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Abstract 

4D pore configurations including an open pore were visualized by synchrotron X-ray 

laminography during the ductile fracturing process and then interpreted quantitatively using 

persistent homology (PH), a topological measure. In particular, this study used the zeroth PH, 

where the radius of an equivalent volume sphere for each pore and the distances to the other 

pores can be estimated for pairs of pores. The pore configurations were quantified as a set of 

birth and death values {(𝑏𝑖 , 𝑑𝑖)} and changes due to increasing strain were tracked. As a 

result, the zeroth PH revealed the following information at the final stage before fracturing. 

First, the pair configurations between the open pore and closed pores decreased owing to the 

adsorption of closed pores by the open pore. Second, the configuration between the elongated 

closed pore and the open pore, where equivalent volume spheres are overwrapped, increased. 

These configurational changes in pores predict the pore connection between the open pore 

and surrounding closed pores that eventually generates a ductile crack perpendicular to the 

tensile stress. This study demonstrated the effective interpretation of the pore connection 

process that is essential to ductile crack generation. 
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1. Introduction 

Powder metallurgical (PM) automobile parts must be downsized to achieve zero 

emissions. Toward this end, high-density compaction processes [1,2] such as double press 

double sintering (DPDS) and warm compaction (WC) are currently available. However, such 

high-density PM materials still contain pores, and therefore, their mechanical properties are 

not comparable to those of wrought steel [3]. The effects of such pores on crack initiation 

must be clarified to improve the reliability of PM materials for use as structural members. In 

recent years, several studies have investigated the fracture mechanisms and crack 

morphologies of fractured PM steels [4-10]. Torralba et al. conducted in-situ observations 

under loads using a scanning electron microscope (SEM) with a digital image correlation 

technique and found that initial cracks were generated from sharp pores with a high aspect 

ratio or in the area where Kirkendall pores formed in heterogeneous diffusion alloyed Fe–Ni–

Cu–Mo–C steel propagated immediately to neighbouring pores in the sintered metallic steels 

[8]. Dudrová and Kabátová systematically reviewed the fractography of sintered Fe-Cu-C, 

Fe- 1.8% Cr and 4% Ni diffusion-bonded alloyed steel [9,10]. Nonetheless, proposing a 

suitable theoretical model for PM materials in a manner similar to those proposed for bulk 

materials [11-13] remains difficult because the sintered bodies contain hundreds of thousands 

of micropores or microcracks. 

High-intensity X-ray computation tomography (CT) has used for observing microvoid 

initiation under a tensile load in wrought metals. Toda et al. conducted X-ray 

microtomography at Spring-8 to visualize the crack extending process under tensile loads 

between coarse micropores as snapshots for Al-based alloys containing Zn or Mg [14-19]. 

Furukimi et al. used a 4D technique with tensile tests and found that micropores around grain 

boundaries coalesced into cracks owing to the strain concentrations in industrial pure-iron 

sheets [20]. Chawla et al. first applied a 3D-CT technique to unloaded sintered metals and 



then visualized the local stress concentration between pores using finite element models 

under tensile loads based on the pore configuration obtained from the 3D-CT images [21-24]. 

However, secondary initiated microvoids have not yet been tracked. 

The authors have previously used synchrotron X-ray laminography to clarify the 

change process of pore configurations in sintered pure iron during a tensile test and 

demonstrated the applicability of persistent homology (PH), a type of topological analysis, to 

extract the configuration for < 3000 closed pores during the crack initiation stage within the 

confined area of a roughly 100-µm-thick slice without open pores [25]. In the present study, 

we investigated the role of open pores independently of that of closed pores by focusing on 

the mathematical connections between pores using PH. For this purpose, we considered more 

than 105 pores. 

 

2. Experimental 

2.1. Materials and specimen preparation for tensile test 

The tensile test was conducted using a sintered pure iron powder specimen (JFE Steel 

Co., JIP301A) that was prepared as reported previously [25]. The specimen porosity was 

11.7%, and it included open and closed pores as determined using Archimedes’ water 

immersion technique. Further, it had dimensions of 2 mm (width), 1 mm (thickness), and 3 

mm (length) in the centre area, and it was machined using a wire electric discharge machine. 

 

2.2. In-situ 4D observation during tensile test by synchrotron X-ray laminography 

High-resolution X-ray laminography experiments were performed at the BL20XU X-

ray imaging beamline at SPring-8, where the maximum spatial resolution for volume 

reconstruction was around 1 µm and the minimum voxel size was as low as 0.3 µm [26-28]. 

