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1.	 Introduction

In recent years, Additive Manufacturing (AM) technol-
ogy has garnered significant attention because it enables 
the fabrication of products with complex internal geom-
etries and can reduce material consumption.1,2) Among the 
various metal AM techniques, powder-bed fusion (PBF) is 
commonly used.3–13) In the PBF process, a part is fabricated 
by repeating powder spreading and selectively melting 
and solidifying by laser- or electron-beams along two-
dimensional slice data derived from 3D CAD data. The PBF 
type AM technique has been applied to stainless steels (SSs) 
for a wide range of applications, such as aerospace, power 
plants, and medical implants.14–20)

In the PBF process, the crystal orientation can be con-
trolled by the heat source scanning strategy,21–25) and many 
researchers have investigated the relationship between PBF 
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process parameters and microstructures in SSs in recent 
years.16,18,19) This allows us to control the crystal micro-
structure at each point of a component by adjusting the 
beam conditions. Controlling both part shape and crystal 
orientation allows us to create new materials and improve 
performance compared to conventional processes.

The microstructure obtained in the PBF process for met-
als is a solidification microstructure. Solidification micro-
structure is generally considered to be determined by the 
combination of the temperature gradient (G) at the solid/
liquid interface and the solidification rate (R) according to 
the Columnar-Equiaxed Transition (CET) criteria.26–29) The 
transition criterion is expressed by Eq. (1):
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Here, n and a are alloy constants, ΔT0 is the temperature 
difference between the liquidus and solidus lines at equi-
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librium, and N0 represents the heterogeneous nucleation 
frequency from the liquid phase. Columnar crystals form 
when the left-hand side of Eq. (1) is larger, while equiaxed 
crystals form when the right-hand side is larger. Figure 1(a) 
schematically illustrates the conventional interpretation of 
the G–R map: columnar crystals are expected in the high-G 
and low-R region, whereas equiaxed grains are expected 
in the low-G and high-R region, with the CET boundary 
determined by the alloy-dependent parameters in Eq. (1). 
Whether such a CET criterion is applicable is particularly 
important in AM processes, as solidification occurs under 
unique conditions.30–33)

However, we previously investigated the relationship 
between solidification microstructure and solidification 
conditions of the austenitic SSs, i.e., 304 and 316L,33) and 
found that the inverse CET microstructural formation occurs 
in the PBF process: equiaxed grains were observed more 
frequently in the high-G and low-R region rather than in 
the low-G and high-R region, contrary to the conventional 
CET criterion (Fig. 1(b)). The CtFD simulation suggests 
that the high fluid velocity unique to the PBF process pro-
motes dendrite fragmentation and transport of the fragments, 
which can apparently reverse the trend of equiaxed grain 
formation.33) It is important to systematically understand 
the microstructural formation behavior under rapid solidi-
fication conditions to obtain guidelines for microstructural 
control in the PBF of SSs.

In this study, we systematically investigated the solidi-
fication behavior in laser-melted regions of austenitic, fer-
ritic, and martensitic SSs to elucidate the dominant factors 
governing microstructural formation using a combined 
experimental and computational approach. The liquidus–
solidus temperature difference (ΔT0), which varies among 
the SSs, was examined as a key parameter characterizing 
the alloy-dependent solidification behavior. In addition, we 
conducted a machine-learning analysis to provide an alloy 
design guideline that considers microstructure control in the 
PBF process.

Fig. 1.	 (a) Typical solidification maps for microstructure control 
based on Hunt’s columnar-equiaxed transition (CET).10,26) 
Reproduced from Koizumi et al.,10) under the CC BY 4.0 
license. (b) Solidification map of electron-beam melted 
316L SS colored by average aspect ratio calculated for 
each mesh of the double logarithmic grid using the points 
of solidification condition within each mesh.33) Repro-
duced from Miyata et al.,33) under the CC BY 4.0 license. 
(Online version in color.)

Table 1.  Alloy Compositions of stainless steels used in this study (mass%).

