination of
the specimens during creep testing. Evaluation of specimen performance shows the
number and size of pores within the specimen increasing over time as a result of
classical creep mechanisms. Location and tracking over time of weak points are
performed, allowing early estimation of sample failure points. This information is
valuable to selective laser melting practitioners who seek to optimise the build strategy

in order to minimise in-built defects.
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1. Introduction

Selective laser melting (SLM) is a powder bed fusion based additive manufacturing
(AM) technique. It is a near-net-shape technique which provides a high flexibility in
producing complex geometrical features in high value components such as turbine

blades. However, when considering the mechanical testing of nickel superalloys



processed by SLM, the published work is limited to relatively simple tests, e.g.
hardness and tensile testing. For example, Amato et al. [1] studied the effects of the
build orientation and post-treatments on the hardness and tensile properties of Inconel
718 samples built in two different atmospheres. They confirmed that variations in the
mechanical properties were mainly caused by the y” precipitates. Jia et al. [2]
investigated the effects of changing SLM build parameters on Inconel 718 samples
with an examination of densification, hardness and wear performance. An optimum
energy density which resulted in improved mechanical properties was determined.
However, fewer researchers have examined the more complex failure mechanisms of
SLM samples, such as creep or fatigue behaviour. Rickenbacher et al. [3], for
example, not only studied tensile properties of SLM fabricated IN738LC, but also
demonstrated that the creep performance of that material was inferior compared to
conventionally manufactured samples. In the study performed by Probstle et al. [4],
however, Inconel 718 SLM samples were found to possess improved creep strength
over cast and wrought samples. Probstle et al. also showed that post-process heat
treatment further improved the creep performance of Inconel 718, although fracture

results were not included.

Of the aforementioned mechanical properties, creep resistance is a key mechanical
property for components deployed in high-temperature applications [5], and the use of
additively manufactured parts here has so far been limited by the poor creep
performance. This is largely based upon the assumptions on the evolution of ‘in-built’
defects at high temperatures. Analysis of the response of AM components to creep is
therefore of critical importance, particularly the response of common defects produced
during the AM processes, which are expected to evolve under creep conditions. It is
well known that creep is a time-dependent phenomenon, but current conventional
testing methods do not examine the entire sample or provide direct evidence of defect
evolution during creep testing. In this paper, a method for studying such defect
evolution is presented. Through the use of X-ray computed tomography (XCT)[6],
defects can be non-destructively detected allowing the measurement procedure to
continue. In a previously reported study [7], XCT measurement was applied to detect
defects in a sample before and after fatigue fracture. Babout et al. [8] studied the
damage mechanisms of room temperature tensile testing of powder metallurgy

fabricated samples, the entire testing procedure was divided into seven deformation



stages and XCT measurement was performed in each stage. In another study [9], an
in-situ XCT measurement was applied to study a high-temperature tensile testing, the
evolution of samples’ deformation was clearly demonstrated. In this study, XCT
measurement is undertaken at periodic stages of the creep test. Through comparison
of different XCT datasets, the evolution of the defects can be characterised. XCT has
so far been used for non-destructive testing to measure the spatial distribution of pores
in SLM structures in recent research, and a review of such studies is presented by
Thompson et al. [10]. Specifically, Maskery et al. [11] successfully quantified and
characterised the porosity in SLM built structures. Maskery et al. demonstrated the
feasibility of using XCT to give a sufficient description of part porosity, pore size and
pore shape. In another study [12], XCT was applied to locate and measure the defects
in samples built by selective electron beam melting (SEBM). The size, volume fraction
and spatial distribution of these defects were well recognised and characterised.
Particularly, a voxel size of 9.9 um, which gives a minimum detectable pore equivalent
diameter of approximately 25 um, was found adequate to locate all large-scale defects

in the sample.

