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A B S T R A C T

Additive manufacturing of medium-entropy alloys offers unique opportunities for fabricating complex metallic 
components with enhanced mechanical properties. However, this processing route is often challenged by the 
formation of columnar grains and microstructural anisotropy. In this study, a solute-based strategy leveraging 
constitutional supercooling was explored to promote grain refinement in a CoCrNi alloy. Ti was selected through 
thermodynamic calculations due to its high growth restriction factor (Q) and favorable solubility, and a 
(CoCrNi)97Ti3 (at%) composition was produced via in-situ alloying using powder bed fusion - laser beam. 
Although grain size refinement was not observed, Ti addition disrupted columnar grain growth and promoted a 
more equiaxed morphology, likely due to modified melt pool dynamics associated with in-situ alloying. Com
plementary casting and single-track experiments confirmed that steep thermal gradients inherent to PBF-LB 
processing can suppress solute-driven grain refinement. Thermal analysis further revealed lower experimental 
Q values compared to predictions, evidencing limitations in the thermodynamic data employed. Additionally, the 
high solidification rates during laser processing slightly reduced segregation, contributing to a slightly lower 
effective Q value. These findings highlight the importance of linking solute selection with process-specific so
lidification conditions and provide new insights into the combined effects of alloy chemistry, melt pool dynamics, 
and thermal gradients in medium-entropy alloys processed by additive manufacturing.

1. Introduction

Recent advances in metallic materials research have been strongly 
influenced by two key areas: additive manufacturing (AM) and 
compositionally complex alloys, particularly high-entropy alloys (HEAs) 
and medium-entropy alloys (MEAs). Although AM primarily relates to 
fabrication and processing techniques, and HEA/MEAs to materials 
design and selection, both share the fundamental characteristic of 
significantly broadening the horizons of the field. AM enables a sub
stantial expansion in the capacity to produce geometric shapes, while 
the concept of HEAs and MEAs extends compositional possibilities, 
leading to a wide range of microstructures and properties. In this 
context, these combined approaches can enable new engineering pro
cesses and products, promoting technological innovation and sustain
able progress. As such, they constitute a highly dynamic and stimulating 
field of research.

MEAs often exhibit properties that surpass those of HEAs. A notable 
example within the MEA class is the CoCrNi alloy, which demonstrates 
superior mechanical behavior compared to its parent alloy, CoCrFeMnNi 
[1]. The CoCrNi alloy features a face-centered cubic (FCC) structure 
with a balanced combination of reasonable strength and high ductility at 
both ambient and cryogenic temperatures. Additionally, it showcases 
exceptional fracture toughness and outstanding resistance to corrosion 
and oxidation at elevated temperatures [2–5]. Given this favorable 
combination of properties, there has been growing interest in exploring 
the CoCrNi MEA through AM [6–10].

One of the primary challenges in AM is the formation of coarse, 
columnar grain structures, which can lead to anisotropy and heteroge
neity in both the microstructure and mechanical properties. Anisotropy 
and columnar grains can be beneficial in certain applications and may 
even be intentionally induced, particularly when the loading direction is 
well defined or when enhanced creep resistance is desired. However, 
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they are generally considered undesirable for broader structural appli
cations. In such cases, achieving a more isotropic material is preferred, 
as it facilitates more reliable prediction of mechanical behavior under 
various loading conditions, simplifies simulation modeling, and helps 
avoid unwanted variations in mechanical properties across different 
geometries or build orientations. Consequently, many studies have 
focused on strategies to eliminate or minimize anisotropy in AM- 
produced components [11–17]. In the case of CoCrNi, Li et al. [10]
showed that a high degree of mechanical anisotropy and microstructural 
heterogeneity can arise depending on the processing parameters used in 
the powder bed fusion - laser beam (PBF-LB) process.

