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A B S T R A C T   

This study presents a thorough evaluation of advanced predictive tools for the solidification microstructure of 
AISI 316L stainless steel, taking into account both chemical composition and cooling rate. In order to achieve a 
broad range of cooling rates comparable to prominent additive manufacturing processes, autogenous laser welds 
were carried out on the steel plate by means of powderless directed energy deposition (DED) and selective laser 
melting (SLM) machines. Computational analysis of cooling rates and metallographic investigations revealed that 
DED welds solidify at moderate rates, exhibiting a primary ferrite (FA) solidification mode. Conversely, SLM 
welds solidify at significantly higher rates, showing dual solidification modes: initial austenite (A) at the fusion 
boundary and subsequent ferrite (F) at the interior. The WRC-1992 constitution diagram predicts the FA mode in 
accordance with the findings in the DED welds. An implicated Schaeffler diagram, proposed for a comparable 
cooling rate, also predicts the same mode. An artificial neural network model, referred to as ORFN, consistently 
predicts the variation of ferrite content within the DED welds based on the cooling rate variation. The dual mode 
observed in the SLM welds aligns with established knowledge regarding the alteration of stainless steel solidi
fication under extremely high cooling rates. While the occurrence of the A mode at the fusion boundary is 
anticipated according to implicated Schaeffler diagrams for extremely high cooling rates, the transition to the F 
mode is not addressed explicitly.   

1. Introduction 

Austenitic stainless steels are widely utilized in aerospace, chemical 
plants, oil and energy production, medical implants, and devices due to 
their exceptional corrosion resistance and mechanical properties [1]. 
Beyond traditional applications in the form of castings, wrought prod
ucts, and weldments, these steels have found intensive use in additive 
manufacturing (3D printing) through processes such as directed energy 
deposition (DED), selective laser melting (SLM), wire arc additive 
manufacturing (WAAM), and fused filament fabrication (FFF) [2–7]. 
Solidification and subsequent cooling conditions govern the micro
structure evolution of stainless steels during these processes thus 

significantly influencing the additively-manufactured parts as their 
performance is highly dependent on the microstructure. For example, 
residual ferrite strongly depends on the solidification and subsequent 
cooling conditions while it adversely impacts the corrosion resistance 
and thermal stability [8–10]. 

The solidification behavior of stainless steels is elucidated within the 
Fe–Cr–Ni ternary system and classified into four modes based on the 
primary phases crystallized from the melt: (i) mode A (single-phase 
austenite with no ferrite crystallized from the melt), (ii) mode AF (pri
mary austenite with ferrite crystallized from the melt phase at the later 
stages of solidification), (iii) mode FA (primary ferrite with austenite 
crystallized from the melt phase at the later stages of solidification), and 
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(iv) mode F (single-phase ferrite with no austenite crystallized from the 
melt) [11,12]. The primary ferrite often undergoes phase transformation 
into austenite during cooling in the solid state. The extent and nature of 
this transformation significantly influences the microstructure at room 
temperature, resulting in diverse weld microstructures, e.g., austenite 
plus vermicular, skeletal, and lacy types residual ferrite, lathy austenite, 
Widmanstätten austenite, and massive austenite. 

Significant efforts have been devoted to comprehending the micro
structure of stainless steels within the welding context, in which pre
dictive tools are extensively employed to discern weld metal 
microstructures and also appropriate compositions for base steels, weld 
consumables, and process conditions. The solidification mode of stain
less steels can be predicted using the chromium equivalent (Creq) and 
nickel equivalent (Nieq), solely based on the chemical composition [13]. 
The subsequent transformation of ferrite to austenite is also highly 
contingent on both the chemical composition and the initial solidifica
tion mode. Diverse methods have been utilized to predict the micro
structure of stainless steel weld metals solely from their chemical 
composition. The primary aim has been to predict the amount of re
sidual ferrite in the weld metals, expressed as the ferrite number, 
because a specific quantity of ferrite helps to prevent solidification 
cracking. The widely used tools for this purpose include the constitution 
diagrams of Schaeffler [14], DeLong [15], and WRC-1992 [16]. These 
diagrams have found extensive application in predicting the residual 
ferrite content in conventional weld metals [17,18]. Subsequently, 
models utilizing neural networks, solely relying on the chemical 
composition, have also been developed [19–21]. 