The novel approach presented in this work combines staged creep testing with XCT
and provides new information regarding time-dependent creep phenomena. This
approach also provides a new understanding of the creep performance of SLM

processed Inconel 718.
2. Experimental Methodology

Inconel 718 two-bar specimens (TBSs) were subject to creep testing in this study. A
TBS (as shown in Fig. 1(b)) is a specimen which designed to obtain information about
both uniaxial creep strain rate and fracture life [13]. The raw TBS block (as shown in
Fig. 1(a), in which the arrow indicates the SLM building direction) was built in a
Renishaw AM250 laser melting system. The raw block was post-processed using a
computer numerical controlled (CNC) milling machine to the specified dimensions (as
shown in Fig. 2), defined by Hyde et al. [13]. Testing was carried out under a uniform
tensile stress of 747.45 MPa at a temperature of 650 ‘C. These parameters were
chosen to match a creep study made by Sugahara et al. [14] on standard wrought
Inconel 718 samples.
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Fig. 1 (a) Raw TBS block (arrow indicates the SLM building direction); (b) CNC machined as-
built TBS (dimensions in mm)

Fig. 2 Dimensions of the TBS used in this study [13]

Preliminary, uninterrupted, creep testing was carried out under the aforementioned
conditions to estimate the extension range of the TBS. The extension and lifetime of
four repeat samples obtained during preliminary testing are shown in Table 1.

Table 1
The extension and lifetime results of the preliminary testing

Initial elastic Failure extension / e L
Sample . Lifetime / s
extension / mm mm
Sample A 0.999 2.014 24240
Sample B 0.470 1.829 32880
Sample C 0.729 2.074 47760
Sample D 0.640 1.856 21960
Average 0.710 1.943 31710

Based on the preliminary results, a strategy for staged creep testing was devised and
is shown in Fig. 3. Testing was interrupted when the creep strain reached each pre-



set extension. XCT measurements were then performed at these intervals as well as
prior to testing and after failure, yielding four XCT datasets in total.

Sample status XCT measurement  Creep testing

1st stage XCT

As-built TBS — e aeot —> 0.95mm extension

¢ Creep testing was interrupted here }—‘

XCT
nd i
2nd stage TBS — el 2 —> 1.5mm extension

¢ Creep testing was interrupted here —

XCT
rd i
3'd stage TBS — dataset 3 —> To failure

\4

XCT

th
4t stage TBS —_ Tatasala

Fig. 3 Testing strategy for staged creep testing

A Nikon MCT 225 was used to perform the XCT measurements. Scan parameters
were kept constant between measurements, using the following setup: source voltage
225 kV, source current 44 yA, exposure 2000 ms and geometric magnification 20x;
yielding a reconstructed voxel size of 10 £ 0.2 ym (uncertainty taken from positional
variability along the magnification axis between scans). The reconstructed voxel size
limits the minimum detectable pore size, as it is generally accepted that the minimum
detectable pore size is approximately that of a few voxels. In this study, the largest
pores were predicted to be most likely to cause failure of the TBS, and so pores below
the resolution of the system in the setup used were not considered. X-ray projections
were formed from an average of two frames per projection. A warm up scan of over
one hour was performed prior to each scan to minimise the effects of X-ray source
fluctuation as the source temperature stabilised, and a 1.75 mm copper X-ray pre-filter
was used. X-ray imaging and volumetric reconstruction were performed using Nikon
software (Inspect-X and CT-Pro, respectively), using a filtered back projection
reconstruction algorithm with a third order beam hardening correction and a ramp
noise filter [15].

Analysis of XCT data was performed on TIFF images outputted in the arrangement
shown in Fig. 4, considering only the parallel sections of the sample. The centre of the
uniaxial section is set as the zero point; the positive and negative directions are

marked in Fig. 4. All descriptions in the following are based on this convention.
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Fig. 4 XCT image stacking and the convention for referencing scanned position