Another major concern in AM is cracking. In the CoCrNi alloy pro
cessed via PBF-LB, solidification cracking has been reported, mainly 
influenced by the selected processing parameters. Niu et al. [7] found 
that residual stresses increase with higher volumetric energy densities 
(VEDs), leading to the formation of cracks in samples processed with 
high energy inputs. These solidification cracks form when the thin liquid 
film at the end of solidification is unable to withstand the tensile stresses 
generated during processing. Residual stress is a well-known issue in 
AM, arising from the highly localized and cyclic nature of thermal input.

To mitigate solidification cracking, several strategies have been 
proposed, including the optimization of processing parameters, grain 
refinement, and segregation engineering [18]. Among these, grain 
refinement has proven particularly effective, as fine equiaxed grains are 
significantly less susceptible to cracking, while also contributing to 
enhanced and more isotropic mechanical properties. For example, Li 
et al. [19] showed that in Al–Cu–Mg–Mn–Zr alloys the formation of fully 
equiaxed grains through a columnar-to-equiaxed transition (CET) 
resulted in crack-free samples. This is because liquid feeding at the end 
of solidification becomes easier in fine equiaxed grains, thereby 
decreasing cracking susceptibility. Therefore, promoting grain refine
ment by inducing a CET, together with careful control of processing 
parameters to reduce thermal stresses, has emerged as a reliable strategy 
to suppress solidification cracking in PBF-LB-processed materials 
[19–21].

Working to prevent large columnar grains and periodic cracks, 
Martin et al. [22] demonstrated in a seminal study that nanoparticle 
additions could promote equiaxed grain formation in high-strength Al 
alloys processed by PBF-LB through heterogeneous nucleation-assisted 
grain refinement, enabling the AM of alloys previously considered 
incompatible with the process. Following this work, several studies 
explored inoculation-based approaches to promote CET under AM 
conditions [22–24]. Another widely explored strategy for promoting 
CET involves the use of solutes to enhance constitutional supercooling. A 
notable example is provided by Zhang et al. [11], who compared 
Ti− 6Al-4V and Ti-Cu alloys with markedly different capacities for 
constitutional supercooling. Ti− 6Al-4V, which exhibits relatively 
limited constitutional supercooling, developed large columnar grains, 
whereas the Ti− 8.5Cu alloy produced fine equiaxed grains. Subsequent 
investigations revealed that classical grain refinement theories based 
solely on constitutional supercooling are insufficient to fully explain 
grain formation during AM. Under the extremely high thermal gradients 
and solidification velocities characteristic of this processing route, grain 
nucleation is also strongly influenced by thermal undercooling gener
ated by the lag between dendrite growth velocity and the moving 
thermal field [25,26]. Nonetheless, Tan et al. [26] showed that, despite 
the extremely high cooling rates in PBF-LB, solute additions are still 
required to generate sufficient undercooling for heterogeneous nucle
ation within the melt pool. In an interesting recent work, Fan et al. [27]
demonstrated that the concept of promoting grain refinement through 
enhanced constitutional supercooling is not restricted to metallic sys
tems. Solute additions to yttria-stabilized zirconia during laser AM 
promoted a transition from coarse columnar grains to fine equiaxed 
grains, significantly suppressing cracking in the fabricated ceramic 
components.

Given the promising technological relevance of the CoCrNi-based 

MEAs for AM applications, understanding and controlling their solidi
fication behavior during PBF-LB processing is of considerable impor
tance. However, CoCrNi still exhibits a strong tendency for epitaxial 
columnar grain growth due to the steep thermal gradients developed in 
the process [6–10]. Since no effective nucleant has yet been reported for 
CoCrNi and its derivative compositions, grain refinement during AM 
primarily relies on generating sufficient undercooling, which is influ
enced by both alloy composition and processing parameters. Therefore, 
this investigation aims to select a suitable solute for modifying the 
CoCrNi alloy and to evaluate the effectiveness of constitutional super
cooling in promoting grain refinement during PBF-LB, with particular 
emphasis on the relationships between processing conditions, solidifi
cation behavior, and grain morphology.