In addition to the chemical composition, the cooling rate signifi
cantly influences both the solidification mode and subsequent phase 
transformations. A high cooling rate, for instance, induces single-phase 
solidification modes (A and F), generates unusual eutectic and massive 
solidification modes, and modifies the amount of residual ferrite in both 
AF and FA modes [22,23]. These effects stem from the fact that a high 
cooling rate accelerates the solidification rate while decelerating the 
diffusional solid-state transformations. In the conventional welding 
range, the cooling rate effect may be negligible, and microstructure 
prediction relies primarily on alloy composition itself. However, in 
high-energy density welding and additive manufacturing, utilizing laser 
and electron beams, the cooling rate increases substantially which ne
cessitates consideration of its effects. Vitek et al. [24], Brooks et al. [25], 
Katayama and Matsunawa [26], David et al. [27], Fukumoto et al. [28], 
Lippold [29], and Lienert [30] have extensively documented the impact 
of high cooling rates on the solidification behavior of stainless steel weld 
metals. 

A high cooling rate practically implicates the constitution diagrams. 
For instance, Katayama and Matsunawa [26] determined implications to 
the Schaeffler diagram, based on pulsed laser welds. David et al. [27] 
reported implicated Schaeffler diagrams from pulsed laser welds of 
various commercial stainless steels. Nakao et al. [23] presented a series 
of implicated Schaeffler diagrams for stainless steel laser welds. A short 
review of implicated constitution diagrams is available in Ref. [31]. 
Advancing beyond the implicated constitution diagrams, an artificial 
neural network model, namely Oak Ridge Ferrite Number (ORFN), 
accounted for both chemical composition and cooling rate effects [32, 
33], providing more accurate predictions of the ferrite number 
compared to the WRC-1992 and the previous neural network model 
based solely on the chemical composition. 

Several researchers have replicated the attributed welding metal
lurgy to predict the solidification microstructure of additively manu
factured stainless steels [34–38]. However, due to significant cooling 
rate effects and a multitude of effective variables in additive 
manufacturing, there is a pressing need for a comprehensive prediction 
tool [39,40]. The integration of machine learning, mechanistic 
modeling, and metallurgy has been repeatedly emphasized for the 
development of such an efficient prediction tool in additive 
manufacturing [41–44]. Proceeding down this route, this paper 

incorporates mechanistic modeling and welding metallurgy to enhance 
the predictive capabilities of existing tools for determining the solidifi
cation microstructure of stainless steels in additive manufacturing. 
Given the widespread use of AISI 316L steel in various additive 
manufacturing processes and its high microstructure sensitivity to alloy 
composition even within the standard range [45–47], a plate of AISI 
316L stainless steel with a composition closely aligned with the eutectic 
isopleth of the pseudo-binary Fe–Cr–Ni phase diagram was utilized in 
this study. The plate underwent autogenous welding using powderless 
DED and SLM machines, covering a broad range of cooling rates com
parable to those encountered in additive manufacturing. Subsequently, 
experimental investigations, computational analyses of cooling rate, and 
available prediction tools were integrated to provide a comprehensive 
assessment of the solidification microstructure. 

2. Materials and methods 

2.1. Material and autogenous welding 

The chemical composition of the studied AISI 316L stainless steel is 
reported as follows: 0.019C-0.514Si-1.32Mn-16.51Cr-10.46Ni-2.14Mo- 
0.401Cu-0.019Ti-0.089V-0.025P-0.008S-68.50Fe (in wt. %) according 
to ASTM A276. Autogenous welding was performed on a hot-rolled plate 
with a thickness of 12 mm, utilizing two advanced additive 
manufacturing machines: (i) the IRB 4600 DED machine equipped with 
a fiber laser of 500 μm spot size, operated at 1000 W and 11 mm/s, and 
(ii) the Mlab cusing R SLM system equipped with a fiber laser of 40 μm 
spot size, operated at a power of 95 W with various scan speeds ranging 
from 200 to 700 mm/s. Optical microscopy was employed to analyze the 
melt pool geometry and weld metal microstructure, with mechanically 
polished samples that were electrolytically etched in a solution con
taining 10 vol % oxalic acid at a voltage of 6 V. 

2.2. Mechanistic modeling 

Three-dimensional (3D) simulations of the temperature field and 
fluid flow were carried out for autogenous welding using both the DED 
and SLM machines. The simulations assumed a Newtonian and incom
pressible fluid under laminar flow conditions. The Finite Difference 
Method (FDM) was employed to solve the equations of mass conserva
tion, momentum conservation, and energy conservation, as presented in 
equation (1) through (3), respectively. The solidus isotherm at 1650 K 
was used to trace the computational fusion boundary. The Volume of 
Fluid (VOF) technique, as described in equation (4) [48,49], was utilized 
to determine the surface of the melt pool. Table 1 provides a list of the 
modeling variables. 