Grade C Cr Mn Mo Ni Si P S Co Cu N Ti Nb Fe

Austenitic

304 0.036 18.03 1.29 0 7.82 0.37 0.041 0.02 0.21 – – – –

Bal.

304L 0.019 19.38 1.85 0 9.22 0.26 0.038 0.017 0.2 – – – –

316 0.04 16.96 1.33 2.06 10.07 0.21 0.034 0.028 0.2 – – – –

316L 0.015 16.92 1.53 2.03 11.95 0.47 0.031 0.003 0.25 – – – –

321 0.02 17.13 2.00 0 9.02 0.37 0.034 0.027 – – – 0.10 –

Ferritic

430 0.09 16.09 0.81 0 0.23 0.26 0.03 0.003 – – – – –

443J1 0.012 20.75 0.08 – – 0.09 0.026 0.002 – 0.43 0.012 0.34 –

444 0.004 18.84 0.14 1.79 0.1 0.14 0.03 0 – – 0.011 0.14 0.19

Martensitic

403 0.12 11.67 0.41 0 0.29 0.28 0.028 0.019 – 0 – – –

410 0.06 12.47 0.22 0 0.06 0.41 0.021 0.002 – – – – –

420J2 0.35 12.16 0.41 – – 0.46 0.028 0.018 – – – – –

440C 0.98 16.06 0.33 0.17 0.26 0.29 0.032 0.001 – – – – –
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2.	 Method

First, we investigated microstructural formations of the 
SSs melted by laser beam irradiation. Tables 1 and 2 show 
the alloy compositions of the SSs and the solidus and liqui-
dus temperatures and ΔT0 calculated using an alloy physi-
cal property calculation software (Sente software JMatPro 
v11.2), respectively. The single-bead formation experiments 
have been conducted using the PBF machine (EOS, M290). 
The beam power P and scanning speed V were 360 W and 
600 mm s −1, respectively. The cross-sections of the formed 
melt pools were observed using a field emission scanning 
electron microscope (FE-SEM, JEOL, JSM6500), and 
crystal orientation analysis was performed using electron 
backscatter diffraction (EBSD).

The computational thermal fluid dynamics (CtFD) simu-
lations were performed to evaluate solidification conditions 
using a commercial 3D thermo-fluid analysis software 
(Flow Science FLOW-3D with Flow-3D Weld module). 
Table 3 shows the parameters used for the simulations. 
Most of the parameters of physical properties were evalu-
ated by calculation using an alloy physical property calcula-
tion software (Sente software JMatPro v11.2). For the heat 
transfer coefficient, the value for 304L SS34) was used for all 
SSs, and for the heat of vaporization and vaporization tem-
perature, the values for pure Fe35) were used. Beam power 
P and scanning speed V were identical to the experiments: 
P =  360 W and V =  600 mm s −1. To reduce computation 
time, a 10 ×  10 ×  10 μm mesh was applied near the laser-
irradiated region, while a 40 ×  40 ×  40 μm mesh was used 
elsewhere. The fine mesh size is consistent with that used 
in our previous CtFD studies on PBF-LB30,31) and is suffi-
ciently small relative to the melt pool dimensions (approxi-
mately 100–200 μm in depth and 200–300 μm in width) to 
resolve the temperature field at the solid/liquid interface. 
The substrate temperature was initially set to 300 K. The 
continuity boundary condition was applied to all boundaries 
except the top surface, and the top surface was maintained 
at a constant pressure of 1.013 ×  105 Pa. The Fresnel coef-
ficient ε, which determines beam absorption efficiency, was 
used as a fitting parameter to reproduce the experimentally 
observed melt pool shapes. Solidification conditions were 
evaluated from the time evolution of the temperature field.

The multiple regression analysis using a random forest 
was performed to obtain guidelines for alloy design. The 
Random Forest Regressor within the Python library scikit-
learn was used for the analysis. The concentrations of C, 
Cr, Mn, Mo, Ni, and Si were used as variables, and the 
correlations with the average aspect ratio and the average 
grain size were examined to investigate the contribution of 
alloy composition to microstructure formation. The average 
aspect ratio and grain size were calculated by normalizing 

Table 2.	 Liquidus temperature TL, Solidus temperature TS, and 
their differences ΔT0 of each steel.