Image stack analysis was performed using a combination of MATLAB [16] and ImageJ
[17]. The ISO 50 surface determination method [18] (described diagrammatically in
Fig. 5) was initially applied to threshold image stacks. However, in this case, the
threshold ISO 50 grey value (as shown in Fig. 5(a)) provided clearly spurious
thresholding results (as shown in Fig. 5(b)). The thresholding value was manually
adjusted to ISO 78.6 (as shown in Fig. 5(a)) to provide a clear representation of pores
in a number of example images while minimising noise in the binarised images (shown
in Fig. 5(b)). The ISO 78.6 threshold was then applied to all images individually using
MATLAB. The binary images produced by MATLAB were then analysed using ImageJ
to calculate porosity, pore size and standard distribution metrics. In order to filter any
remaining noise and focus only on the largest pores, areas larger than 20 pixels (which
is five times larger than that used in previous work [8]) in the binarised images were
treated as pores. This area is five times larger than that used in previous work [11],
but was chosen in order to ensure complete noise filtration for comparison between
test stages. This filtration is necessary as determining between the smallest pores and
noise is highly complex, and can reduce the robustness of calculated porosities, which

is essential for comparison purposes.
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Fig. 5 Methods for thresholding XCT datasets, (a) The grey scale histogram of a XCT image, (b)
XCT image and binarised images processed using ISO 50 and ISO 78.6 threshold values

A Hitachi TM3030 scanning electron microscope (SEM) was used to examine the
fracture surfaces of creep samples (shown in Fig. 6).

Staged creep Preliminarily
tested TBS tested TBS

Fig. 6 (a) SEM observation strategy in staged tested TBS; (b) preliminarily tested TBS. Arrows
indicate the SEM observation direction



3. Results

3.1 Staged creep testing results

Table 2 shows the results of the staged creep testing. The extensions observed in the
uniaxial section were found to be smaller than the pre-set extensions. The full lifetime
of the staged tested TBS was 30% greater to the average (listed in Table 1) obtained
in the preliminary tests, but still in a reasonable range. However, the 2" and 3™ stages
have short experimental time which was effectively high-temperature tensile testing

instead of creep. The 4™ stage was a creep test.

Table 2
Results of all three stages of the staged creep testing

Pre-set Real extension Experimental
extension /mm /mm time /s
2" stage TBS 0.950 0.430 23.19
3" stage TBS 1.500 0.400 39.70
4™ stage TBS To failure 0.714 41400
Total 1.544 41462.89

A comparison of the fracture surfaces obtained in both staged creep and preliminary
testing are showed in Fig. 7.
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Fig. 7 (a) SEM image of a fracture surface of the staged tested TBS; (b) high magnification of
the creep area in image (a); (c) SEM image of a fracture surface of preliminary tested TBS; (d)
high magnification of the creep area in image (c).

The two specimens have similar fracture features (such as the tear ridges and
striations found in Fig. 7(b) & (d)), which indicate they failed by a consistent

mechanism, and creep is the dominant failure mechanism in the staged testing.

3.2 XCT measurements

The cross-sectional area of the TBS specimen was calculated from each image in the
image stack during the first three XCT measurement stages (i.e. the 1% stage, 2™
stage and 3™ stage, shown in Fig. 8). The cross-sectional area along the TBS parallel
regions decreased notably during creep testing. Also, ‘valleys’ present at either end of
2" and 3" stage data indicate the fracture position in TBS samples.
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Fig. 8 Using XCT the cross-sectional area as a function of position along the TBS can be
computed.

Porosity distributions in the first three stages along the uniaxial section are shown in
Fig. 9, where increasing porosity across the three stages, most dramatically in the 3™
stage, can be observed.
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Fig. 9 Porosity variation along the buildigg direction irrldcludeing both bars of the TBS (a) 1
stage; (b) 2™ stage; (c) 3 stage.
The porosity and average pore area of the entire parallel region in the first three stages
are shown in Fig. 10. The porosity has a 10% increase between the 1% stage and 2™
stage, and an 8 times increase between 2™ stage and 3™ stage. While the average
pore area increased between the 15! and the 2" stages and then decreased between
the 2" stage and 3" stages.
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Fig. 10 Porosity comparison at different stages of the staged creep test: (a) porosity; (b)
average pore area.



As shown in Fig. 11, the porosity distribution in the left and right bars of the TBS differs
noticeably, likely as a result of the random distribution of the defects appearing during

the SLM process.
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Fig. 11 Comparison of the porosity variation along the build direction between the left and
right bars of the TBS before creep testing.