2. Solute selection

Grain size and morphology are influenced by the dynamic interplay 
between nucleation and growth processes, which, while occurring 
independently, are strongly interconnected. This relationship can be 
effectively described by the Interdependence Theory, which provides a 
framework for linking grain formation to nucleant selection [28]. This 
theory offers valuable insights into the mechanisms of grain refinement 
and enables more accurate predictions of grain size. According to this 
theory, the grain size (dgs) results from three main contributions: (i) the 
distance the grain must grow until it generates sufficient constitutional 
supercooling (ΔTCS) to allow nucleation on a particle characterized by a 
given ΔTn-min (the minimum undercooling required for nucleation), (ii) 
the diffusion length, defined as the distance from the solid-liquid 
interface to the point where ΔTCS equals ΔTn-min, and (iii) the average 
distance between active nucleant particles. The combined effect of the 
first two contributions defines what is termed the nucleation-free zone 
[28].

A larger nucleation-free zone results in a larger final grain size. This 
zone can be reduced by increasing the constitutional supercooling, 
which is strongly influenced by solute elements. Accordingly, the effect 
of solute concentration on grain size during solidification can be 
described by the following equation [28,29]: 

dgs = a+
b
Q

(1) 

where a and b are constants, and Q is the growth restriction factor, 
given by [29]: 

Q = mlC0(k − 1) (2) 

where ml is the slope of the liquidus line, C0 is the solute concen
tration, and k is the partition coefficient.

Eq. 2 applies to binary systems. For multicomponent alloys, how
ever, the restriction factor is given by [29]: 

Q =

(
∂(ΔTCS)

∂fs

)

fs→0
(3) 

where fs is the solid fraction.
The growth restriction factor measures how quickly constitutional 

supercooling develops in front of the solid-liquid (S/L) interface. For the 
CoCrNi alloy, the efficiency of typical solutes, expressed by the Q 
parameter, was evaluated through thermodynamic calculations using 
the Thermo-Calc® software with the TCHEA6 database [30]. The Q 
parameter was obtained by applying Eq. 3 to Scheil solidification curves 
generated for different alloy compositions. A schematic representation 
of the Q parameter determination procedure is shown in Fig. 1a. In this 
method [29,31], the Scheil solidification is simulated in the software, 
and ΔTCS = Tl − T, where Tl is the liquidus temperature and T is the 
actual temperature, is calculated as a function of fs. The Q value corre
sponds to the initial slope of this ΔTCS—fs curve. The corresponding 
results are shown in Fig. 1b. The maximum solute concentration was 
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limited by the maximum solubility of the solute in the FCC phase. As 
observed, Ti stands out as the most promising solute, exhibiting a sig
nificant effect on Q along with relatively high solubility in the FCC 
phase. This allows for the attainment of high Q values with Ti, 
explaining its selection for the development of this investigation.

Other investigations have identified Ti as a promising alloying 
addition to CoCrNi. In a recent study, Chang and Hsueh [32] investi
gated the effects of Ti additions on the microstructure and mechanical 
properties of (CoCrNi)100-xTix alloys, with x ranging from 0 to 4 (at%). 
The samples were produced through arc melting, followed by hot rolling 
and annealing at 900 ◦C for 1 h. Their findings revealed that a 
single-phase FCC solid solution microstructure was retained up to the 
(CoCrNi)98Ti2 composition after annealing. At higher Ti concentrations, 
(Ni,Co)3Ti precipitates were observed. The incorporation of Ti into the 
solid solution also caused lattice distortion due to its larger atomic 
radius compared to other constituent elements. In addition, increasing 
Ti content promoted grain refinement, which, together with precipita
tion and solid-solution strengthening, contributed to the observed 
improvement in mechanical strength [32]. However, the benefits of this 
strengthening effect appear to have a limit: in another investigation, at a 
Ti concentration as high as 6 at%, the alloy exhibited an ultimate tensile 
strength of nearly 2 GPa, but this was accompanied by a severe loss of 
ductility, which dropped to below 3% [33].

Based on these studies [32,33], the (CoCrNi)97Ti3 alloy was found to 
offer an excellent balance between tensile strength and ductility. Spe
cifically, it exhibited a yield strength of approximately 1080 MPa, an 
ultimate tensile strength of about 1430 MPa, and an elongation to 
fracture of nearly 40% [32]. This combination of properties underscores 
its potential for a wide range of engineering applications. Therefore, a Ti 
concentration of 3 at% was selected in the present study to modify the 
CoCrNi alloy.