Grade Liquidus temperature 
TL (K)

Solidus temperature 
TS (K) ΔT0 (K)

Austenitic

304 1 738.73 1 629.85 108.88

304L 1 730.58 1 619.85 110.73

316 1 726.50 1 604.85 121.65

316L 1 719.36 1 659.85 59.51

321 1 730.24 1 629.85 100.39

Ferritic

430 1 773.44 1 684.85 88.59

443J1 1 773.10 1 549.85 223.25

444 1 779.81 1 589.85 189.96

Martensitic

403 1 775.59 1 499.85 275.74

410 1 781.84 1 679.85 101.99

420J2 1 752.36 1 579.85 172.51

440C 1 691.33 1 554.85 136.48

Table 3.  Parameters used in CtFD simulations.

Grade

Thermal  
conductivity  

(300 K)

Specific  
heat  

(300 K)

Surface  
tension  

(Ts)

Viscosity  
(Ts)

Compressibility  
(TL)

Density  
(300 K)

Heat  
transfer

Latent heat of  
vaporization

Saturation  
temperature  

(1 atm)

(W m −1 K−1) (J kg −1 K−1) (kg s −2) (g m −1 s −1) (Pa −1) (kg m −3) (W m −2 K−1) (J kg −1) (K)

Austenitic

304 15.47 451.3 1.798 7.858 9.32×  10 −12 7 997 210 6.34 ×  106 3 273

304L 15.06 450.1 1.779 8.074 9.25×  10 −12 7 960 210 6.34 ×  106 3 273

316 14.33 446.1 1.802 8.208 9.16×  10 −12 8 021 210 6.34 ×  106 3 273

316L 13.90 446.1 1.798 8.457 9.11×  10 −12 8 002 210 6.34 ×  106 3 273

321 14.93 451.2 1.750 7.965 9.30×  10 −12 7 958 210 6.34 ×  106 3 273

Ferritic

430 17.50 450.8 1.798 7.193 9.65×  10 −12 7 725 210 6.34 ×  106 3 273

443J1 17.88 451.6 1.590 10.35 9.59 ×  10 −12 7 696 210 6.34 ×  106 3 273

444 17.96 447.7 1.815 10.88 9.54 ×  10 −12 7 743 210 6.34 ×  106 3 273

Martensitic

403 17.48 451.3 1.857 8.983 9.71 ×  10 −12 7 743 210 6.34 ×  106 3 273

410 17.49 451.4 1.849 7.800 9.70 ×  10 −12 7 739 210 6.34 ×  106 3 273

420J2 17.42 476.2 1.803 6.542 9.74 ×  10 −12 7 717 210 6.34 ×  106 3 273

440C 17.63 993.2 1.863 6.881 9.74×  10 −12 7 822 210 6.34 ×  106 3 273
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the grain data derived from EBSD analysis.

3.	 Results and Discussion

Figures 2(a1) and 2(a2) show the track surface image and 
corresponding height image of the laser irradiated 316L SS 
as a typical example. The start points of the beam irradi-
ated in all samples formed a shape protruding above the 
non-irradiated regions, while the end points formed a shape 
recessed below the non-irradiated regions. This inhomoge-
neity is supposed to be caused by flow within the melt pool 
owing to the Marangoni force:36) the region directly irradi-
ated by a laser beam is at the highest temperature, while 
the region after the beam has passed is relatively cooler. 
Generally, the surface tension of molten metal decreases 
with increasing temperature, and the surface tension is lower 
in the beam-irradiation region and higher in the region after 
the beam has passed. Consequently, a molten metal flow 
occurs because of the surface tension differences. At the 
start point of beam irradiation, there is only inflow from 
the front, resulting in a raised shape. Conversely, at the end 
point of beam irradiation, there is only outflow toward the 
rear, resulting in a depressed shape.