By comparing the porosity distribution in the two bars, it is possible to predict that the
failure will most likely be observed in the bottom section (marked by Peak 1 in Fig. 11)
of the right bar.

3.3 Fracture analysis

The failed staged tested TBS was also examined with XCT as shown in Fig. 12, in
which the Y-direction is the loading direction. As the left bar was deformed in the X-
direction, it is clear that the right bar fractured first. The fracture section was ignored
when calculating the porosity distribution since it is difficult to distinguish the pore from
the background, as shown in Fig. 12(c), it is also not possible to calculate the cross-

sectional area of the sample.



Fracture
section

=

Fig. 12 (a) The fractured TBS; (b) vertical cross-section of the right bar (perpendicular to the
uniaxial direction); (c) example cross-section of the fracture section in the uniaxial direction.

By comparing the porosity distribution in all four stages, it is clear that the largest peak
present in the first three stages was the cause of the eventual fracture. This peak was
no longer observable in the 4" stage, as shown in Fig. 13(d), due to its presence in
the fracture section. When examining the XCT data, it is possible to pinpoint the
specific pores from which the eventual failure originated. 3D models of the pores in
question (as shown in Fig. 14(a), 14(b) and 14(c)) were obtained by assembling XCT
photos to provide additional understanding of how the defects in the fracture section
(as shown in Fig. 12(b)) evolved during the creep test. Fig. 14(d) shows the SEM
image of the interior of the pores which were pinpointed in the 3" stage, as shown in
Fig. 14(c).
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Fig. 13 Porosity variation along the building direction in the right bar: (a) 1* stage; (b) 2"
stage; (c) 3" stage; (d) 4" stage
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Fig. 14 Visualisations of the evolution of defects in the fracture section in all four stages of the
creep test: (a) 1% stage (XCT model); (b) 2" stage (XCT model); (c) 3™ stage (XCT model); (d)
4™ stage (SEM image).

A comparison of the porosity and average pore area among the first three stages was
also performed, specifically focussing on the fracture section (as shown in Fig. 12(b));

shown in Fig. 15.
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Fig. 15 Porosity comparison in the fracture section at different stages of the staged creep test:
(a) porosity; (b) average pore area.

4. Discussion

4.1 Staged creep testing

As shown in Table 2, the short experimental time for the 2™ stage and 3™ stage
indicates that a large proportion of the extension observed was a tensile extension
and may still be in the elastic regime. Thus, extensions were smaller than expected.
However, the fracture mechanisms and the lifetime of the interrupted and
uninterrupted tests show similarities. The fracture surface of staged tested sample
shows a creep dominated failure mechanism (as shown in Fig. 7), which is similar to
that found in the uninterrupted test. The 2" and 3™ stage testing may indicate work
hardening on the TBS and cause the sample to become more creep resistant, resulting
in the lifetime of the crept TBS in this study being higher than the average obtained in
the preliminary testing. In additional experimentation it may be reasonable to separate
the stages by time, rather than extension, should the testing be repeated, and allow
the creep mechanism to be fully developed before the first stage interruption to the
test. In general, the accurate determination of the interruption intervals requires a large

number of preliminary tests, so that all stages can perform as expected.



4.2 XCT measurement results

Firstly, the XCT measurement results provide direct evidence of the SLM process
generating randomly distributed defects, with the total porosity of the right bar being
11% higher than that of the left bar. These inbuilt defects are likely as a result of a
combination of both the scanning strategy and the part geometry. Particularly, in the
porosity distribution of the right bar, there are some dominant peaks which indicate the
weakness of the sample and may act as fracture initiation points in the subsequent
testing.

With regard to the entire uniaxial section, an obvious decrease in the cross-sectional
area was observed as shown in Fig. 8. While in the tested TBS, the two ends of the
TBS were found to have higher area reduction compared to the mid-section, indicating
that these two regions are the most porous sections in the tested sample. Therefore
the fracture is more likely to happen in the two ends. As can be seen in Fig. 8, the two
ends have 30% more area reduction compared to the midpoint in the 3™ stage when
taking the non-crept sample as a benchmark.