The photon energy of the monochromatic X-ray beam generated by the liquid-nitrogen-



cooled Si (111) double-crystal monochromator was 37.7 keV. The specimen was placed on a 

rotatable stage, and the rotation axis was inclined at 45° to the X-ray beam. The detector was 

placed 18.0 mm from the centre of rotation on the specimen surface. A radiograph with a 

diameter of 1000 µm was taken about the centre area of the specimen with an exposure time 

of 300 ms at every 0.1° during a rotation. The captured images were reconstructed with 

isotropic voxels having a size of 0.5 µm from a series of radiographs by the filtered back 

projection algorithm and visualized as 3D images using the image-analysis software Avizo 

9.1.1 (FEI Co.). 

The laminography scans were performed before the tensile test at five distinct plastic 

deformations at every moment when the tensile test was interrupted and the load, applied at a 

constant strain rate of 10-3 s-1, was discharged. 

 

2.3. Analysis of connection between pores by PH 

PH is a topological measure that quantifies point cloud configurations as 2D values 

[29]. In this method, the radius r of a sphere that is virtually placed at each point is increased 

from 0. As r increases, holes formed by the contact or overlap of spheres at specific points are 

created or disappear. Two radii—birth value b at the time when a hole surrounded by the 

spheres is generated and death value d when the hole disappears—are used. The persistent 

pair (b, d) corresponds to the point cloud configuration. As a result, the finite set of persistent 

pairs for n point cloud configurations, ∑ {(𝑏𝑖, 𝑑𝑖)}𝑛
𝑖=1 , can be plotted on the (x, y)-plane to 

produce the persistence diagram (PD). In 3D space, PD is defined from the zeroth to the 

second PD, that is, PD0, PD1 and PD2; these are respectively the configurations for two-

point connections, more than three-points connections forming polygons, and more than four-

points forming polyhedrons. A void-connection model has been proposed for the ductile 

fracture of metallic materials. Therefore, in this study, the remaining pores and microvoids 



were considered point clouds, and the zeroth PD was applied to quantitatively analyse their 

connection process. 

The zeroth PH for the pore group in sintered materials is as follows. Figs. 1a and 1b 

(left) illustrate the process of obtaining PD0 about a pair of a randomly selected i-th sphere 

pore and its adjacent pore. In the initial state, a sphere with an equivalent volume is placed at 

the barycentre of each pore. Then, these spheres are expanded or shrunk depending on 

whether they overlap (Case I or II). 𝑏𝑖 is defined as the reverse-signed initial radius 𝑟𝑖0 of the 

i-th sphere on the left. The pair (𝑏𝑖, 𝑑𝑖) of two spheres is defined as follows: 

 𝑏𝑖≡ −𝑟𝑖0 (<0),  (1) 

 𝑑𝑖 ≡ 𝑠𝑔𝑛 (∆)×√|∆|, (2) 

  ∆ ≡ 𝑟𝑖𝑓
2 − 𝑟𝑖0

2 .             (3) 

In Eq. 3, 𝑟𝑖𝑓is the radius of the i-th sphere at contact. 𝑠𝑔𝑛 (∆) is negative in Case II 

where two spheres with equivalent volumes overlap as for neighboring pores with high aspect 

ratio. As shown in Figs. 1a and 1b for the final case at contact, a death value 𝑑𝑖, which 

indicates the length of a generatrix line formed by the initial sphere and the contacting point 

at the final stage, corresponds to the distance between the sphere of interest and the adjacent 

sphere in both cases. Because the pair cloud {(𝑏𝑖, 𝑑𝑖)} in Cases I and II is respectively in the 

second and third quadrants, these cases can be easily distinguished on the (x, y)-plane. 



 

Fig. 1. Conceptual scheme of zeroth persistent homology determined about a randomly 

selected pair of pores (2-column fitting image) 

The barycentric positions of all the pores, converted as diameters of their equivalent 

volume spheres, were obtained using AmiraTM software (Thermo Fisher Scientific). The 

persistent pairs were simulated using the free software HomCloud developed by Obayashi et 

al. at Hiraoka Laboratory at Center for Advanced Intelligence Project in RIKEN [30], and 

pores smaller than 78 µm3 were omitted to consider the effect of background noise in the X-

ray laminography observation. 

 

3. Results 

Fig. 2 shows the stress-strain (S-S) curve obtained during the in-situ tensile test 

carried out concurrently with the X-ray laminography scanning. The scans were executed at 

plastic deformations of εp  = 0, 0.025, 0.039, 0.060, 0.062, and 0.140 after each unloading, as 



indicated by the arrows. The last scan required an interval exceeding 3700 ks owing to the 

allocation of the operating time of the synchrotron, whereas the first four scans required ~9 ks 

intervals. As in the S-S curve, notable increases were seen in the stress before the final scan. 

