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Abstract

Background Many aspects of ductile failure through microvoid coalescence remain elusive due to the challenging spatial and 

temporal scales it operates on. Experimentally resolving all aspects of the process remains a significant goal of researchers. 

Much of the current understanding has been derived from post-mortem metallography, leaving key aspects of its evolution 

undocumented.

Objective This work builds on efforts using X-ray computed tomography (XCT) characterize voids and their evolution 

under loading.

Methods It employs in-situ XCT tensile testing on 316L Stainless Steel samples that were constructed by laser powder bed 

fusion that contain tailored, pre-existing voids with a spatial scale relevant to the growth and evolution stages of microvoid 

coalescence. Pre-existing voids extended the observation window for monitoring void growth and interaction under loading. 

They also enhanced fiducial correlation of voids during deformation.

Results Void populations were found to increase under loading as their deformed dimensions rendered them detectable by 

the XCT algorithm. Neighboring voids underwent interconnection events by a cleavage process when stress concentrations 

between them exceeded the macroscopic yield stress. Pores that did not undergo interconnection events were found to revert 

to their initial size and population after unloading. Finally, the porosity structure before failure was correlated to features on 

the fracture surface with high fidelity.

Conclusions This unique combination of in-situ XCT tensile testing on samples with tailored void structure enabled new 

visualization and quantification of void evolution under load as well as strong correlation to the observed stress–strain 

behavior and post-mortem fracture characteristics.

Keywords 4D porosity analysis · Microvoid coalescence · Additive manufacturing · X-ray computed tomography · In-situ 

tensile testing

Introduction

Most metals and alloys that fail from mechanical loading 

do so by the process of ductile fracture. This failure mode 

is complex, dissipating large amounts of energy through 

the interplay between applied load and various structural 

characteristics spanning the atomic to microstructural scales. 

The final stage involves the creation of new surface by the 

nucleation, evolution and coalescence of voids that eventu-

ally cumulate to an unsustainable defect and final fracture 

[1–4]. Understanding the fundamental aspects of this pro-

cess has far-reaching implications in predicting the perfor-

mance and reliability of metallic components.

Despite appearing rather simple in concept, alloy failure 

via microvoid coalescence is a rather complex process that is 

not yet fully understood. The process depends on several fac-

tors including the microstructure, material properties, applied 

stress, strain rate and temperature. Recent reviews and refer-

ences therein provide a good overview [5, 6]. A great deal 

of theoretical and experimental work has been carried out 

to provide a fundamental description of the process towards 
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enabling robust predictive capabilities. However, much of the 

current understanding has been inferred from post-mortem 

metallographic characterization. The field could benefit from 

the capability to perform controlled in-situ experiments that 

monitor the internal structure of a material and its evolution 

under loading. This is challenging as microvoid coalescence 

operates at multiple spatial and temporal scales making it diffi-

cult to experimentally resolve all aspects of the process [7–10]. 

The objective of this work is to further the understanding of 

defect identification and evolution at the micro-structural level 

of internal material features using X-ray Computed Tomogra-

phy (XCT) in combination with in-situ tensile testing.

XCT is now regularly used as an effective inspection tool 

to non-destructively characterize material microstructure, 

especially for pore and defect detection [11, 12]. It is capable 

of quantitatively mapping the size, shape, and location of all 

resolvable voids [13]. This information can be leveraged in 

robust statistical analyses that provides insight into under-

standing how they influence material behavior [14]. Work 

in recent years has leveraged XCT to visualize and inves-

tigate microvoid formation and evolution in various alloys 

[15–22]. These involved scanning the samples in an XCT, 

then deforming them in a separate instrument, and finally 

rescanning them with the XCT. Due to the difficulty in cor-

relating the initial and final positions of individual voids 

only the average rate of void evolution could be quantified. 

Others devised tracking algorithms for position correlation 

but faced challenges with uncertainty and varying results 

[7, 18, 22, 23]. A more practical approach to void tracking 

would be to perform in-situ deformation by combining a ten-

sile unit with an XCT unit. A handful of studies have taken 

this approach using an XCT or synchrotron radiation source, 

more so for composite materials [6, 20, 24–31] and less for 

alloys [32–35]. Investigating microvoid coalescence in alloys 

is challenged by the rather small spatial scales that the voids 

form and evolve on. The spatial resolution achievable with 

XCT units depends on several factors including the type of 

radiation source, the attenuation coefficient of the material, 

sample geometry and volume, detector resolution, and the 

source-object-detector geometry [14, 36–38]. The nuclea-

tion and initial growth of the voids in microvoid coalescence 

occurs at the submicrometer scale, which is beyond the cur-

rent resolving capabilities of XCT methods.

The literature cited above has reliably identified defects 

on the μm to tens of μm scale, capturing the final stages of 

the microvoid coalescence process. They also involve char-

acterizing those voids that naturally arise from a sample’s 

particular microstructural features. This presents a challenge 

in tracking void evolution during deformation, as defect gen-

eration can occur unpredictably across the material. Fur-

thermore, once voids reach a size detectable by XCT, they 

will likely be evolving rapidly with the potential of missing 

critical stages of their development. An approach to address 

this challenge is to begin with a sample that contains pre-

existing voids. Additive manufacturing, specifically laser 

powder bed fusion (PBF-LB), has been shown to be adept 

at generating tailored voids [39–41]. However, these works 

describe fabrication of rather large voids with spatial scales 

in the hundreds of μm or larger. Smaller scale voids cannot 

be tailored directly as the laser spot size is typically on the 

order of 75 μm or larger. Instead, the laser hatch spacing can 

be adjusted to generate lack of fusion (LOF) voids. These 

defects are created when neighboring laser tracks are placed 

too far apart such that their melt pools are not in full contact 

[42]. The layered, cross-hatched scanning strategy typical 

of PBF-LB then renders a 3D array of voids with a spatial 

scale related to the track gap magnitude. This effort will 

utilize this approach to create customized LOF voids of a 

spatial scale relevant to the growth and evolution stages of 

microvoid coalescence. During in-situ XCT tensile testing, 

these existing voids will act as reliable fiducial markers, ena-

bling more accurate correlation of pre- and post-deformed 

voids. Additionally, they will extend the observation win-

dow, allowing for a more detailed analysis of their growth 

and interaction under mechanical load.