Apart from the changes in the cross-sectional area, the porosity distributions are also
show the exaggeration of the defects in the TBS. Some porosity peaks (e.g. the peaks
marked in Fig. 9) are recognised and quantified (as shown in Fig. 16). Peak 1 grows
much faster than Peak 2, thus it has a higher possibility to cause fracture than Peak
2. There are also some new peaks which appeared in the curves which indicate the
porosity growth in these regions.
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Fig. 16 The porosity increasing among the peaks marked in Fig. 11 as a result of tensile
loading

The 3" stage showed the highest porosity that indicates it is much closer to failure
when compared to the first two stages. As shown in the Fig. 10, the 3™ stage has a
dramatic degradation compared to the 2™ stage since the porosity in the 3™ stage
increased by more than 6 times compared to that in the 2" stage. While the growth of
the number of pores seems play a more important role than the growth of the pore
size in the later stage, so that the average pore area in the 3" stage decreased by 3%.

In this study, a thresholding method was used to recognise the pores. However, in
some XCT images, noises were generated simultaneously when trying to pick out the
pores with thresholding. Due to a large amount of XCT images, it is not able to verify

the thresholding results sequentially. So, inevitably, error rose.

4.3 Fracture section analysis

By analysing the porosity distribution of the first broken sample, i.e. the right bar, the
origin of the fractures can be pinpointed. Since it is not possible to calculate the
porosity in the fracture section immediately before failure, its porosity distribution is not
shown in Fig. 13(d). It is also noted that the highest peak observed in the first three
stages can no longer be observed in the 4™ stage due to the fracture occurring in this
region. Thus the defects located in the positions correspond to the highest peaks and
play important roles in the onset of fracture. The 3D models are shown in Fig. 14 and
clearly show the evolution of the defects in the fracture section. Pore No.1 is observed

to grow during the creep testing and a group of new pores generated in the 3™ stage



TBS as shown in Fig. 14(c). Pore No.1 and newly developed pore No.2 are shown in
the fracture surface (as shown in Fig. 14(d)), which indicate these pores may be the
origin of the failure. As shown in Fig. 15, both porosity and average pore area in the
fracture section are increase during creep. The porosity in the 3™ stage is increased
by 1.87 times compared to that in the 2" stage. The average pore size in the 3™ stage
is increased by 3.8% compared to the 2" stage, which has an opposite trend
compared to the result (as shown in Fig. 10(b)) of the entire considered section. This
is a sign that the growth of pore size plays a more important role than the growth of

pore number in the fracture section.
5. Conclusions

By applying a novel staged creep testing technique together with XCT, TBS
performance during the testing was classified. The spatial porosity distributions in all
stages were demonstrated. The changes in the porosity and average pore volume in
each stage of the testing were quantified and compared. In addition, the origin of the
fracture was successfully predicted.

The comparison of the porosity distribution between the two bars in the 1 stage
indicates the defects are randomly distributed in the SLM made sample. The total
porosity of the right bar is 11% higher than that of the left bar. In the position marked
by peak 1 in Fig. 11, the porosity in the right bar is nine times larger than that in the
left bar.

The most porous points were located in the two ends of the parallel region of the
sample. The area of the cross-section decreased significantly in these positions during
the testing. As a whole, the growth of the pore size is more obvious than the increase
of pore numbers at the beginning of the creep testing. In the later stage, the increase
of pore numbers become more dominant. While in the fracture section, the growth of

pore size is still more dominant in the later stage.

The experimental time of the first two tests is too short time to contribute to fully
developed creep mechanisms. It is more reasonable to separate the stages by time
which allow the creep mechanism to fully develop in each stage. The thresholding
method needs to be optimised to eliminate most of the noise and achieve enhanced



pore recognition. Other edge detection techniques (to recognise the pores, such as
Canny, Sobel, etc. [19]) should also be considered in the future.
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