∇. v→= 0 (1)  

Table 1 
A list of modeling variables.  

Symbol Nomenclature Symbol Nomenclature 

P Laser power T Temperature 
η Energy absorption 

coefficient 
Ts, Tl Solidus and liquidus 

temperatures 
r Laser beam radius T0 Ambient temperature 
v→ Velocity vector β Thermal expansion coefficient 
ρ Density γ0 Surface tension of pure metal 
p Hydrodynamic pressure U Internal energy 
μ Kinematic viscosity n→ Free surface normal 
K Drag coefficient σ Stefan-Boltzmann coefficient 
f Acceleration due to body 

force 
ε Radiation emissivity 

h Enthalpy hc Heat transfer coefficient 
κ Thermal conductivity Vevap Evaporation recession speed 
F Volume fraction of fluid    
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Fig. 1. Optical micrographs depicting the transverse section of the autogenous DED weld. Higher magnification in (b) provides a close view near the fusion 
boundary, revealing vermicular and lacy ferrite that signifies the prevalence of the FA mode. 

Fig. 2. Computational assessment of DED weld: (a) a perspective of the simulated temperature field, with the laser beam scan direction indicated as SD. The beam 
turns off at 0.76 ms; (b) a transverse view of the computed velocity field, along with temperature contours. This corresponds to a candidate cross section at 0.47 ms. 
The fusion boundary, outlined by the solidus contour at 1650 K, is compared with experimental counterpart in (c); (d) a longitudinal view of the velocity field and 
temperature contours. 
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∂ v→

∂t
+( v→.∇) v→= −

1
ρ∇p+

μ
ρ∇

2 v→− K v→+ f (2)  

∂h
∂t

+ v→.∇h=
1
ρ∇. (κ∇T) (3)  

∂F
∂t

+( v→.∇)F= 0 (4) 

A laser beam was considered as a heat source which moves in the 
scan direction (SD), with a Gaussian distribution function as given in 
equation (5) [50,51]: 

q=
2ηP
πr2 exp

(
− 2(x2 + y2)

r2

)

(5) 

The fluid flow pattern was assumed to be governed by the buoyancy 
force, surface tension, and recoil pressure, as written in equation (6) 
through (8), respectively [52]. 

Fb = − ρgβ(T − Tl) (6)  

γ= γ0 +
dγ
dT

(T − T0) (7)  

Pr =AB0T
1
2
s exp

(

−
U
Ts

)

(8)  

where A = 0.55 under atmospheric pressure and B0 = 1.78 × 1010. The 
computational domain was discretized using rectangular cuboid cells of 
50 μm for the DED model and 5 μm for the SLM. In both welding types, 
the initial temperature was set to the ambient temperature. As for the 
boundary conditions, the surface heat input Q was assumed according to 
equation (9): 

K
∂T
∂ n→

=Q − Qrad − Qconv − Qevap (9)  

in which, heat losses due to radiation (Qrad), convection (Qconv), and 
evaporation (Qevap) were calculated according to equation (10) through 

(12) [52]: 

Qrad = σε
(
T4 − T4

0

)
(10)  

Qconv = hc(T − T0) (11)  

Qevap = ρVevapT (12) 

In the conduction mode (DED), the impact of recoil pressure was 
neglected due to the maximum temperature being lower than the 
evaporation temperature, as explained in Ref. [53]. Additionally, it was 
assumed that multiple reflections in the keyhole are compensated for by 
increasing the nominal power. The thermophysical properties of 316L 
steel were adopted from Ref. [43]. 

2.3. Artificial neural networks modeling 

The ORFN artificial neural networks model was employed to 
compute the ferrite volume percentage at various cooling rates [32]. 
This model comprises 14 nodes (13 elements plus the logarithm of the 
cooling rate) in the input layer, 6 nodes in the hidden layer, and 1 node 
in the output layer, which provides the ferrite number. Reference [32] 
provides the normalization parameters for the input data, weight pa
rameters from the input layer to the hidden layer, as well as from the 
hidden layer to the output layer, and the de-normalization of the output 
data. The calculations were executed in an Excel spreadsheet following 
the formulation outlined in reference [20]. 

