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main value of this approach lies in the use of actual 3D
pore geometry rather than relying on either a 2D metallo-
graphic view of a pore or an idealized 3D model of a pore.
A quantitative parameter, k_, was proposed by Gao et
al. " to account for the local concentrated stress:
O-ITHJX
K, = Tme (9)
o,

where o, represents the maximum principal stress, and
o, is the far-field stress.

®

3.1 Finite element modeling methodology

Building an RVE finite element model based on the ac-
tual 3D pore geometry involves three steps: 1) The pore
X-ray tomography data with a slice thickness of 16 pm
were saved in DICOM format. 2) Mimics software was
used to convert the CT scanned image data from DICOM
to STL format. The triangular mesh was then remeshed to
reduce the number of low-quality triangles and to smooth
the model. 3) ABAQUS was used to insert the pores as
cavities into the RVE model and refine the mesh in the re-
gion surrounding the pores.

The elastoplastic constitutive formulation of G20Mn5SN
cast steel was modeled with a Young’s modulus E =200
GPa, a Poisson’s ratio y =0. 3, and a yield stress o, =
320 MPa. The finite element type selected was C3D10M,
a 10-node tetrahedron based on quadratic interpolation and
a modified formulation. These second-order elements
provide higher accuracy for complex stress fields than
first-order elements. To determine the appropriate grid
size, model J was partitioned using different grid sizes,
namely 0. 10, 0.05, 0.03, and 0. 01 mm. The results
showed significant variability with grid sizes of 0. 10 and
0.05 mm, while grid sizes of 0.03 and 0. 01 mm yielded
consistent results. Therefore, a grid size of 0. 03 mm was
chosen for subsequent calculations.

For comparison, additional RVEs were created without
pores and with idealized pore shapes. The details of these
FE models are summarized in Table 5. FE models F, J,

Table 5 Information for different finite element models
Pores
Model Volume/ .
Number 3 3 Sphericity Type
10 ""mm
B 1 0.65 1 Idealized
C 1 0.43 0.54 Gas
D 1 1.22 0.53 Gas
E 1 2.98 0.55 Gas
F 1 6.52 0.53 Gas-shrinkage
G 1 19.40 0.54 Gas-shrinkage
H 1 6.46 0.41 Gas-shrinkage
I 1 6.59 0.36 Shrinkage
1 3.10 0.37 Shrinkage
! 2 3.44 0.42 Gas-shrinkage
1 1.27 0.52 Gas
K 2 1.60 0.47 Gas-shrinkage
3 3.86 0.38 Shrinkage

and K are shown in Fig.7. A comparison of the pores in
the RVE with those reconstructed from X-ray tomography
images (see Fig.7(b)) indicates a high level of accuracy
in pore insertion.
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Fig.7 FE model and pore geometry. (a) FE model F; (b) Com-
parison between reconstruction model and X-ray imaging model; (c) FE
model J; (d) FE model K

3.2 Results of finite element simulations
3.2.1 Effect of pores

Finite element analysis was performed on the RVE
model to evaluate the impact of pores on stress distribu-
tion. The global stress-strain distribution within a finite
element model is largely influenced by its geometrical
features; however, local variations can occur owing to
stress concentrations around micropores. A smoothly var-
ying stress field ranging from 300 to 330 MPa is observed
in the pore-free RVE under applied stress. The maximum
local stress is 330 MPa, slightly surpassing the yield
stress of 320 MPa for G20Mn5SN cast steel.
occurs at the center of the model. When pores are distrib-

This stress

uted in the RVE, then the stress concentration at this lo-
cation increases.
3.2.2 Effect of the pore shape

The volume and the sphericity of pores, including
those in the RVE, are employed to characterize the si-
zes and types of pores. The stress concentration fields
were calculated for finite element models B, F, H,
and I (see Table 5). These models featured pores with
volumes ranging from 6. 46 x 10 to 6. 59 x 10’
mm’ but varied significantly in sphericity values: 1 for
model B, 0.53 for model F, 0.41 for model H, and
0.36 for model I. Despite having almost identical vol-
umes, pore shapes differed significantly. Fig. 8 shows
the maximum principal stress distributions for these
four models. The calculated stress concentration factors
k, in models B, F, H, and I are 1.69, 4.32, 5.90,
and 9. 84, respectively.
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Fig. 8 Maximum principal stress distribution. (a) Model B; (b)
Model F; (c¢) Model H; (d) Model 1