This may be attributable to the occurrence of a kind of stress aging owing to the migration of 

carbon atoms that are inevitably present to the dislocation site during a long interval. 

 

Fig. 2. Representative stress-strain (S-S) curve of the specimen from tensile tests carried out 

in the intervals between allowed X-ray CT scanning points. (single-column fitting image) 

 

Fig. 3 shows a 3D pore image with 1 mm cubic scale of the inner pores in the 

unloaded specimen. Projection images from laminograpy were reconstructed into a 

cylindrical shape with 1000 𝜇m diameter and 1000 𝜇m thickness. In the 3D pore image 

shown in Fig. 3 and the following figures, red cavities indicate open pores that connect from 

the interior to the plane of the columnar observation area, and other colours indicate isolated 

closed pores. Because the pore distribution was too intricate to scrutinize the inside structure 

from the surface, 3D images with slices of z = 750–1000 µm were obtained, as shown in Fig. 

4. The open pore network was spread throughout the specimen, and it expanded with 

increasing strain up to a width of ~20 µm around its branching area at εp  = 0.140. By 

contrast, a notable change in the configuration of the closed pores in the interstitial spaces of 



the open pore network could not be visually confirmed. Therefore, we focused on the 

configurational change of the open and closed pores, especially around the branching of the 

open pore, by using the zeroth PH. 

 

Fig. 3. 3D snapshot of pores in 1 mm cubic scale at εp = 0. Analysis by persistent homology 

was carried out for areas marked by orange lines with slices at x = 100–600 mm. (single-

column fitting image) 

 

 

Fig. 4. 3D snapshots of pores in 1 mm cubic sliced at planes with 1/4 thickness from the 



surface at z = 1000 μm at εp = 0–0.140. (2-column fitting image) 

 

4. Discussion 

4.1. Connections between open pore and closed pores estimated from PH 

For the PH analysis, we used 3D images with slices of x = 100–600 µm, including the 

area where the open pore branched, as indicated by the orange line in Fig. 4 at εp = 0.140. 

PD0 was lined up for all pores (Fig. 5), and only the closed pores (Fig. 6) in the sliced area. 

The characteristic distributions are indicated by the surrounding dotted lines. The plots in 

areas B and C showed common distributions, whereas the plot in area A was confirmed only 

in Fig. 5. It follows that these configurations indicate the connections between the open pore 

and surrounding closed pores under each strain. In fact, plots of {𝑑𝑖} in area A were 50–280 

µm from the initial to the final stage; this was comparable to the 𝑟𝑖0 of the open pores (200–

220 µm). Notably, {𝑑𝑖} in area A increased from εp = 0.060 to 0.062 and drastically 

decreased at εp = 0.140 just before fracturing. Such increases and decreases might correspond 

to secondary void generation adjacent to the swelling of the open pore and the disappearance 

of closed pores by the adsorption of the open pore, respectively, resulting in the growth of the 

crack.  



 

Fig. 5. (A) Zeroth persistent diagram, PD0, about pores including an open pore in the area 

sliced with x = 100–600 mm during the tensile test. (B) Zeroth persistent diagram, PD0, 

about pores WITHOUT an open pore in the area sliced with x = 100–600 mm during the 

tensile test. (2-column fitting image) 



 

Fig. 6. Magnified images of PD0 about pores in the area sliced with x = 100–600 mm during 

the tensile test: (a) including an open pore and (b) without an open pore. (1.5-column fitting 

image) 

 

4.2. Mutual connections between closed pores estimated from PH 

To confirm the change in PD0 at around the final stage, a magnified view of PD0s at 

εp = 0.062 and 0.140 is shown in Fig. 6(a) for all pores including the open pore and in Fig. 

6(b) without. As mentioned above, the distribution in areas B and C concerned the mutual 

connections between closed pore pairs. In area B, the increment in |𝑏𝑖 | (= 𝑟𝑖0) at εp  = 0.140 

can correspond to the growth of closed pores owing to the elongation of the specimen along 

the tensile direction without significant changes in the mutual distance. In the third quadrant 



of PD0, the plots in area C1 are seen in both Figs. 6(a) and 6(b), whereas those in area C2 are 

seen only in Fig. 6(a). The |𝑑𝑖 | values in both areas, which correspond to the overwrapped 

volumes between pores in pairs, increased at εp = 0.140. This strongly suggested that the 

closed pores approached not only the open pore but also other closed pores, resulting in the 

formation of ductile cracks. 