3. Results 

Fig. 1 depicts optical micrographs of the autogenous DED weld. The 
austenite is represented by the light gray matrix, while the dark gray 
phase corresponds to residual ferrite. The volume percentage of residual 
ferrite was measured at about 17, 13 and 12 at the specified regions in 
Fig. 1a, which decreases with an increase in the distance from the melt 
pool bottom toward the center. There is also a gradual change in the 
morphology of residual ferrite, from vermicular/lacy into spherical, 

Fig. 3. Optical micrographs showing of the transverse section of the autogenous SLM welds conducted at different scan speeds (V): (a) V = 300 mm/s; (b) V = 500 
mm/s; (c) V = 600 mm/s; (d) V = 700 mm/s. The term 

∑
A represents the total area percentage of the dark regions solidified with the A mode. 
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with increasing the distance from the fusion boundary. The distinct 
vermicular and lacy morphologies of the residual ferrite near the fusion 
boundary suggest solidification through the FA mode (Fig. 1b). No 
alteration of the FA mode was observed in the interior region. 

Fig. 2a provides a perspective of the simulated temperature field for 
DED weld. Meanwhile, Fig. 2b displays a transverse view of the 

computed velocity field, with superimposed temperature contours. 
Notably, the solidus contour at 1650 K represents the fusion boundary, 
which closely aligns with the experimental fusion boundary depicted in 
Fig. 2c. Additionally, Fig. 2d presents a longitudinal view of the 
computed velocity field and the temperature contours. In this view, one 
observes melting in the conduction mode, significant convection in the 

Fig. 4. Computational assessment of SLM weld: (a) a perspective of the computed temperature field, with the laser beam scanning at a velocity of 200 mm/s in the SD 
direction. The beam turns off at 3.0 ms; (b) optical micrograph depicting the experimental fusion boundary of the same condition; (c) a transverse view of the 
computed velocity field, along with temperature contours. This corresponds to a candidate cross section at 2.6 ms. Additionally, the fusion boundary, outlined by the 
solidus contour at 1650 K, is reasonably compared with its experimental counterpart in (b); (d) a longitudinal view of the velocity field and temperature contours. 

Fig. 5. Changes in the computed cooling rate with increasing the distance from the melt pool bottom; (a) DED weld; (b) SLM weld.  
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central zone, and minimal convection near the fusion boundary. 
Fig. 3 displays optical micrographs of the transverse sections of 

autogenous SLM welds, conducted at a constant power of 95 W and scan 
speeds ranging from 300 to 700 mm/s. Considerable changes in melting 
mode and weld pool dimensions are observed with varying scan speeds. 
At low scan speeds, the keyhole mode is evident, altering to a shallow 
conduction mode at the highest speed. Within the optical micrographs, 
distinct darkly-etched and brightly-etched regions are discernible. 
Similar microstructures were studied by Godfrey et al. [40] in AISI 316L 
steel blocks printed using the SLM process. Their research suggested that 
the dark regions, termed fish-scale, result from solidification via the 
single-phase austenite (A) mode. In contrast, the bright regions result 
from solidification through the single-phase ferrite (F) mode, followed 
by the transformation of ferrite to massive austenite in the solid state. 
Regardless of the image contrast, the microstructure was consistently 
austenitic with residual ferrite accounting for less than 0.5 vol %. 
However, it exhibited distinct characteristic microsegregation patterns 
associated with the A and F modes. Consequently, solidification was 
presumed to commence with the A mode at the fusion boundary, 
altering to the F mode in the interior. This dual mode is identified at all 
scan speeds, but the total area fraction of dark regions (

∑
A), solidified 

with the A mode, increases with higher scan speeds, except for the 
highest scan speed, where the melting mode shifted to a very shallow 
conduction mode. 

A perspective of the simulated temperature field, Fig. 4a, features the 
keyhole mode melting for an SLM weld, conducted at a scan speed of 
200 mm/s. Fig. 4b and c offer a comparison between the experimental 
and the simulated fusion boundaries. The solidus contour at 1650 K 
confirms that the simulated fusion boundary closely aligns with the 
experimental fusion boundary. Fig. 4d presents the corresponding lon
gitudinal section of the computed velocity field and temperature con
tours. Considerable convection is identified in the bulk liquid, while 
there is negligible convection near the trailing fusion boundary. 

An average cooling rate between 1700 K and 1650 K was calculated 
as a measure of cooling rate during solidification. Fig. 5 shows changes 
in the cooling rates for simulated DED and SLM welds. The cooling rate 
decreases with increasing the distance from the melt pool bottom in both 
DED and SLM welds. However, for a given distance from the melt pool 
bottom, the SLM weld shows substantially higher cooling rate, at least 
two orders of magnitude, than the DED weld. An average value of 2118 
K/s and 490650 K/s is determined for the DED and SLM welds, 
respectively. 