3. Experimental

Spherical gas-atomized Ti-Cp grade 2 (15–45 μm, AP&C, Colibrium 
Additive) and CoCrNi (15–45 μm, Höganäs AB) powders were mixed at 
the desired atomic ratio for at least 3 h under an Ar atmosphere prior to 
printing via PBF-LB. Details of the powder characterization are provided 
in Fig. S1 of the Supplementary Information (SI). The printing was 
performed on an OmniSint− 160 machine (OmniTek Tecnologia, Brazil), 
equipped with a Yb:YAG fiber laser with a wavelength of 1070 nm, a 
spot size of 80 μm, and a maximum power of 500 W [34]. Initially, 
processing parameters were evaluated by printing cylindrical samples 
with both diameter and height of 5 mm. The variables studied included 
laser power (P = 100, 150, and 200 W) and laser scan speed (v = 500, 
700, and 900 mm/s), while the layer thickness (t = 30 μm) and hatch 

space (h = 80 μm) were kept constant. A standard 67◦ rotation was 
applied between layers, and scanning followed a zig-zag pattern. The 
composition and densification results from these experiments are pre
sented in Fig. S2 of the SI.

Specific parameters were selected and subsequently used to produce 
larger samples of both the original CoCrNi and the Ti-modified (CoCr
Ni)97Ti3 alloys. The printing process began with one composition and 
transitioned to the other, taking advantage of the machine’s dual-hopper 
system, which enables independent powder feeding and facilitates 
straightforward compositional changes during processing [34]. Cylin
drical samples (10 mm in diameter, 20 mm in height) were produced, 
consisting of half CoCrNi and half (CoCrNi)97Ti3, with the building di
rection (BD) aligned along the height. For comparison, CoCrNi and 
Ti-modified CoCrNi alloys were also fabricated by casting, using 
high-purity metals (>99.9%). The samples were arc-melted multiple 
times in a high-purity Ar atmosphere with a Ti getter, using an Edmund 
Bühler GmbH arc melter and a water-cooled copper hearth. The molten 
alloys were then drop cast into a Cu mold with dimensions of 
10 × 10 × 40 mm3.

Microstructural characterization was conducted using scanning 
electron microscopy (SEM) on FEI Quanta 650 FEG and LEO Gemini 
1550 microscopes, both equipped with energy-dispersive X-ray spec
troscopy (EDS) and electron backscatter diffraction (EBSD) systems. 
EBSD data were processed using AZtecCrystal software (Oxford In
struments). Transmission electron microscopy (TEM) characterization 
was performed using a JEOL JEM-2100F microscope. The TEM lamella 
was prepared using focused ion beam (FIB) milling on an FEI Helios 
NanoLab 660 dual-beam system, employing the lift-out technique. 
Visible-light microscopy (VLM) was performed using an Olympus BX60 
microscope. Differential scanning calorimetry (DSC) measurements 
were performed using a Netzsch STA 449 thermal analyzer, with a scan 
rate of 10 ◦C/min in a dynamic Ar atmosphere. As previously 
mentioned, CALPHAD calculations were conducted using the Thermo- 
Calc® software with the TCHEA6 database.

4. Results

4.1. Compositional homogeneity and phase formation

Achieving a homogeneous composition during in-situ alloying by 
PBF-LB can be challenging [35]. In the present study, several factors 
may contribute to alloy homogenization. First, the melting points of Ti 
(1670 ◦C [36]) and CoCrNi (1435 ◦C [37]) are relatively close, facili
tating concurrent melting. Additionally, Ti exhibits a strong negative 
enthalpy of mixing with the elements in the CoCrNi alloy, particularly 
with Co and Ni, which promotes exothermic reactions during 