Materials and Methods

Specimen Design, Materials and Fabrication

Cylindrical tensile specimens with a diameter of 4 mm were 

fabricated according to ASTM E8/E8M with dimensions 

shown in Fig. 1. In order to fit within the confines of the 

in-situ tensile rig, described later, the gauged section was 

reduced to 29 mm. Specimens were constructed from 316L 

stainless steel by laser powder bed fusion additive manu-

facturing (PBF-LB). Fresh 316L powder was acquired from 

GE Additive with a composition given in Table 1, which 

adheres to ASTM A276. The particle size distribution pro-

vided by the manufacturer indicated that it ranged between 

15 μm to 45 μm in diameter. Sample fabrication occurred in 

a Concept Laser MLab Cusing 100R unit in an inert argon 

atmosphere. Optimum process parameters were determined 

by a density optimization study by fabricating 1 cm x 1 cm 

x 1 cm cubes using a laser power of 90 W, velocity ranging 

between 400 and 1000 mm/s, hatch spacing ranging between 

40 and 120 μm and a layer thickness of 25 μm. Samples were 

sectioned, mounted and polished using standard procedures 

before imaging by optical microscopy. The tensile specimens 

were fabricated with their tensile axis aligned with the build 

direction.

Cylindrical tensile samples were manufactured based 

on two parameter sets: the highest obtained density (HD) 

and a modest degree lack of fusion (LOF), see Table 2 for 

parameters. The samples were oriented with their tensile 
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axis parallel to the build direction. Samples were stress 

annealed at 650 °C for one hour before detachment from the 

build plate. The sample surfaces were machined to achieve 

a reduction in diameter of 100 μm to remove the as-printed 

surface features.

Characterization

Density studies were performed by sectioning printed sam-

ples along the build direction axis followed by standard 

mounting and polishing procedures finishing with a 0.25 

μm colloidal silica suspension. An Olympus BX51 light 

microscope and DP73 camera were employed to analyze 

the cross-sections for density, pore feature, and microstruc-

ture assessment. The density was estimated using standard 

contrast methods [43] and the pore features were categorized 

by visual analysis. After the density analysis, Adlers Etchant 

was used to reveal the microstructure.

A JEOL JSM- 7000 F Scanning Electron Microscope 

operating in secondary electron mode was used to conduct 

fractographic analysis of the post-mortem samples. Propaga-

tion of failure from the initiation point was correlated to the 

differing topography of the fracture surface and the existing 

pore structure in the sample. Further analysis was performed 

through image post-processing including contrast threshold-

ing and correlation to XCT images.

X-ray Computed Tomography (XCT) was employed to 

nondestructively quantify the internal porosity of the sam-

ples. A custom Pinnacle PiXS XCT unit with dual x-ray 

sources (500kV and 225 kV) acquired images using the fol-

lowing parameters; Voltage 225 kV, Current 109 µA, Power 

24.8 W, Binning 2 × 2, Integration time 2250 ms, Number 

of radiographs 1200, Geometric Magnification 13.3x (SDD/

SOD, 1050.0 mm/79.0 mm), with stepped capture strategy. 

The resulting voxel resolution was 15.04 µm. A 700 μm cop-

per filter was used in front of the source to reduce artefacts 

such as beam hardening and general noise. All tests and 

scans were performed at room temperature. VGStudio Max 

3.5 was used to reconstruct the XCT scans. This included 

automated automatic geometrical misalignment and tilt cor-

rections, followed by applying the Iterative artifact reduction 

Fig. 1  Cylindrical tensile specimen design based on ASTM E8/E8M with dimensions in mm and an as printed specimen before surface prepara-

tion. The arrow denotes the build direction

Table 1  Material composition 

of 316L (1.4404) feedstock 

powder

Element C Si Mn P S Cr Mo Ni

(%) 0.024 0.750 0.920  < 0.045 0.004 17.70 2.31 12.80

Table 2  PBF-LB Parameter sets used in this work

Sample Power

(W)

Velocity

(mm/s)

Layer 

Thick-

ness

(μm)

Hatch Spacing

(μm)

Energy 

Density

(J/mm3)

HD 90 600 25 80 75

LOF 90 800 25 100 45



 Experimental Mechanics

algorithm to correct for beam hardening artefacts. The den-

sity and attenuation characteristics of 316L were entered 

and the algorithm was iterated five times using a density 

threshold of 7.5 g/cm3 to distinguish between 316L matrix 

and voids. Next, a Gaussian adaptive filter was iterated one 

time to reduce noise using a kernel size of 2 voxels, a stand-

ard deviation of 1 voxel, and an edge preservation strength 

of 0.8. The lower intensity threshold was set just above the 

background noise and the upper to the peak intensity of the 

histogram. The porosity analysis was conducted with VG’s 

EasyPore algorithm. The gray value threshold ranges were 

chosen as slightly above background for the lower threshold 

and just below that of the 316L matrix for the upper thresh-

old, the minimum pore volume was set to 3 voxels, and the 

connectivity set to 26. Finite element simulation of mechani-

cal behavior was also performed directly on the CT scans 

using the Structural Mechanics Simulation module available 

with VGStudio. This involved applying static mechanical 

loading to simulate how the next applied load increment of 

the tensile tests manifested in terms of the location of stress 

concentrations relative to the porosity structure.

Mechanical Testing

Samples were tested until failure on a Deben CT20kN 

Open Frame tensile test rig with a 100 µm/s crosshead 

speed following ASTM E8/E8M. Tensile testing was 

carried out in 2 parts. The first is straightforward tensile 

loading until failure to ascertain the general tensile behav-

ior of the two PBF-LB parameter sets. These data were 

used to determine the best approach for the second part 

of testing involving in-situ tensile testing inside an X-ray 

Computed Tomography (XCT) unit. The Deben load frame 

was custom-designed for in-situ tensile testing within the 

XCT unit. In this setup, the load frame is fixed and remains 

stationary throughout the test to prevent interference with 

the X-ray beam. The tensile axis rotates independently of 

the load frame, enabling simultaneous CT imaging with-

out obstruction from the dense steel load frame, as illus-

trated in Fig. 2. The acquisition time for a typical XCT 

scan is relatively long compared to a standard tensile test. 