4. Discussion 

The elevated cooling rate significantly impacted the solidification 
behavior of the present steel. In the DED weld, the primary solidification 
mode (FA) persisted throughout the entire solidification stage. However, 
variations in the cooling rate, correlated with increasing distance from 
the melt pool bottom, resulted in a noteworthy variation in residual 
ferrite content. The effects of the cooling rate were particularly pro
nounced in the SLM welds, leading to a transition into the distinct A and 
F regions. In both cases, the resulting microstructural consequences 
could potentially influence the physical and mechanical properties of 
the weld metals. Therefore, the discussion now delves into the assess
ment of available tools for predicting cooling rate-dependent micro
structural evolution. 

In Fig. 6, the position of the present steel (represented by the solid 
square) is illustrated on the WRC-1992 constitution diagram, the latest 
diagram proposed for predicting conventional weld metal microstruc
tures [16]. According to this prediction, the steel is expected to solidify 
with the FA mode, yielding approximately 6–8 vol % of residual ferrite 
at room temperature. While the predicted FA mode aligns with the DED 
weld, the estimated amount of residual ferrite is underestimated when 
compared to Fig. 1. The acceleration of the cooling rate hinders the 
diffusional transformation of primary ferrite to austenite in the solid 
state, leading to an increased amount of residual ferrite at ambient 
temperature [32,40]. The observation of the dual mode (A + F) in the 
SLM welds significantly deviates from the WRC-1992 prediction. 

Fig. 7 illustrates a constitution diagram accounting for a modifica
tion range of solidification mode at high cooling rates, based on the 
Hammar-Svensson equivalents. As a predictive tool, this diagram de
lineates the solidification mode as a function of the Creq/Nieq ratio and 
cooling rate. According to Suutala et al. [13], alloys with Creq/Nieq ratios 
ranging from 1.50 to 1.55 are prone to a modification of solidification 
mode during gas tungsten arc (GTA) welding, transitioning from pri
mary ferritic to primary austenitic within this range. Above and below 
the modification range, the solidification modes are primarily austenitic 
and primarily ferritic, respectively. Lienert and Lippold [30] reported 
that, during pulsed laser welding, alloys within the composition range of 
Creq/Nieq = 1.59 to Creq/Nieq = 1.69 undergo modification of solidifi
cation mode, exhibiting a dual solidification mode (the distinct regions 

Fig. 6. Representation of the position of the examined 316L steel (represented 
by the solid square) on the WRC-1992 constitution diagram, reproduced with 
permission from the American Welding Society [16]. Fig. 7. A constitution diagram illustrating the modification range of solidifi

cation mode as a function of cooling rate (CR), based on the Hammar-Svensson 
equivalents. The solid square denotes the position of the studied 316L steel at 
Creq = 20.3, Nieq = 11.7, Creq/Nieq = 1.73. This diagram is used with permis
sion from Springer and Taylor & Francis [13,30]. 
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solidified with A and F modes within the same weld metal). The esti
mated cooling rate during GTA welding ranged from 300 to 600 K/s, 
while pulsed laser welds were estimated to cool at a rate of 3 × 105 K/s, 
based on dendritic arms spacing measurements. Considering the posi
tion of the present steel in Fig. 7 (indicated by the solid square) and the 
computed cooling rates, one would anticipate the FA mode for the DED 
weld, aligning with the experimental observation. The identification of 
the dual mode in the SLM welds is not far from expectations, especially 
when considering the higher cooling rate determined here. Therefore, 
this diagram reasonably predicts the solidification mode of the DED 
weld and signals a potential modification in the SLM welds. 

According to Nishimoto [31], a high cooling rate affects the 
Schaeffler diagram, causing a displacement of ferrite lines that contracts 
the duplex austenite-ferrite region, as illustrated in Fig. 8a. In alloys 
solidifying with the AF mode, residual ferrite diminishes with an 
increasing cooling rate, while in alloys solidifying with the FA mode, it 
increases. Based on the position of the present steel, a duplex 
austenite-ferrite microstructure is anticipated at cooling rates around 
1.9 × 103 K/s, which aligns with the cooling rate computed for the DED 
weld. Conversely, it is expected to yield single-phase austenite at cooling 
rates exceeding 2 × 105 K/s, comparable to the cooling rate computed 

for the present SLM weld. Nakao et al. [23] reported implicated 
Schaeffler diagrams for various cooling rates. Fig. 8b locates the studied 
316L steel on the implicated Schaeffler diagram proposed for a cooling 
rate of 1.9 × 103 K/s [23]. The microstructure of the present steel at this 
cooling rate is predicted to consist of austenite and less than 10 vol % 
residual ferrite, still underestimated compared to the DED weld. 