Fig. 1. (a) Schematic representation of the procedure used to determine the growth restriction factor (Q) from Scheil solidification simulations, and (b) calculated Q 
values for various solutes in the CoCrNi alloy, obtained through thermodynamic calculations using the Thermo-Calc® software with the TCHEA6 database.
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processing, associated with bond formation or intermetallic tendencies 
[35,38,39]. However, although the initial powder mixing resulted in a 
reasonably homogeneous distribution of Ti particles (Fig. S1 of the SI), 
the reduced melt pool size characteristic of PBF-LB, combined with the 
powder size, implies that each melt pool incorporates only a limited 
number of particles [40]. As a result, local variations in composition are 
expected from melt pool to melt pool [40]. Furthermore, under the 
present processing conditions, the rapid solidification velocities limit 
Marangoni convection and atomic diffusion, preventing the complete 
removal of compositional gradients in the liquid. Although higher en
ergy inputs could be explored to enhance liquid homogenization, such 
conditions would also promote microstructural coarsening and increase 
the susceptibility to microcracking [7].

Fig. 2a shows SEM-EDS maps illustrating the Ti distribution across 
samples processed with varying VED values, calculated using the 
equation: VED = P/vht [41]. Although VED is a simplified process 
parameter and does not uniquely describe the melt pool thermal con
ditions during PBF-LB, it provides a practical basis for comparing rela
tive processing trends. As expected, low energy inputs resulted in a 
higher prevalence of unmelted Ti particles, with one example (C3) 
highlighted in Fig. 2b. Fig. 2c shows detailed Ti distribution maps for 
two selected conditions (C1 and C7, indicated in the insets of Fig. 2a). 
C7, corresponding to the highest VED employed, clearly exhibits a more 
uniform Ti distribution compared to C1, which was processed with an 
intermediate VED. Similar to observations in the in-situ alloying of Ti 
into equiatomic CoCrFeNi, Ti tended to segregate along the melt pool 
boundaries due to its higher melting point, leading it to solidify first 
[42].

The addition of Ti did not alter the FCC structure of CoCrNi, 
regardless of VED, as confirmed by X-ray diffraction patterns shown in 
Fig. S3 of the SI. This is consistent with the high cooling rates inherent to 
the PBF-LB process, which favor full retention of the FCC phase. A more 
detailed analysis of the phases formed was conducted using TEM, and 
the results are presented in Fig. 3 for a typical as-printed (AP) sample. 
Due to the compositional heterogeneity, two distinct regions were 
analyzed: one Ti-poor and the other Ti-rich. The results shown in Figs. 3a 
to 3c correspond to the Ti-poor region, where the analyzed area con
tained approximately 1 at% Ti. In Fig. 3a, a bright-field scanning 
transmission electron microscopy (BF-STEM) image shows the absence 
of the typical cellular substructures commonly observed in CoCrNi al
loys processed by PBF-LB [43]. Furthermore, the selected area electron 
diffraction (SAED) pattern (Fig. 3b) confirms the FCC crystal structure of 
the material. STEM-EDS elemental mapping (Fig. 3c) indicates no 

significant solute segregation during solidification. However, the pres
ence of rounded Ti-rich nanoparticles is evident, which were identified 
as Ti oxides based on the STEM-EDS line scan analysis shown in Fig. S4a
of the SI.

Results for the Ti-rich region (Ti concentration of ~15 at%) are 
presented in Figs. 3d to 3f. In this region, cellular substructures were 
observed, as shown in the BF-STEM image in Fig. 3d. The microstructure 
remains predominantly composed of the FCC phase, as indicated by the 
SAED pattern in Fig. 3e. Notably, neither the metastable cubic L12-type 
[42] nor the stable hexagonal D024-type [32] Ni3Ti phases were detected 
in this Ti-rich area. The STEM-EDS elemental mapping (Fig. 3f) reveals 
that Ti segregated to the cellular walls, where Cr was depleted, while Co 
and Ni concentrations remained relatively uniform. As shown in 
Figs. S4b and S4c of the SI, the formation of Cr-rich sigma (σ) phase was 
detected. However, because its distribution was limited to localized, 
highly Ti-enriched regions, the σ phase did not significantly affect the 
overall microstructure.