The cross-sectional microstructures of the central regions 
of laser-scanned SSs perpendicular to the beam-scanning 
direction were investigated using SEM–EBSD. Figures 
2(b)–2(m) show the cross-sectional inverse pole figure (IPF) 
z orientation maps of the melt region. The various micro-
structures are formed depending on the type of steel: epi-
taxial growth from the non-melted region was observed in 
most SSs. The mixed microstructures of columnar crystals 

and equiaxed grains are formed in 321 and 403 SSs (Figs. 
2(f) and 2(i)). On the other hand, the equiaxed microstruc-
ture formed via martensitic transformation with diameters of 
approximately 3 μm appeared in the melt regions in 420J2 
SS (Fig. 2(l)).

Figures 3(a1)–3(a3) show snapshots of the CtFD simula-
tion of 316L SS colored by temperature and solid fraction. 
P and V were 360 W and 600 mm s −1, respectively. An 
elongated teardrop-shaped melt pool was formed, and a 
keyhole-type deeply melting behavior can be seen. The 
Fresnel coefficient ε was used as a fitting parameter to 
reproduce the morphology of the experimentally observed 
melt region. Figures 3(b)–3(m) compare the melt regions 
of the SSs. Setting the Fresnel coefficient ε =  0.075–0.150 
successfully reproduced the experimental melt pool shape, 
and the coefficients are similar to those reported in previous 
studies.30,31)

The temperature gradient (G) and solidification rate (R) 
were evaluated from temporal changes in the temperature 
distribution during the experimentally validated CtFD 
simulations. Figure 4(a) shows the cross-sectional melt 
pools colored according to G and R of the 316L SS as a 
typical example. To output the temperature conditions at 
the solid/liquid interface in the melt pool, only the data 
of the mesh with a solid phase ratio of ~0.5 in the CtFD 
simulation were plotted. In the regions near the melt pool 
boundary, the G was the highest, which decreased as the 
liquid/solid interface shifted toward the center of the melt 
pool. Solidification near the melt pool boundary occurs 
as the unmelted bulk outside facilitates heat removal. 
Conversely, solidification inside of the melt region occurs 

Fig. 2.	 (a1) Surface image of laser-beam irradiated region in 316L SS and (a2) corresponding height map. (b–m) Cross-
sectional SEM-EBSD inverse pole figure (IPF) z-orientation maps of the central regions of laser-scanned SSs 
perpendicular to the beam-scanning direction. (Online version in color.)
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Fig. 3.	 (a1–a3) Snapshots of CtFD laser irradiation simulation for 316L SS colored by temperature and solid fraction. 
(b–m) Comparison of experimentally observed and simulated melt pools of SSs formed by laser beam scan-
ning. The beam power P and scanning speed V were 360 W and 600 mm s−1, respectively. (Online version in 
color.)

Fig. 4.	 (a) CtFD simulated cross-sectional melt region of 316L SS colored by a temperature gradient G and a solidifica-
tion rate R. G–R plots of (b1) austenitic, (b2) ferritic, and (b3) martensitic SSs. (Online version in color.)
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surrounded by metal solid just above its melting point, 
making heat removal difficult and leading to a smaller tem-
perature gradient. On the other hand, the R was the lowest 
near the melt pool boundary and increased as the interface 
approached the center of the melt region. The tendency of 
the distribution of the solidification conditions is consistent 
across all of the SSs investigated in the present study. It 
is noteworthy that the G became extremely large at the 
surface of the melt pool, suggesting that the surface region 
was cooled mainly by external thermal radiation rather than 
thermal diffusion through the metal substrate. During the 
stacking of the upper layer in the PBF process, remelting 
and resolidification occur in the surface regions. The sur-
face regions are not critical for controlling the solidification 
microstructure; consequently, the top 10 μm was excluded 
from subsequent analyses.