Katayama et al. [26] and David et al. [27] presented implicated 
Schaeffler diagrams for stainless steel laser welds solidifying at 
extremely high cooling rates. Fig. 9 displays implicated diagrams 
calculated for pulsed laser welds of stainless steels at a cooling rate of 2 
× 105 K/s. The regions solidified with A, AF, FA, and F modes during 
conventional welding are denoted as types A, B, C, and D, respectively. 
Correspondingly, these regions have been changed to the primed 
counterparts (A′, B′, C′, and D′) at an extremely high cooling rate. 

Based on the position of the present steel on these diagrams (see the 
solid squares), solidification with type A′ is anticipated, resulting in a 
fully austenitic microstructure as predicted for the present SLM welds. 
Similar predictions were obtained using diagrams reported in Ref. [39]. 
It is noted that solidification consistently initiates with the A mode at the 
fusion boundary, but the subsequent alteration to the F mode is not 
specified. Godfrey et al. [40], based on the computation of solidification 

Fig. 8. The position of the studied alloy: (a) on the implicated Schaeffler diagram illustrating the effect of cooling rate (CR), used with permission from Taylor & 
Francis [31]; (b) on the implicated Schaeffler diagram calculated for a cooling rate of 1.9 × 103 K/s as comparable to the DED weld, used with permission from the 
Japan Welding Society [23]. 

Fig. 9. Demonstrating the position of the present steel (solid square) on implicated diagrams based on the Schaeffler equivalents. These diagrams are proposed for 
pulsed laser welds cooled at a rate of 2 × 105 K/s. (a) Predicting solidification with type A′ (the A mode) for the present SLM weld; (b) predicting a fully austenitic 
microstructure for the present SLM weld. In these diagrams, open circles, triangles, and solid circles indicate fully austenitic, duplex, and fully ferritic micro
structures, respectively. This figure is used with permission from the Laser Institute of America [26]. 
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parameters and the variation of the interface response function with 
solidification rate, demonstrated that the A mode, initiated at the fusion 
boundary, is replaced by the F mode at a critical solidification rate due to 
spatial and temporal variations in solidification parameters, e.g., the 
temperature gradient in the melt (G) and the solidification rate (R). 
Therefore, further advancement in the field is required to predict the 
dual mode by accounting for temporal variations in the melt pool. 

Fig. 10 illustrates the expected variation in residual ferrite content 
with cooling rate, as calculated using the ORFN model. This model 
predicts increasing ferrite content for the present alloy composition with 
increasing cooling rate to 30000 K/s, after which further escalation in 
the cooling rate may lead to a decline in the ferrite content, in line with 
the predominance of the FA and AF modes, respectively. With cooling 
rate variation in the range of 1360–2650 K/s, calculated for the present 
DED weld, the ferrite content is anticipated to change for a few percent. 
This prediction aligns qualitatively with the observed variation in ferrite 
content within the DED weld metal. 

5. Conclusion 

Autogenous welds performed by powderless DED and SLM machines 
demonstrated a broad range of cooling rates, based on the mechanistic 
modeling aiming at accurate numerical computations of temperature 
field and cooling rate. The investigation of the solidification micro
structure in AISI 316L steel indicated alterations in the solidification 
mode at exceptionally high cooling rates within the SLM welds. The 
assessment of the predictive capacity of available tools for solidification 
microstructure was conducted as follows. 

1) A constitution diagram, employing the Hammar-Svensson equiva
lents, predicted modifications in the solidification mode based on the 
Creq/Nieq ratio and cooling rate.  

2) Predictions from WRC-1992 and a Schaeffler diagram, developed for 
a comparable cooling rate, aligned with the identification of the FA 
mode in the DED weld.  

3) The initial A mode observed at the fusion boundary of SLM welds 
consistently matched predictions by the Schaeffler diagram designed 
for extremely high cooling rates. However, subsequent trans
formation to the F mode was not accounted for.  

4) The ORFN model qualitatively anticipated an increase in ferrite 
content with a rising cooling rate toward the melt pool bottom. 
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