 

4.3. Pore connections estimated from 4D pore images 

To confirm the change in pore configurations suggested by PD0, enlarged views of 

the 3D CT images around the area at εp  = 0.062 and 0.140, where the open pore branched as 

indicated in Fig. 4, are shown in Fig. 7. The closed pores beside the red-coloured open pore 

in Fig. 7a are considered to correspond to the configurations in area A or C2 in Fig. 6a from 

the relation to the open pore and to those in area B from the relation to the adjacent closed 

pores, as mentioned above. Some of them, indicated by dotted circles, are adsorbed by the 

open pore and diminished, as shown in Fig. 7b. By contrast, elongated closed pores with a 

higher aspect ratio that surrounded the dotted circles in Figs. 7a and 7b were positioned close 

to each other; therefore, their equivalent volume spheres can overwrap, as estimated from 

area C1 in the PD0s shown in Figs. 6a and 6b. Fig. 8 shows the number of porosities of the 

open and closed as well as those of all pores. Fig. 9 shows the average aspect ratio of closed 

pores obtained from 4D images. Notably, pore volumes obtained from the 3D analysis were 

underestimated compared to the actual values because the voxels at the boundary area 

between the matrix and pore were considered to possess a matrix volume and not as pore 

volume, even if the voxel contained a part of the pore. The total porosity at εp = 0 was 

calculated as 7.2% from the 3D image in Fig. 3, with a voxel size of 0.5 µm, which is 4.5% 

lower than that (11.7%) obtained using the Archimedes’ method. The total porosity, open 

porosity, and aspect ratio increased, while the closed porosity decreased with increasing 



strain, thereby supporting the claim that the elongated closed pores approach and merge with 

other open/closed pores. These close-set configurations of pores were seen in the area from 

the branch point of the open pore to the surface along the direction perpendicular to the 

tensile stress. It can be predicted that these pores will be subjected to compressive stress 

during the local deformation stage and will eventually coalesce to form a ductile fracture 

crack characterized by a fracture surface with fine dimples. 

 

Fig. 7. Enlarged 3D images sliced at the planes with 1/4th thickness from the surface at z = 

1000 μm at (a) εp = 0.062 and (b) εp = 0.140. C1 corresponds to PD0 in Fig. 6. (single-

column fitting image) 

  

Fig. 8. Dependence of open/closed and total porosities in the sintered iron on nominal strain 



during tensile test. (single-column fitting image) 

 

 

Fig. 9. Dependence of average pore ratio in sintered iron on nominal strain during tensile test. 

(single-column fitting image) 

 

5. Conclusion 

4D images of pores in a sintered pure iron specimen with 11% porosity were obtained 

thorough synchrotron X-ray laminography during tensile tests. The pore configurations were 

quantified, and their changes under increased strains were tracked quantitatively using an 

algebraic topology, PH. This study adopted the zeroth PH, for which the radius of the 

equivalent volume sphere of each pore and the distance to another pore between pores can be 

estimated from the birth and death values (𝑏𝑖, 𝑑𝑖) , respectively. The connection process of 

pores or microvoids was clarified as follows: 

(1) During a tensile test, 3D images of the inside of the specimen can be obtained at nominal 

strains of εp  = 0–0.140, and the process whereby open pores swelled up and branched 

perpendicular to the tensile stress in the centre of the specimen was confirmed to occur. 

(2) The pore configurations can be quantified as a set of 2D numbers {(𝑏𝑖, 𝑑𝑖)}, and the 

changes due to increasing strain were tracked. 



(3) By comparing PD0, where {(𝑏𝑖, 𝑑𝑖)} is plotted on the (x, y)-plane, for pores 

including/without an open pore, the characteristic changes of pore configurations consisting 

of open pores can be confirmed at the final stage (εp  = 0.140). 

(4) Such characteristic changes indicated that (i) the pair configurations between the open 

pore and closed pores for d > 50 µm decreased owing to the adsorption of the closed pores by 

the open pore, and (ii) the pair configurations of the elongated pores and the open pore, 

whose equivalent volume spheres are overwrapped, increased. 

(5) The changes in 3D images from εp  = 0.620 to 0.140 were confirmed to reasonably 

correspond to the above topological information. 