Therefore, to obtain in-situ data, the applied load must be 

held constant during scanning. After each scan, the load is 

increased to the next level, followed by another scan, and 

so on. After pre-loading the sample to 100 N, the stress 

was increased in 1000 N increments until failure. During 

each XCT scan, the tensile unit was switched to position 

control to maintain a constant applied strain. An equili-

bration period was implemented before each scan until 

significant load changes were no longer observed. XCT 

images were then acquired, and porosity was analyzed 

as described previously. To minimize scanning time, the 

following parameters were adjusted: integration time of 

750 ms, geometric magnification of 13.3, and a continu-

ous capture strategy. This resulted in a voxel resolution of 

15.04 μm for the in-situ scans Fig. 2.

Fig. 2  Overall schematic of the experimental in-situ XCT tensile testing set-up (a) with Deben tensile unit illustrating the load axis movement 

independent of the load frame (b)
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Results and Discussions

Initial Characterization

The results of the parameter study to identify optimum 

density are shown in Fig. 3. Here, the scan velocity and 

hatch spacing are varied for a constant laser power of 90 

W. The parameter space is divided by porosity character-

istics into 3 general regions separated by dashed lines. The 

first is Region 1 that is to the right of the upper dashed 

line. Here, the LPBF fabrication was performed at rela-

tively low energy density and dominated by conduction 

mode melting, typically resulting in a lack of fusion (LOF) 

porosity structure and lower overall density [44]. Region 

2 is between the dashed lines and consists of parameter 

sets that yield the highest overall densities. The melting 

mode here is defined as transition mode, which is a com-

bination of conduction and keyhole melting processes [45, 

46]. Region 3 is below the lower dashed line and contains 

parameter sets with higher energy density (lower velocity 

and hatch spacing) that were dominated by keyhole mode 

melting [47–49]. The porosity structure of Region 3 con-

sists of keyhole pores with the emergence of some met-

allurgical pores at the higher energy densities. Although 

there were four high density (HD) parameter sets to choose 

from, the set consisting of a power 90 W, velocity 600 

mm/s and hatch spacing of 80 μm (denoted by the red box 

and listed in Table 2) was chosen based on surface quality. 

The blue box highlights the lack of fusion LOF parameter 

set chosen for this work, also listed in Table 2. This set 

has a comparable density to the HD set and possesses a 

well-developed array of LOF pores.

The typical microstructure of the HD and LOF sam-

ples are shown in the optical images given in Fig. 4. This 

includes both low and high magnification images with 

parts (a) and (b) showing the HD samples and parts (c) 

and (d) the LOF samples. Melt pool boundaries are clearly 

visible and their columnar arrangement in the low mag-

nification images is consistent with hatch spacing of 80 

μm for HD and 100 μm for LOF. The higher magnifica-

tions also confirm melting modes based on the melt pool 

depth/width aspect ratio [50, 51]. Part (b) shows a ratio 

greater than 1.0 indicating transition mode melting in the 

HD sample while part (d) melt pools are semicircular with 

a ratio approximately equal to 1.0 indicating conduction 

mode melting in the LOF sample. The images also show 

the preferential columnar grain structure that transcends 

across multiple melt pools resulting from solidification in 

the presence of a unidirectional heat flux [52].

The XCT characterization and porosity analysis for 

a LOF tensile sample is shown Fig. 5. Part (a) is a 2D 

slice along the tensile axis of the 3D reconstructed form. 

The location approximately bisects the diameter along 

the gauged region length. A zoomed region reveals the 

array of LOF pores, dark regions. The porosity analysis 

of the 3D reconstruction is shown in part (b) where some 

11,200 pores are identified. The equivalent diameter of 

each pore is colored relative to the given scale. The pores 

are relatively uniform in size with the vast majority pos-

sessing a radius of approximately 71.4 ± 6.21 μm. In the 

upper portion of the gauged region, one rather large pore 

is detected with a radius of approximately 249 μm along 

with a handful of other large pores of somewhat smaller 

size. Despite the observed banded or moiré pattern, the 

pores were relatively evenly distributed. The moiré pattern 

is an optical illusion caused by the relatively uniform 3D 

array of LOF pores that mirror the scan strategy. From the 

observer’s fixed point of view, certain angles have lines of 

site that are coherent with or align with the array’s perio-

dicity. Here, a single observed pore is aligned with all of 

the other pores through the volume along that line of site, 

obscuring them. This gives the appearance of a low pore 

density. Whereas other lines of site that are not aligned 

with the array display all the pores, giving the appearance 

of higher pore density.

Figure 6 compares the tensile results for the HD and 

LOF samples. The HD samples displayed near identical 

behavior and were very similar to the expected behavior 

for additively manufactured 316L SS [53–57]. The yield 

strength of the HD samples averaged 544 ± 5 MPa as 

determined by the 0.2% offset method. Conventionally 

manufactured 316L stainless steel exhibits a significantly 

lower yield strength of 220–270 MPa [58, 59]. The tensile 

strength of the HD samples was 679 ± 5 MPa and lies 

in the higher range of conventional fabrication, 520–680 

MPa [58]. The elongation of 38.87% was somewhat lower 

in comparison with the lower end of conventional val-

ues 40–80% [59]. The differences in mechanical proper-

ties with conventionally manufactured samples have been 

investigated on several occasions and are attributed to 

microstructural differences such as grain shape and size 

as well as the higher defect content associated with addi-

tive methods [53, 56].

The LOF samples behaved somewhat differently from 

the HD samples. On average, their measured yield stress 

was 531 ± 5 MPa. A typical stress–strain curve is given in 

Fig. 6 for comparison. Only one is displayed as their vari-

ability obscures each other’s features as well as the HD 

samples. In terms of properties, they possess similar yield 

stress and tensile stress, but significantly lower elongations 

to failure. Their signatures also show numerous discrete 

events where load/stress suddenly drops before quickly 

recovering. These are attributed to pore interconnection 

events that are characterized in the ensuing in-situ testing 

results.
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In‑Situ Tensile Testing and Porosity Analysis

Figure 7 shows the load-time signature of a typical in-situ 

XCT tensile test. The dashed lines correspond to loads 

where the tensile test was paused to acquire XCT images 

with associated applied stress values. The equivalent engi-

neering stress is denoted for each load. After a modest pre-

loading of 100 N, the load was increased in 2000 N steps 

until 6000 N where it was then increased in 1000 N steps. 