Figures 4(b1)–4(b3) show the plots in the G–R space 
of the solidification conditions of austenitic (Fig. 4(b1)), 
ferritic (Fig. 4(b2)), and martensitic SSs (Fig. 4(b3)). 
Except for the surface regions, most of the regions solidi-
fied under G and R in the ranges of 106–108 K m −1 and 
10 −2–100 m s −1, respectively. Almost all of the conditions 
are out of the range of black squares in Figs. 4(b1)–4(b3), 
which indicates the solidification conditions assumed for the 
conventional solidification map.26)

Figures 5 and 6 show the G–R plot of SSs colored 
according to the aspect ratio of the formed local microstruc-
ture and flow velocity when a liquid/solid interface passes 
through the local regions, respectively. Many of the plot 
points overlap if plotted as is because of a large amount 
of data. Thus, the areas of the G–R plots were divided into 
50 ×  50 regions in a double logarithmic scale, and the aver-

Fig. 5.	 Average aspect ratios of SSs calculated for each mesh of the double-logarithmic grid using the points of solidifi-
cation condition within each mesh. (Online version in color.)
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age aspect ratio and flow velocity within each divided region 
were plotted. According to the CET criteria,26–29) columnar 
crystals form under high G and low R conditions, while 
equiaxed grains form under low G and high R conditions. 
On the other hand, in the austenitic 304 and 304L SSs (Figs. 
5(a), 5(b), 6(a), and 6(b)) and the martensitic 403 and 410 
SSs (Figs. 5(i), 5(j), 6(i), and 6(j)), equiaxed grains tend to 
form under high G and low R conditions, while columnar 
crystals tend to form under low G and high R conditions. 
This is the opposite trend to the CET criteria. Fluid flows 
tend to be faster under low R conditions, i.e., solidification 
conditions for forming equiaxed grains are abundant. In the 
previous study,33) we investigated the relationship between 
the solidification microstructure and solidification condi-
tions in austenitic 304 and 316L SSs melted by electron 
beam irradiation, and a high fluid velocity during solidifi-

cation is suggested to result in the formation of equiaxed 
grains by fragmentations of dendrites and the transport of 
the fragments.36–38) This study indicates that a high fluid 
velocity promotes the formation of equiaxed crystals in SSs 
melted by laser beam irradiation, consistent with the find-
ings for electron beam irradiation.

Figure 7 shows the average aspect ratio and average grain 
size (d) of the grains formed in the SSs plotted as a function 
of liquidus-solidus temperature difference (ΔT0). The aver-
age aspect ratio and grain size were evaluated from the data 
obtained by EBSD analysis, and the liquidus/solidus ΔT0 
was calculated using JMatPro v11.2 software. The trends in 
the change in aspect ratio and grain size with respect to ΔT0 
differed significantly by SS type; in ferritic and martensitic 
SSs, the average aspect ratio decreased with increasing 
ΔT0, consistent with the CET criteria. On the other hand, 

Fig. 6.	 Average fluid velocities of SSs calculated for each mesh of the double-logarithmic grid using the points of 
solidification condition within each mesh. (Online version in color.)
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in austenitic SSs, the average aspect ratio increased with 
increasing ΔT0, which was the opposite trend to the CET 
criteria. In austenitic and martensitic SSs, the average grain 
size decreased with increasing ΔT0. On the other hand, in 
ferritic SSs, the average grain size increased with increasing 
ΔT0. Table 4 summarizes the changes in the aspect ratios 
and grain sizes. It should be noted that the grain size and 
aspect ratio of the 403, 410, and 420J2 martensitic SSs were 
evaluated from the martensitic transformed microstructure 
observed via SEM-EBSD. The columnar or equiaxed ten-
dency of the solidification microstructure is presumed to 
be qualitatively preserved in the aspect ratio, as martensite 
microstructures are morphologically constrained by the 
prior austenite grains. Conversely, grain size is likely influ-
enced by refinement associated with the martensitic trans-
formation. However, the relative comparison among the 
martensitic stainless steels remains valid because the solidi-
fication conditions are nearly identical across the alloys, as 
demonstrated by the CtFD simulations (Fig. 4), indicating 
that differences in grain size are due to alloy composition. 
These findings highlight the importance of tailored alloy 
design for each SS type based on application needs and 
provide a basis for guidelines on alloy selection and design 
to promote the formation of fine, equiaxed grains. Notably, 
440C SS retained the FCC phase under rapid cooling in the 
PBF process due to its high carbon content, and detailed 
investigations into the mechanism of FCC phase formation 