In conclusion, we could clarify the role of open pores independently of that of closed pores in 

the process of ductile crack initiation by using the zeroth PH. This facilitates the 

interpretation of the pore connection process that is essential for ductile crack generation. In 

the future, we will investigate the ductile fracture mechanism in high-density sintered metals 

in which open pores are blocked and in hot isostatically pressed PM materials without any 

pores to conclude whether the fracture mechanism of PM metals becomes congruent with that 

of wrought metals. 
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Abstract 

4D pore configurations including an open pore were visualized by synchrotron X-ray 

laminography during the ductile fracturing process and then interpreted quantitatively using 

persistent homology (PH), a topological measure. In particular, this study used the zeroth PH, 

where the radius of an equivalent volume sphere for each pore and the distances to the other 

pores can be estimated for pairs of pores. The pore configurations were quantified as a set of 

birth and death values {(𝑏𝑖 , 𝑑𝑖)} and changes due to increasing strain were tracked. As a 

result, the zeroth PH revealed the following information at the final stage before fracturing. 

First, the pair configurations between the open pore and closed pores decreased owing to the 

adsorption of closed pores by the open pore. Second, the configuration between the elongated 

closed pore and the open pore, where equivalent volume spheres are overwrapped, increased. 

These configurational changes in pores predict the pore connection between the open pore 

and surrounding closed pores that eventually generates a ductile crack perpendicular to the 

tensile stress. This study demonstrated the effective interpretation of the pore connection 

process that is essential to ductile crack generation. 

 

Keywords: ductile fracture, sintered iron, open pore, closed pore, persistent homology 



1. Introduction 

Powder metallurgical (PM) automobile parts must be downsized to achieve zero 

emissions. Toward this end, high-density compaction processes [1,2] such as double press 

double sintering (DPDS) and warm compaction (WC) are currently available. However, such 

high-density PM materials still contain pores, and therefore, their mechanical properties are 

not comparable to those of wrought steel [3]. The effects of such pores on crack initiation 

must be clarified to improve the reliability of PM materials for use as structural members. In 

recent years, several studies have investigated the fracture mechanisms and crack 

morphologies of fractured PM steels [4-10]. Torralba et al. conducted in-situ observations 

under loads using a scanning electron microscope (SEM) with a digital image correlation 

technique and found that initial cracks were generated from sharp pores with a high aspect 

ratio or in the area where Kirkendall pores formed in heterogeneous diffusion alloyed Fe–Ni–

Cu–Mo–C steel propagated immediately to neighbouring pores in the sintered metallic steels 

[8]. Dudrová and Kabátová systematically reviewed the fractography of sintered Fe-Cu-C, 

Fe- 1.8% Cr and 4% Ni diffusion-bonded alloyed steel [9,10]. Nonetheless, proposing a 

suitable theoretical model for PM materials in a manner similar to those proposed for bulk 

materials [11-13] remains difficult because the sintered bodies contain hundreds of thousands 

of micropores or microcracks. 

High-intensity X-ray computation tomography (CT) has used for observing microvoid 

initiation under a tensile load in wrought metals. Toda et al. conducted X-ray 

microtomography at Spring-8 to visualize the crack extending process under tensile loads 

between coarse micropores as snapshots for Al-based alloys containing Zn or Mg [14-19]. 

Furukimi et al. used a 4D technique with tensile tests and found that micropores around grain 

boundaries coalesced into cracks owing to the strain concentrations in industrial pure-iron 

sheets [20]. Chawla et al. first applied a 3D-CT technique to unloaded sintered metals and 



then visualized the local stress concentration between pores using finite element models 

under tensile loads based on the pore configuration obtained from the 3D-CT images [21-24]. 

However, secondary initiated microvoids have not yet been tracked. 

The authors have previously used synchrotron X-ray laminography to clarify the 

change process of pore configurations in sintered pure iron during a tensile test and 

demonstrated the applicability of persistent homology (PH), a type of topological analysis, to 

extract the configuration for < 3000 closed pores during the crack initiation stage within the 

confined area of a roughly 100-µm-thick slice without open pores [25]. In the present study, 

we investigated the role of open pores independently of that of closed pores by focusing on 

the mathematical connections between pores using PH. For this purpose, we considered more 

than 105 pores. 

 

2. Experimental 

2.1. Materials and specimen preparation for tensile test 

The tensile test was conducted using a sintered pure iron powder specimen (JFE Steel 

Co., JIP301A) that was prepared as reported previously [25]. The specimen porosity was 

11.7%, and it included open and closed pores as determined using Archimedes’ water 

immersion technique. Further, it had dimensions of 2 mm (width), 1 mm (thickness), and 3 

mm (length) in the centre area, and it was machined using a wire electric discharge machine. 

 

2.2. In-situ 4D observation during tensile test by synchrotron X-ray laminography 

High-resolution X-ray laminography experiments were performed at the BL20XU X-

ray imaging beamline at SPring-8, where the maximum spatial resolution for volume 

reconstruction was around 1 µm and the minimum voxel size was as low as 0.3 µm [26-28]. 