When the load was sufficient to initiate plastic deformation, 

between 6000 to 7000 N (approximately 500 TO 600 MPa), 

the pauses required longer times before the load reached 

an equilibrium condition to initiate the XCT scanning. It 

should be noted that the unit was operated under displace-

ment control throughout the XCT scan so that the applied 

strain would remain constant, and the sample features would 

remain stationary.

The in-situ scans were reconstructed into 3D forms for 

each load level. Figure 8 shows low magnification 2D slices 

in the gauged region of the LOF sample where the largest 

observable pore identified in Fig. 5 (b) is located. Seven 

frames are given in the conditions of Pre-Testing, Post-

Mortem and five intermediate applied loads/stress. The 

largest pore is highlighted by the dashed circle in each slice. 

It should be noted that it is very challenging to display the 

exact slice and orientation of a 3D form in seven different 

reconstructions. In fact, one can observe the vertical moiré-

like patterns in how each slice interfaces with the quasi- 3D 

lattice of LOF pores. Thus, each single cross-section is from 

a slightly different point of view, causing the pore to appear 

in somewhat different locations. It is difficult to observe and 

quantify evolution of the highlighted pore in these images, 

but a significant increase in size is seen at 8000 N just before 

failure. The pore is in the direct vicinity of the fracture site 

Fig. 4  Optical images showing the microstructure at low and high magnification for the HD sample (a) and (b) and for the LOF sample (c) and 

(d)
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and is believed to have caused the circular feature high-

lighted by the arrow in the Post-Mortem frame.

Figure 9 shows horizontal cross-sections of the 3D 

reconstructions at each applied load/stress level of the 

layer containing the largest identified pore. In all frames, 

the periodic array of LOF pores is seen by the small, 

dark grey spots. The larger pores appear more irregular 

in shape and are presumed to result from sub-optimum 

processing conditions. The largest pore is highlighted by 

the dashed red circle. A second pore is also highlighted 

with a rectangle to serve as a fiducial mark between 

frames. The porosity structure of the cross-section does 

Fig. 5  Typical XCT characterization of the LOF samples showing a 2D slice of the 3D reconstructed gauged region (a) and the 3D reconstruc-

tion with overlaid porosity analysis with pore size denoted by the scale (b)

Fig. 6  Stress–strain curves of the HD and LOF samples under normal 

tensile testing

Fig. 7  Applied load vs. time signature for an in-situ XCT tensile test. 

The dashed lines represent loads where testing was paused so that 

XCT images could be acquired
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not appear to change significantly from the Preload frame 

to the 6000 N frame. At 7000 N of applied load, a qualita-

tive visual assessment shows that a few of the larger pores 

appear to modestly increase in size. However, at 8000 N 

of applied load several of the larger pores significantly 

increase in size. The geometry of these increases appears 

to follow the underlying LOF pore array indicating their 

growth likely occurs via interconnection with neighbor-

ing LOF pores.

A quantitative 3D visualization of porosity for the 

in-situ tensile tests is given in Fig. 10. The location of 

each detected pore in the gauged region, ranging between 

11,200 to 16,500 in number depending on the frame, is 

shown along with their equivalent diameter represented 

by the given color scale. The moiré fringes seen in Fig. 5 

(b) are visible here as well and as discussed earlier are an 

optical artifact and not a variation of pore density. Several 

general observations about pore evolution under tensile 

loading are observed; (1) the number of detectable pores 

evolves with loading, increasing significantly after 2000 

N of load and continues to vary with further loading, see 

Table 3, (2) the pore population consists of a majority 

of pores with an equivalent diameter in the 70 to 80 μm 

range where some significantly evolve once the global 

yield stress is appreciably surpassed, and (3) there are six 

discrete layers where pore density appears to be higher, 

Fig. 8  2D slices of a 3D XCT 

reconstruction of the LOF 

specimens under various 

applied load/stress. The dashed 

circle follows the evolution of 

the largest pore from scan to 

scan until failure

Fig. 9  Horizontal cross-sections of the identified failure layer illustrating the porosity evolution as a function of load/stress
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one of which is correlated to failure. These observations 

are analyzed by considering the population of detected 

pores from each applied load/stress frame in the following 

subsections.

Before discussing the pore evolution observations made 

in Fig. 10, it is important to consider the types of changes 

that can occur in the pore population during loading. These 

include new pores being generated, existing pores changing 

shape under loading, and two or more pores combining or 

interconnecting into a single, larger pore. All three are read-

ily possible and have the opportunity to evolve in both num-

ber and size during loading. This evolution can be observed 

by analyzing the information contained in their individual 

size-frequency distributions or histograms.

Figure 11 (a) shows the histograms for the different 

applied loads/stresses on an LOF sample. Each distribu-

tion is positively skewed where the mean is greater than the 

median, indicating that the population is weighted towards 

smaller sized pores. This is no surprise for two reasons. 

First, the LOF samples are generated by employing laser-

scanning parameters that create a large, 3D array of similar 

sized pores based on periodic gaps between melt pool tracks. 

The second involves the dependence of the pore detection 

algorithm on the XCT voxel resolution. As mentioned in 

Sect. 2, the in-situ XCT scans had a voxel resolution of 

15.04 μm, which limits pore identification to 2 to 3 voxel 

spacings. Thus, the distributions all begin near the 50 μm 

equivalent diameter range. Another aspect of the histograms 

is the dominant pore size population, which is the mode, or 

more simply put, the pore size that occurs most frequently. 