in 440C are ongoing.
To obtain practical alloy design guidelines for controlling 

microstructures, the contribution of alloy elements to the 
aspect ratio and grain size was investigated by a data science 
approach, i.e., random forest analysis. Data for 10 steels, 
excluding the 420J2 and 440C high-carbon steels, were used 
for the analysis. Figures 8(a) and 8(b) show the importance 
of each element to the aspect ratio and grain size. The coef-
ficients of determination R2 for the aspect ratio and grain 
size were 0.881 and 0.871, respectively. The Si concentra-
tion had the most significant contribution to the aspect ratio, 
with the C and Mn concentrations also contributing rela-
tively significantly. On the other hand, the concentration of 
C had the most important effect on grain size, with the Mn 
concentration also contributing. Figures 8(c1)–8(d3) show 
the aspect ratio and grain size and the concentrations C, 
Mn, and Si, which exhibit a large contribution. The aspect 
ratio increased with increasing C concentration, while it 
decreased with increasing Mn and Si concentrations. These 
results suggest that a design guideline for an alloy with an 
equiaxed microstructure can be achieved by decreasing the 
C concentration and increasing the Mn and Si concentra-
tions. However, no clear correlation can be seen between 
the concentration of these elements and the grain size. It 
is necessary to investigate the solidification microstructure 
formed by laser irradiation for SS samples with alloy com-
positions significantly different from the SSs investigated in 
this study to obtain guidelines for alloy design that control 
the grain size in the PBF process.

4.	 Conclusions

In this study, to clarify the relationship between alloy 
composition and microstructure formation in the laser PBF 
process, we investigated the microstructures of laser beam 
melt regions in 12 SSs: austenitic (304, 304L, 316, 316L, 
and 321), ferritic (430, 443J1, and 444), and martensitic 
(403, 410, 420J2, and 440C) SSs. The microstructures of 
the melt pools were analyzed using SEM-EBSD, and the 

Fig. 7.	 (a) Average of aspect ratio and (b) average grain size plot-
ted as a function of liquidus-solidus temperature differ-
ences ΔT0. (Online version in color.)

Table 4.	 Averages of aspect ratio and grain size for each steel 
obtained in this study.

Grade Aspect ratio  
Ave.

Aspect ratio  
Std.

Grain size  
Ave. (μm)

Grain size  
Std. (μm)

Austenitic

304 3.17 0.130 10.1 0.673

304L 2.98 0.083 5.11 0.180

316 4.19 0.270 9.94 0.826

316L 2.77 0.192 15.4 1.763

321 2.28 0.035 3.72 0.074

Ferritic

430 4.74 0.222 9.14 0.666

443J1 3.86 0.228 14.2 1.228

444 3.56 0.212 12.8 2.048

Martensitic

403 2.26 0.040 3.94 0.088

410 3.03 0.073 5.89 0.167

420J2 2.60 0.041 3.13 0.043

440C 2.96 0.114 5.68 0.328
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solidification conditions were evaluated using CtFD simu-
lations. In ferritic and martensitic SSs, the grains became 
equiaxed as the liquidus-solidus temperature difference ΔT0 
increased, as in the CET criteria proposed by Hunt.26) On the 
other hand, in austenitic SSs, the aspect ratio of the formed 
grains increased with increasing ΔT0, which is the opposite 
trend to the CET criteria. Furthermore, the contribution of 
alloy compositions to the solidification microstructure was 
investigated using the machine-learning technique. The 
concentrations of Si, C, and Mn are revealed to significantly 
affect the aspect ratio, and an alloy design with reduced C 
concentration and increased Mn and Si concentrations is 
suggested to form a microstructure with a small aspect ratio.
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