The photon energy of the monochromatic X-ray beam generated by the liquid-nitrogen-



cooled Si (111) double-crystal monochromator was 37.7 keV. The specimen was placed on a 

rotatable stage, and the rotation axis was inclined at 45° to the X-ray beam. The detector was 

placed 18.0 mm from the centre of rotation on the specimen surface. A radiograph with a 

diameter of 1000 µm was taken about the centre area of the specimen with an exposure time 

of 300 ms at every 0.1° during a rotation. The captured images were reconstructed with 

isotropic voxels having a size of 0.5 µm from a series of radiographs by the filtered back 

projection algorithm and visualized as 3D images using the image-analysis software Avizo 

9.1.1 (FEI Co.). 

The laminography scans were performed before the tensile test at five distinct plastic 

deformations at every moment when the tensile test was interrupted and the load, applied at a 

constant strain rate of 10-3 s-1, was discharged. 

 

2.3. Analysis of connection between pores by PH 

PH is a topological measure that quantifies point cloud configurations as 2D values 

[29]. In this method, the radius r of a sphere that is virtually placed at each point is increased 

from 0. As r increases, holes formed by the contact or overlap of spheres at specific points are 

created or disappear. Two radii—birth value b at the time when a hole surrounded by the 

spheres is generated and death value d when the hole disappears—are used. The persistent 

pair (b, d) corresponds to the point cloud configuration. As a result, the finite set of persistent 

pairs for n point cloud configurations, ∑ {(𝑏𝑖, 𝑑𝑖)}𝑛
𝑖=1 , can be plotted on the (x, y)-plane to 

produce the persistence diagram (PD). In 3D space, PD is defined from the zeroth to the 

second PD, that is, PD0, PD1 and PD2; these are respectively the configurations for two-

point connections, more than three-points connections forming polygons, and more than four-

points forming polyhedrons. A void-connection model has been proposed for the ductile 

fracture of metallic materials. Therefore, in this study, the remaining pores and microvoids 



were considered point clouds, and the zeroth PD was applied to quantitatively analyse their 

connection process. 

The zeroth PH for the pore group in sintered materials is as follows. Figs. 1a and 1b 

(left) illustrate the process of obtaining PD0 about a pair of a randomly selected i-th sphere 

pore and its adjacent pore. In the initial state, a sphere with an equivalent volume is placed at 

the barycentre of each pore. Then, these spheres are expanded or shrunk depending on 

whether they overlap (Case I or II). 𝑏𝑖 is defined as the reverse-signed initial radius 𝑟𝑖0 of the 

i-th sphere on the left. The pair (𝑏𝑖, 𝑑𝑖) of two spheres is defined as follows: 

 𝑏𝑖≡ −𝑟𝑖0 (<0),  (1) 

 𝑑𝑖 ≡ 𝑠𝑔𝑛 (∆)×√|∆|, (2) 

  ∆ ≡ 𝑟𝑖𝑓
2 − 𝑟𝑖0

2 .             (3) 

In Eq. 3, 𝑟𝑖𝑓is the radius of the i-th sphere at contact. 𝑠𝑔𝑛 (∆) is negative in Case II 

where two spheres with equivalent volumes overlap as for neighboring pores with high aspect 

ratio. As shown in Figs. 1a and 1b for the final case at contact, a death value 𝑑𝑖, which 

indicates the length of a generatrix line formed by the initial sphere and the contacting point 

at the final stage, corresponds to the distance between the sphere of interest and the adjacent 

sphere in both cases. Because the pair cloud {(𝑏𝑖, 𝑑𝑖)} in Cases I and II is respectively in the 

second and third quadrants, these cases can be easily distinguished on the (x, y)-plane. 



 

Fig. 1. Conceptual scheme of zeroth persistent homology determined about a randomly 

selected pair of pores (2-column fitting image) 

The barycentric positions of all the pores, converted as diameters of their equivalent 

volume spheres, were obtained using AmiraTM software (Thermo Fisher Scientific). The 

persistent pairs were simulated using the free software HomCloud developed by Obayashi et 

al. at Hiraoka Laboratory at Center for Advanced Intelligence Project in RIKEN [30], and 

pores smaller than 78 µm3 were omitted to consider the effect of background noise in the X-

ray laminography observation. 

 

3. Results 

Fig. 2 shows the stress-strain (S-S) curve obtained during the in-situ tensile test 

carried out concurrently with the X-ray laminography scanning. The scans were executed at 

plastic deformations of εp  = 0, 0.025, 0.039, 0.060, 0.062, and 0.140 after each unloading, as 



indicated by the arrows. The last scan required an interval exceeding 3700 ks owing to the 

allocation of the operating time of the synchrotron, whereas the first four scans required ~9 ks 

intervals. As in the S-S curve, notable increases were seen in the stress before the final scan. 