Finally, there is the area under the histogram. This area is 

essentially the summary accounting of porosity determined 

by the product of the number of pores and their size. An 

appropriate term for this area is the accumulated porosity 

Fig. 10  3D visualization of the porosity analysis at each applied load/stress. Note that the size scale is different from that in Fig. 5 (b) to better 

highlight regions of pore evolution

Table 3  Measured pore characteristics and statistics for the LOF sample

Parameter Unit Pre-Testing 2000 N

167 MPa

4000 N

335 MPa

6000 N

502 MPa

7000 N

586 MPa

8000 N

670 MPa

Post-Mortem

Mode (μm) 73.99 84.01 83.98 84.05 83.96 83.94 74.53

Mode Frequency (%) 38.57 61.11 59.84 59.90 59.82 55.52 32.33

Detected Pores (#) 11,203 16,564 16,801 15,541 13,998 11,048 11,010

Change After Load Application (#) – 5,361 237 − 1,260 − 1,543 − 2,950 − 38

(%) – 48% 1% − 7% − 10% − 21% − 2%

Accumulated Porosity – 1.000 2.009 1.957 1.963 1.959 1.900 0.980

Tracked Pore Equiv. Size (μm) 249 255 256 548 612 658 –
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(AP). Both the number and size of pores play an independ-

ent role in determining its magnitude. As Fig. 11 uses the 

equivalent pore diameter, it can be considered that the AP is 

analogous to a measure of porosity volume, since the equiva-

lent diameter of each pore can be easily converted to an 

equivalent volume. However, this volume is a dependent var-

iable computed from the equivalent pore diameter. The AP 

can be influenced by changes in the number of pores with 

only negligible changes in equivalent diameter and thereby 

equivalent volume. Thus, we will refrain from equating AP 

with porosity volume.

Under loading, the AP can be influenced by the three 

mechanisms discussed above. The addition of new pores will 

alter the histogram by increasing the frequency of certain 

pore sizes. Newly formed porosity in alloys under loading 

is typically associated with plastic deformation mechanisms 

that begin at rather small sizes. Any appreciable addition of 

new pores will increase the AP through higher frequencies 

of smaller pores. This would shift the histogram upwards at 

smaller pore sizes and further skew the distribution in the 

positive direction. Individual pores that change shape during 

loading will likely involve elongation in the tensile direc-

tion. The number of pores will remain unchanged while the 

equivalent diameter will increase accordingly. The effect on 

the size-frequency distribution would be a shift of the mode 

to a larger size and an increase in AP, both commensurate 

with the degree of elongation. The mode shift is expected 

to be the more prominent of the two. When a pore suffi-

ciently increases in size to be promoted, it is removed from 

its bin and placed in the next largest bin. Whereas its actual 

increase in size is modest in comparison. The effect on AP 

can only be connected to the modest size increase as the 

number of pores remain the same. Thus, the effect on the 

histogram would be a shift of the mode to the right with only 

nominal changes in AP.

In the third case of neighboring pores interconnecting, 

there is a competition between the two independent variables 

determining the magnitude of AP. Here, one must consider 

two types of interconnection examples to explore their inter-

play: (a) two individual, neighboring LOF pores of similar 

size interconnecting versus (b) a significantly sized pore 

acquiring a small, neighboring pore. In case (a), the actual 

effect on the pore population would entail removing two 

pores from their respective size bins and adding one pore 

to a larger size bin. On an individual basis, this would have 

the effect of reducing the mode frequency but not its equiva-

lent size, while increasing the frequency of a larger size bin. 

For the LOF samples in this work, the effect on AP would 

be modest as this swaps the product of 2 pores of similar 

equivalent diameter with the product of 1 pore that a little 

more than twice the equivalent diameter of the consumed 

pores. However, the AP would increase with increasing dis-

tance between the interconnecting pores. The overall effect 

of case (a) events occurring in appreciable number would 

be a reduction in the mode frequency and an increase AP 

magnitude.

In case (b), a small pore is incorporated into an appreci-

ably larger pore. This would entail removing the smaller 

pore from its size bin. Given the significant size difference, 

the larger pore would only acquire a negligible increase in 

equivalent diameter, where the likelihood of its promotion 

to the next size bin is small. For the LOF samples this would 

involve a reduction in mode frequency for the smaller pore’s 

bin and only a negligible effect on the AP magnitude. For 

the AP to increase in this case, the large pore would need 

to interconnect with multiple small pores. Thus, wide scale 

events of large pores interconnecting with one or just a few 

smaller pores would cause a reduction in mode frequency 

while the AP remains relatively constant. Using this frame-

work, the observations made in Fig. 10 and pore size histo-

grams in Fig. 11 can be better analyzed.

Evolution of the Total Number of Detected Pores with 

Loading: Fig. 11 (a) shows histograms of pore size popula-

tions at the different applied loads/stresses. Each curve in 

Fig. 11  Comparisons of pore size histograms for the various loading segments showing (a) all histograms, (b) changes after the initial 2000 N 

load application, and (c) the resultant change from Pre-testing to Post-mortem



 Experimental Mechanics

part (a) begins at an equivalent pore diameter of approxi-

mately 50 μm. There is no doubt that a smaller pore popula-

tion exists; however, as previously mentioned pore detection 

was limited by XCT voxel resolution. The pre-testing scan 

(dashed line) indicates that the pore population had a mode, 

or dominant frequency, of 73.99 μm with the population of 

smaller pores dropping more sharply than the larger pores. 

The AP or area under the histogram is assigned the value 

1.000 units to more directly compare it with other applied 

loads. The number of identified pores in the Pre-Tested 

porosity analysis was 11,203, see Table 3. After the applied 

load was increased to 2000 N, the number of detected pores 

increased by 5,361 to 16,564, just over 48%. This matches 

the qualitatively observed difference between these two 

frames in Fig. 10. The comparison of their histograms in 

Fig. 11 (b) also shows a significant increase in pore fre-

quency. This rather large surge in detected pore population 

is not attributed to newly generated pores, but likely to exist-

ing LOF pores that became detectable by the algorithm with 

their elongated size under loading.

As the load is further increased, the number of detected 

pores increases to a maximum of 16,801 at the 4000 N 

scan before decreasing at higher loads, see Table 3. After 

6000 N of load, the number of detected pores decreases by 

1,260 followed by another 1,543 at 7000 N. This trend con-

tinues with a further decrease of 2,950 at the 8000 N load 

and finally down another 38 pores to 11,010 after failure. 