Model B exhibited the lowest stress concentration coef-
ficient of RVE, which was only 25.27% of the average
stress concentration coefficient observed in models F, H,
and I. This result underscores that microscopic pores with
complex shapes cannot be approximated as ideal spheres
when studying their effect on stress concentration. The
sphericity of RVE models F, H, and I gradually decrea-
ses, while the stress concentration coefficient gradually
increases. Therefore, pore sphericity greatly affects stress
concentration. Specifically, lower sphericity in casting

pores leads to higher stress concentration.
3.2.3 Effect of the pore size

The pores in FE models C, D, E, F, and G (see
Table 5) had similar sphericities, but volumes varied
greatly. Therefore, these five FE models can be used to
analyze the effect of pore size on stress concentration.
The stress concentration factors k_ derived from FEAs are
listed in Table 6 for all the cases examined.

Table 6 Stress concentration factor in the FE models
Model C D E F G
k, 2.81 3.96 3.45 4.32 6.90

Among the RVE models C to G, model G exhibited
the highest stress concentration coefficient, with a value
of 6.90. This model also featured the largest pore volume
at 1.94 x 10 > mm’, which was greater than the pore vol-
umes in models C through F. Therefore, larger defect
volumes result in pronounced stress concentrations.
3.2.4 Effect of the pore distribution

In models F, J, and K, the total pore volumes were
6.52x107°, 6.46 x 107, and 6.59 x 10 ° mm’, re-
spectively. Figs.7(a), (c), and (d) show the pore dis-
tributions for these three FE models. Fig.8(b) and Figs.
9(a) and (b) illustrate the effect of the pore location on
the maximum principal stress. The highest stress concen-
tration in model K occurs at point A (see Fig.9(b)), lo-
cated in the narrow region between the pore and the speci-
men surface. At point A, the stress concentration factor is
5.24, which is greater than the stress concentration factor
of 4. 32 in model F. However, owing to the smaller
sphericity of the pore in model J, the stress concentration
factor in model K is smaller than that in model J.
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Fig.9 Maximum principal stress distribution. (a) Model J; (b)
Model K
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The minimum distance from the pore or pores to the
specimen surface is 5 pm (in model K). To verify the
impact of the distance from a pore to the specimen surface
on stress concentration, the dimensions of model K were
expanded to 0. 62 mm x 0. 62 mm x 0. 62 mm while keep-
ing the sizes and locations of the pores unchanged. This
modification increased the minimum distance from a pore
to the specimen surface from 5 to 105 wm. This model
was denoted as K'. The stress concentration factor ob-
tained from the FEA simulation for model K’ is 3. 64,
which is less than that for model K. Moreover, the posi-
tion of the maximum principal stress shifted from point A
to point B (see Fig. 9(b)). The stress concentration at
point B is caused by a sharp feature rather than proximity
to the specimen surface.

4 Conclusions

1) Micropores in G20MnSN cast steel can be classified
as gas, shrinkage, and gas-shrinkage pores depending on
their formation origin and morphology. The morphologi-
cal characteristics of the three types of pores differ. Gas
pores are almost spherical with smooth surfaces,
shrinkage pores have round bodies with some tail protru-
sions, and shrinkage pores possess elongated shapes with

gas-

rough surfaces.

2) The size distribution of pores in cast steel follows a
three-parameter lognormal distribution. The pore diameter
threshold is approximately 62.23 um, indicating that the
detected pores in the studied cast steel are larger than this
value. The clustering tendency and affinity parameters
were defined to characterize the spatial correlations among
the three types of pores. Understanding the spatial ar-
rangement of micropores is useful in determining the as-
sociated mechanics and the relationship between the mi-
crostructure and properties of cast steel.

3) Pore sphericity and volume significantly affect the
stress concentration in the model. Lower sphericity and
larger volume of a pore result in higher stress concentra-
tion. Pores located on the specimen surface lead to grea-
ter stress concentration compared to those located inside
the specimen.
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