This may be attributable to the occurrence of a kind of stress aging owing to the migration of 

carbon atoms that are inevitably present to the dislocation site during a long interval. 

 

Fig. 2. Representative stress-strain (S-S) curve of the specimen from tensile tests carried out 

in the intervals between allowed X-ray CT scanning points. (single-column fitting image) 

 

Fig. 3 shows a 3D pore image with 1 mm cubic scale of the inner pores in the 

unloaded specimen. Projection images from laminograpy were reconstructed into a 

cylindrical shape with 1000 𝜇m diameter and 1000 𝜇m thickness. In the 3D pore image 

shown in Fig. 3 and the following figures, red cavities indicate open pores that connect from 

the interior to the plane of the columnar observation area, and other colours indicate isolated 

closed pores. Because the pore distribution was too intricate to scrutinize the inside structure 

from the surface, 3D images with slices of z = 750–1000 µm were obtained, as shown in Fig. 

4. The open pore network was spread throughout the specimen, and it expanded with 

increasing strain up to a width of ~20 µm around its branching area at εp  = 0.140. By 

contrast, a notable change in the configuration of the closed pores in the interstitial spaces of 



the open pore network could not be visually confirmed. Therefore, we focused on the 

configurational change of the open and closed pores, especially around the branching of the 

open pore, by using the zeroth PH. 

 

Fig. 3. 3D snapshot of pores in 1 mm cubic scale at εp = 0. Analysis by persistent homology 

was carried out for areas marked by orange lines with slices at x = 100–600 mm. (single-

column fitting image) 

 

 

Fig. 4. 3D snapshots of pores in 1 mm cubic sliced at planes with 1/4 thickness from the 



surface at z = 1000 μm at εp = 0–0.140. (2-column fitting image) 

 

4. Discussion 

4.1. Connections between open pore and closed pores estimated from PH 

For the PH analysis, we used 3D images with slices of x = 100–600 µm, including the 

area where the open pore branched, as indicated by the orange line in Fig. 4 at εp = 0.140. 

PD0 was lined up for all pores (Fig. 5), and only the closed pores (Fig. 6) in the sliced area. 

The characteristic distributions are indicated by the surrounding dotted lines. The plots in 

areas B and C showed common distributions, whereas the plot in area A was confirmed only 

in Fig. 5. It follows that these configurations indicate the connections between the open pore 

and surrounding closed pores under each strain. In fact, plots of {𝑑𝑖} in area A were 50–280 

µm from the initial to the final stage; this was comparable to the 𝑟𝑖0 of the open pores (200–

220 µm). Notably, {𝑑𝑖} in area A increased from εp = 0.060 to 0.062 and drastically 

decreased at εp = 0.140 just before fracturing. Such increases and decreases might correspond 

to secondary void generation adjacent to the swelling of the open pore and the disappearance 

of closed pores by the adsorption of the open pore, respectively, resulting in the growth of the 

crack.  



 

Fig. 5. (A) Zeroth persistent diagram, PD0, about pores including an open pore in the area 

sliced with x = 100–600 mm during the tensile test. (B) Zeroth persistent diagram, PD0, 

about pores WITHOUT an open pore in the area sliced with x = 100–600 mm during the 

tensile test. (2-column fitting image) 



 

Fig. 6. Magnified images of PD0 about pores in the area sliced with x = 100–600 mm during 

the tensile test: (a) including an open pore and (b) without an open pore. (1.5-column fitting 

image) 

 

4.2. Mutual connections between closed pores estimated from PH 

To confirm the change in PD0 at around the final stage, a magnified view of PD0s at 

εp = 0.062 and 0.140 is shown in Fig. 6(a) for all pores including the open pore and in Fig. 

6(b) without. As mentioned above, the distribution in areas B and C concerned the mutual 

connections between closed pore pairs. In area B, the increment in |𝑏𝑖 | (= 𝑟𝑖0) at εp  = 0.140 

can correspond to the growth of closed pores owing to the elongation of the specimen along 

the tensile direction without significant changes in the mutual distance. In the third quadrant 



of PD0, the plots in area C1 are seen in both Figs. 6(a) and 6(b), whereas those in area C2 are 

seen only in Fig. 6(a). The |𝑑𝑖 | values in both areas, which correspond to the overwrapped 

volumes between pores in pairs, increased at εp = 0.140. This strongly suggested that the 

closed pores approached not only the open pore but also other closed pores, resulting in the 

formation of ductile cracks. 