The decreases in detected pores can only be interpreted as 

pore interconnections, where two or more pores become 

interconnected through inelastic deformation under load-

ing. This interconnection process appears to be under way 

with the initial decrease of 1,260 pores at 6000 N. At this 

load, the global applied stress is 502 MPa, which is some-

what below the measured global yield stress of 531 ± 5 

MPa. However, stress concentrations at the pore surfaces 

are likely exceeding the yield stress locally, enabling ine-

lastic deformation to occur. Once the global yield stress is 

reached and surpassed at 7000 N and 8000 N of applied 

load, the number of detected pores decreases at a higher 

rate as pore interconnection events accelerate. After failure, 

the number of detectable pores reduced to a value below 

the initial state.

Evolution of Pore Population with Loading: The histo-

grams shown in Fig. 11 (a) reveal further details of how the 

pore population evolved under loading. As previously men-

tioned, the mode of the pore population in the Pre-Testing 

histogram was 73.99 μm with a frequency of 38.57%. After 

the first applied load level of 2000 N (green line) there is 

an appreciable shift in the dominant pore population to a 

larger size, see Fig. 11 (b). The new dominant pore diam-

eter increases by approximately 10 μm to 84.01 μm. This 

includes a 1.6 factor increase in mode frequency to 61.11%. 

The 2000 N pore histogram returns to the Pre-Testing curve 

at an equivalent diameter of approximately 150 μm, indicat-

ing that this load range does not appreciably affect the popu-

lation of larger pores. This major pore population shift under 

loading results in a doubling of the accumulated porosity 

(AP), or the area under the histogram curve, see Table 3. The 

48% increase in the number of detected pores is responsible 

for the dramatic increase in pore frequency. Although fre-

quency plays a significant role in the doubling of the AP, the 

shift in dominant pore size can also be attributed to elonga-

tion of the pores in the tensile direction.

The next three applied load levels of 4000 N, 6000 N 

and 7000 N exhibit histograms that are so similar they are 

difficult to separate. The dominant pore diameter, mode, 

remains very similar to that of the 2000 N applied load, 

indicating there was only negligible size evolution in the 

majority of detected pores. However, their mode frequency 

does decrease a few percentage points from the 2000 N his-

togram. This occurs first at the 4000 N load and remains 

relatively constant at the higher loads. This is confirmed 

by observing the area under each of the histograms, or AP, 

which also remains relatively similar between all three 

applied loads. This decrease, along with the decrease in the 

number of detected pores, indicates that only a small per-

centage of pores are undergoing any changes. Those that do 

are likely involved in interconnection events that result from 

localized stress concentrations. Being so few in number, they 

have little effect on the overall porosity population. Like the 

2000 N applied load, the population of pores on the order of 

150 μm and larger do not appear to be significantly affected 

in these load ranges.

A more significant change in pore population is seen 

after application of the 8000 N load. Like the previous three 

applied loads, the dominant pore diameter remains relatively 

the same, but their population decreases appreciably. This is 

coupled with an increase in the population of pores approxi-

mately 100 μm and larger. At this load, the global applied 

stress significantly exceeds the yield stress indicating there 

is ample driving force for the missing dominant sized pores 

to become interconnected with a larger pore or accumulate 

together with other similar sized pores into a single larger 

pore. The degree to which these events are happening is 

reflected in a reduction in the AP as compared to the previ-

ous three applied loads, see Table 3.

After specimen failure, the Post-Mortem pore population 

histogram reverts to a population fairly similar to the Pre-

Testing histogram. Figure 11 (c) gives a direct comparison 

between the two. First, the dominant equivalent pore size has 

returned to the Pre-testing value, but at reduced population. 

The relaxed load and associated recovery of stored elastic 

strain has returned many of the pores to their undeformed 

dimensions, which has also rendered some pores no longer 

detectable by the porosity algorithm. Second, a portion of 

the dominant pore size is appreciably reduced. However, 
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this is balanced by an increase in the population of pores 

approximately 90 μm and greater. This confirms that some 

of the pore population has been incorporated into larger 

pores. Additionally, the final accumulated pore population 

is lower than the Pre-Testing histogram. It is expected that 

it should be somewhat lower as some of the pore population 

is consumed in the creation of fracture surface. However, 

the difference may also depend on the change in both pore 

number and volume.

Discrete Defect Layers: The 3D porosity visualizations 

shown in Fig. 10 reveal the existence of six discrete defect 

layers within in the gauged region. From the viewer’s per-

spective, they are disc-like regions where the density of 

the ~ 70 μm (blue) pores appears to be appreciably higher 

than in other regions. This may be an indication that these 

layers were manufactured under sub-optimal conditions. 

The dashed lines trace their locations as the tensile sample 

deforms under load. Note that the pore visualizations are 

centered on Layer 2 as it appears to be directly related to the 

fracture site. Thus, the other layers shift away from the frac-

ture site as the sample elongates under tension, especially 

after significant plastic deformation and fracture. The defects 

in Layer 2 appear to have evolved significantly in the 8000 

N frame with multiple pores growing to a significant size 

relative to any other area in the gauged region. After failure, 

the postmortem frame indicates that certain pores also began 

to grow significantly in the other identified layers containing 

higher porosity.

A 3D magnified view of Layer 2 at each applied load 

is given in Fig. 12. The detected pores are shaded based 

on their equivalent size using the color scale in the figure, 

equivalent to the scale in Fig. 10. The previously described 

increase in detected pores from the Pre-Testing to the 2000 

N frames is clearly seen here. These frames can also be com-

pared to those in Fig. 9, particularly the darker gray spots 

in the frames of Fig. 9, which show the existence of a popu-

lation of pores too small to be detected by the algorithm. 

The largest observed pore that was highlighted in Fig. 8 and 

Fig. 9 is also located in Layer 2 and is tracked with the red 

circle. A visual composite image of the largest pore and its 

evolution under loading is shown in Fig. 13. The Pre-Testing 

frame shows the 3D geometry of the largest pore along with 

a sizable neighboring pore. The largest is the green shaded 

pore on the left possessing an initial equivalent diameter of 

approximately 249 μm, see Table 4. The neighboring pore is 

the aqua shaded pore on right and is approximately 209 μm 

in size. Both pores have an irregular geometry that appears 

to consist of several interconnected LOF pores in both the 

build and lateral directions. A cursory survey of the other 

pores in the Pre-Testing frame in Fig. 12 also indicate that 

pores larger than the individual ~ 70 μm pores generally have 

a similar interconnected LOF geometry.

As load is applied to the 2000 N and 4000 N levels, these 

pores appear to evolve in geometry in two ways. First, each 

increases in equivalent diameter by acquiring neighbor-

ing LOF pores with the largest pore increasing approxi-

mately 10 μm in equivalent diameter to 256 μm. These new 

Fig. 12  3D reconstructions of defect Layer #2 illustrating porosity evolution as a function of applied load. The color scale denotes pore equiva-

lent diameter. The red circle denotes and follows the largest pore identified in the Pre-Testing sample
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acquisitions appear to be in the build direction, from layers 

just above or below this defect layer. Second, some intercon-

nection regions are also observed to become more defined 

with deformation. In both cases the applied load/stress is 

rather low with behavior governed by elastic deformation. 

Thus, it is assumed that these observed new interconnections 

and features already existed and only became detectable by 

the porosity algorithm due to their increased dimensions 

under loading. These LOF interconnections are confirmed 

in the optical image of this parameter set in Fig. 3, high-

lighted by the blue box, and shown in full scale in Fig. 14. 

Here, three types of porosity are identified denoted by: () 

individual LOF pore, () pore with a wide interconnected 

region between neighboring layers, and () pore with a nar-

row interconnected region between neighboring layers. 

While the 4000 N (335 MPa) load is still a few hundred 

MPa below the continuum yield stress, a number of pores 

emerge with equivalent diameter approaching the largest 

pore. It is unclear at this time whether these new, larger 

pores are; (1) being created via interconnection events from 

permanent deformation, (2) being newly identified as exist-

ing interconnection regions having sufficient dimension to 

become detectable by the porosity algorithm, or (3) errone-

ously identified void space interconnection by gray value 

errors caused by beam hardening effects [60].

Increasing the load to 6000 N (502 MPa) results in a dou-

bling of the largest pore’s equivalent diameter to 548 μm, see 

Table 4. As observed in the 6000 N frame of Fig. 12, this 

involves incorporation of the significantly sized neighboring 

pore through an assumed interconnection event. At this load, 

the global applied stress is 502 MPa, just under the reported 

yield stress of 544 MPa. Although the global applied stress 

is less than the yield stress, local stress concentrations in the 

vicinity of the pore are likely on the order of or greater than 

the alloy’s continuum yield stress. Thus, the increase in size 

or interconnection event is assumed to be plastic or perma-

nent in nature. This hypothesis was tested by employing the 

4000 N reconstruction file in finite element simulations to 

observe the locations and magnitude of stress concentrations 

relative to the porosity structure. These simulation results 

are shown in Fig. 15, which shows a cross-section through 

the largest pore at 4000 N and its closest neighbor. The ten-

sile direction is noted by the arrow. The results show a stress 

concentration exceeding the continuum yield stress of 531 

MPa exists in the space between the two pores indicating 

their interconnection was probably plastic in nature. This 

establishes that further evolution of the porosity structure 

will likely involve interconnection between neighboring 

pores via permanent deformation mechanisms.

Fig. 13  Expanded view of the largest pore highlighted in Fig. 12 as it evolved under loading. The color follows the size scale given in Fig. 12

Table 4  Evolution of the 

equivalent diameter for the 

largest pore with applied load

Applied Load (N) Pre 2000 4000 6000 7000 8000

Equivalent Diameter (μm) 249 255 256 548 612 658

Fig. 14  Optical cross-section showing (1) individual LOF pores, (2) 

pores with a wide interconnection region, and (3) pores with a narrow 

interconnection region not detectible by the porosity algorithm
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Increasing the applied load to 7000 N (586 MPa) and 

8000 N (670 MPa) resulted in stresses that exceeded the con-

tinuum yield stress. At these loads, the largest pore evolved 

in equivalent diameter, forming an increasingly irregular 

shape as it interconnected with neighboring pores in both 

the lateral and tensile directions. It is interesting to note that 

a significantly sized pore is nucleated at the applied load 

of 8000 N that did not exist at the previous load increment, 

see Fig. 16. Here, the pore is viewed from the top and side 

perspectives where the grid spacing roughly approximates 

the hatch spacing of 100 μm. Given that the pore geometry 

appears to be strongly correlated to the array of LOF pores, 

its formation and growth were likely determined by intercon-

nection events between neighboring pores. Figure 13 and 

Fig. 16 indicate that pores tend to interconnect more fre-

quently in the lateral direction than in the tensile direction. 

This suggests the development of plane stress in the inter-

mediate spaces between pores under loading, likely leading 

to early coalescence and premature fracture initiation from 

the collective pore volume [1]. This observation aligns with 

the reduced necking and elongation, up to 50%, observed in 

the LOF stress–strain behavior.

Failure Analysis.

Fractography based on SEM images and XCT reconstruc-

tions was performed to gain insight into the fracture behav-

ior of the LOF sample and its connection to the existing 

porosity structure. Two SEM images of the fracture surface 

are given in Fig. 17. Part (a) is a low magnification image 

taken within the region of a large, interconnected pore. sec-

ondary electron mode and shows several LOF pores with 

associated unfused powder particles, denoted by ❶. Seen 

in the immediate LOF pore vicinity are striations that rep-

resent transitions into cleavage failure, denoted by ❷. At 

the higher magnification of part (b) the cleavage striations 

are more defined as well as variable sized dimples near the 

edges of the interconnected pores, ❸, whose morphology 

indicate transgranular ductile fracture. Part (c) is from an 

area away from the pores and shows primarily ductile dim-

ples and transgranular fracture, which is more indicative of 

the continuum behavior of the sample. Overall, the surface 

features indicate a mixture of fracture mechanisms with 

both transgranular ductility and brittle behaviors. This is 

often referred to as a quasi-cleavage fracture mode [61]. This 

blended behavior is likely the reason for the reduced elonga-

tion observed in the LOF sample.