 

4.3. Pore connections estimated from 4D pore images 

To confirm the change in pore configurations suggested by PD0, enlarged views of 

the 3D CT images around the area at εp  = 0.062 and 0.140, where the open pore branched as 

indicated in Fig. 4, are shown in Fig. 7. The closed pores beside the red-coloured open pore 

in Fig. 7a are considered to correspond to the configurations in area A or C2 in Fig. 6a from 

the relation to the open pore and to those in area B from the relation to the adjacent closed 

pores, as mentioned above. Some of them, indicated by dotted circles, are adsorbed by the 

open pore and diminished, as shown in Fig. 7b. By contrast, elongated closed pores with a 

higher aspect ratio that surrounded the dotted circles in Figs. 7a and 7b were positioned close 

to each other; therefore, their equivalent volume spheres can overwrap, as estimated from 

area C1 in the PD0s shown in Figs. 6a and 6b. Fig. 8 shows the number of porosities of the 

open and closed as well as those of all pores. Fig. 9 shows the average aspect ratio of closed 

pores obtained from 4D images. Notably, pore volumes obtained from the 3D analysis were 

underestimated compared to the actual values because the voxels at the boundary area 

between the matrix and pore were considered to possess a matrix volume and not as pore 

volume, even if the voxel contained a part of the pore. The total porosity at εp = 0 was 

calculated as 7.2% from the 3D image in Fig. 3, with a voxel size of 0.5 µm, which is 4.5% 

lower than that (11.7%) obtained using the Archimedes’ method. The total porosity, open 

porosity, and aspect ratio increased, while the closed porosity decreased with increasing 



strain, thereby supporting the claim that the elongated closed pores approach and merge with 

other open/closed pores. These close-set configurations of pores were seen in the area from 

the branch point of the open pore to the surface along the direction perpendicular to the 

tensile stress. It can be predicted that these pores will be subjected to compressive stress 

during the local deformation stage and will eventually coalesce to form a ductile fracture 

crack characterized by a fracture surface with fine dimples. 

 

Fig. 7. Enlarged 3D images sliced at the planes with 1/4th thickness from the surface at z = 

1000 μm at (a) εp = 0.062 and (b) εp = 0.140. C1 corresponds to PD0 in Fig. 6. (single-

column fitting image) 

  

Fig. 8. Dependence of open/closed and total porosities in the sintered iron on nominal strain 



during tensile test. (single-column fitting image) 

 

 

Fig. 9. Dependence of average pore ratio in sintered iron on nominal strain during tensile test. 

(single-column fitting image) 

 

5. Conclusion 

4D images of pores in a sintered pure iron specimen with 11% porosity were obtained 

thorough synchrotron X-ray laminography during tensile tests. The pore configurations were 

quantified, and their changes under increased strains were tracked quantitatively using an 

algebraic topology, PH. This study adopted the zeroth PH, for which the radius of the 

equivalent volume sphere of each pore and the distance to another pore between pores can be 

estimated from the birth and death values (𝑏𝑖, 𝑑𝑖) , respectively. The connection process of 

pores or microvoids was clarified as follows: 

(1) During a tensile test, 3D images of the inside of the specimen can be obtained at nominal 

strains of εp  = 0–0.140, and the process whereby open pores swelled up and branched 

perpendicular to the tensile stress in the centre of the specimen was confirmed to occur. 

(2) The pore configurations can be quantified as a set of 2D numbers {(𝑏𝑖, 𝑑𝑖)}, and the 

changes due to increasing strain were tracked. 



(3) By comparing PD0, where {(𝑏𝑖, 𝑑𝑖)} is plotted on the (x, y)-plane, for pores 

including/without an open pore, the characteristic changes of pore configurations consisting 

of open pores can be confirmed at the final stage (εp  = 0.140). 

(4) Such characteristic changes indicated that (i) the pair configurations between the open 

pore and closed pores for d > 50 µm decreased owing to the adsorption of the closed pores by 

the open pore, and (ii) the pair configurations of the elongated pores and the open pore, 

whose equivalent volume spheres are overwrapped, increased. 

(5) The changes in 3D images from εp  = 0.620 to 0.140 were confirmed to reasonably 

correspond to the above topological information. 

In conclusion, we could clarify the role of open pores independently of that of closed pores in 

the process of ductile crack initiation by using the zeroth PH. This facilitates the 

interpretation of the pore connection process that is essential for ductile crack generation. In 

the future, we will investigate the ductile fracture mechanism in high-density sintered metals 

in which open pores are blocked and in hot isostatically pressed PM materials without any 

pores to conclude whether the fracture mechanism of PM metals becomes congruent with that 

of wrought metals. 
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