A more comprehensive understanding of the relationship 

between the internal porosity and fracture behavior can be 

made with a direct comparison between the XCT data and 

the fracture surface, see Fig. 18. On the left-side is a 2D 

cross-section of the XCT 3D reconstructed region where the 

specimen failed, Layer #2 identified in Fig. 10. It is taken 

from the 8000 N load application just before failure. The 

detected pores are colored by the size scale given in Fig. 12. 

The array of darker gray spots reveals those pores that there 

is still a population of pores too small to be detected by 

the algorithm. They exhibit a complex, interconnected 3D 

structure in all spatial directions, explaining the apparent 

discontinuities in this discrete slice. The right-side shows the 

complementary SEM fracture surface. Four shapes serve as 

fiducial marks to link identical structural features between 

the images, clearly linking the pre-failure porosity structure 

with the resulting fracture surface features. By referring to 

the failure mechanisms identified in Fig. 17 and the discrete 

deformation events observed in the LOF stress–strain behav-

ior in Fig. 6, a clearer picture of the failure process emerges. 

The discrete events seen in the LOF stress–strain behav-

ior most likely result from cleavage failure as neighboring 

pores undergo interconnection events. This is evidenced by 

the frequent observation of striations within the immediate 

vicinity of the large, interconnected pores. Moreover, the 

local stress concentrations that triggered these events likely 

arose more rapidly around the porosity structure than in the 

continuum microstructure. In other regions the fracture sur-

face was mostly represented by ductile dimple features, most 

likely representing the normal transgranular failure typical 

of this alloy.

Finally, the six discrete defect layers identified in the 3D 

porosity analyses presented in Fig. 10 were found to origi-

nate from powder particles entrapped in ball screw drive 

mechanism that controls the build plate’s positional height. 

This mechanism provides the precise control and repeat-

ability necessary for layer-by-layer construction of a laser 

powder bed fusion unit. It uses a felt seal to trap and contain 

powder in the build chamber. Cleaning the mechanism and 

replacing the felt seal after two build jobs eliminated the 

issue.

Fig. 15  Cross-section of the simulation performed on the 4000 N 

reconstruction file illustrating the stress concentration locations that 

would arise in increasing the applied load to 6000 N
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The technique of using AM tailored porosity struc-

tures in in-situ mechanical/XCT characterization enables 

a new opportunity to investigate the dynamic processes 

that occur between microscale voids under applied stress. 

By capturing these processes as they happen, researchers 

can better understand material behavior under different 

loading conditions. The results produced will undoubtably 

offer new insight into the fundamental understanding of 

the initiation, growth, and eventual coalescence of micro-

voids in alloys.

Fig. 16  Top and side views of the large pore created at the 8000 N applied load level. The grid size is approximately 100 μm and the tensile 

direction (TD) is also the build direction (BD)
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Conclusions

This work investigated the in-situ mechanical/XCT charac-

terization of additively manufactured PBF-LB 316L Stainless 

Steel with an intended array of micro-scale lack of fusion 

(LOF) defects. The aim was to develop a technique to inves-

tigate the dynamic processes that occur between microscale 

voids under applied stress and infer how stress concentrations 

develop between them. The LOF pores were intentionally 

introduced by varying process parameters. X-ray computed 

tomography (XCT) was employed to characterize the initial 

internal defect structure. It was then combined with tensile 

testing to enable in-situ characterization of how the defects 

evolved under stress. The overall LOF specimen failure man-

ifested as a macroscopically ductile fracture process, with 

minimal elongation and necking, which was uncharacteris-

tic of relatively defect free conventional, and AM processed 

316L stainless steel. Analysis of both pore structure and 

mechanical behavior was performed and correlated through 

a direct comparison of stress–strain behavior, reconstructed 

3D digital 3D models, scanning electron identification of 

deformation mechanisms. The results revealed several inter-

esting findings of the LOF porosity and their evolution under 

loading:

Fig. 17  Fracture images of the 

LOF sample of (a) low mag-

nification near interconnected 

pores, (b) high magnification 

near interconnected pores, and 

(c) high magnification away 

from pores. The ❶ denotes 

unfused power particles, ❷ 

cleavage striations, and ❸ vari-

ous sized ductile dimples

Fig. 18  Comparison of the 

re-fracture XCT slice at 8000 

N with the post-fracture SEM 

image. The dashed shapes are 

fiducial guide marks between 

the two images. The labeling of 

pore size with color in the XCT 

slice follows the scale in Fig. 12
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• Porosity populations can evolve under loading in two 

ways: (1) pores that were not previously identified 

by the XCT algorithm become detectable when their 

dimensions increase above the detection threshold, 

and (2) when local stresses between neighboring pores 

exceed the yield stress, inelastic deformation mecha-

nisms will permanently interconnect them into a single, 

larger pore.

• Identified failure mechanisms indicated that pore inter-

connection events likely occurred by cleavage while the 

remainder of failure occurred by transgranular fracture.

• Pore interconnection events tended to occur more fre-

quently in the lateral direction than in the tensile direc-

tion, suggesting the development of plane stress in the 

intermediate spaces between pores under loading.

• Pores that did not undergo interconnection events were 

found to revert to their initial size and population after 

unloading.

• The porosity structure before failure was correlated to 

features on the fracture surface with high fidelity.

Combining XCT and tensile testing to enable in-situ 

monitoring of defects and their evolution under load was 

successful in characterizing the internal porosity and its 

evolution under load. It also enabled the porosity struc-

ture to be correlated to stress–strain behavior and frac-

ture characteristics of sample. The technique is limited 

to porosity that can be detected by the by the analysis 

algorithm, which is based on the material scanned and 

the voxel resolution achievable by the XCT hardware and 

geometrical set-up. None the less, it is a new tool to ena-

ble the insights into the initiation, growth, and eventual 

coalescence of microvoids. Future investigations can gain 

more insight with higher resolution through employing 

higher geometric magnification and/or using alloys with 

X-ray attenuation factors much lower than 316L SS.
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