4.2. Grain size and morphology

The grain size, expressed in terms of equivalent diameter and 
determined from the EBSD results, is shown as a function of processing 
conditions in Fig. 4a. A clear trend is observed: grain size increased with 
increasing VED, as further evidenced by the equivalent diameter dis
tributions presented in Fig. 4b. The mean grain size ranged from 10.7 to 
18.2 μm. This behavior is expected, as VED influences the thermal his
tory and the degree of undercooling in the melt pool. Lower VED values 
generally lead to increased cooling rates and reduced melt pool 
dimension, which can enhance the undercooling at the S/L interface and 
favor microstructural refinement [44].

Fig. 4a also revealed that the grains became increasingly elongated 
with higher VED. This observation is supported by the aspect ratio (AR) 
results shown in Fig. 5a, where the AR increased from 2.2 to 2.7 with 
increasing VED. Grains are typically considered equiaxed when their AR 
is below 2 [45,46]. Based on this criterion, the microstructure can be 
further classified by the volume fraction of equiaxed grains (φ). A 
microstructure is considered fully equiaxed when φ > 0.49, and fully 
columnar when φ < 0.0066, with intermediate values indicating a 
mixed grain structure [47]. In this context, Fig. 5b shows φ as a function 
of VED. Most processing conditions, including those with low and in
termediate VED values, resulted in fully equiaxed microstructures. 
Under these conditions, approximately half of the area fraction (esti
mation of volume fraction) consisted of grains with an AR below 2, while 

Fig. 2. EDS-SEM elemental mapping of the as-printed samples: (a) Ti distribution across samples fabricated with different VED values, (b) example of an unmelted Ti 
particle observed in a low VED condition (C3), and (c) detailed Ti distribution maps for selected processing conditions.
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80–90% of the area fraction corresponded to grains with an AR below 3 
(Fig. 5b).

4.3. Texture

The effect of VED on the crystallographic texture was evaluated 
using EBSD, and the results are presented in Fig. 6. In Fig. 6a, inverse 
pole figure (IPF) maps along the Z direction are shown for the lowest, 
intermediate, and highest VED conditions (C3, C5, and C7, respectively), 
while the corresponding inverse pole figures are displayed in Fig. 6b. 

Based on the maximum multiple of uniform distribution (MUD) values, 
it is evident that the texture intensity increased with VED. The sample 
produced with the lowest heat input exhibited a nearly random or weak 
texture. In contrast, higher heat inputs resulted in stronger texture 
development. The texture in CoCrNi alloys produced by AM has been 
reported to vary between < 100 > //BD and < 110 > //BD orientations 
[10,48], which aligns with the trends observed in this study. This vari
ation arises because FCC metals tend to grow along the 
< 100 > direction. Depending on the geometry of the melt pool, this 
growth direction may align more or less with the BD: shallow melt pools 

Fig. 3. TEM analysis of regions with different Ti concentrations in a typical as-printed sample. (a) BF-STEM image, (b) SAED pattern, (c) and STEM-EDS elemental 
mapping in the Ti-poor region (~1 at% Ti). (d) BF-STEM image, (e) SAED pattern, and (f) STEM-EDS elemental mapping in the Ti-rich region (~15 at% Ti).

Fig. 4. EBSD analysis of grain size in the as-printed samples: (a) equivalent grain diameter maps for samples processed at different VED values (black lines indicate 
high-angle grain boundaries, ≥15◦), and (b) equivalent diameter distribution as a function of VED.

A.H. Khan et al.                                                                                                                                                                                                                                 Additive Manufacturing 127 (2026) 105279 

5 



typically favor a < 100 > //BD texture, whereas deeper melt pools tend 
to promote a < 110 > //BD texture [10].

4.4. Microstructural comparison between Ti-modified and base CoCrNi 
alloys

Based on the previous results, two VED conditions were selected to 
compare the microstructure of (CoCrNi)97Ti3 with that of the original 
CoCrNi alloy. The first corresponds to a VED of 69 J/mm3 (C6), which 
resulted in the finest microstructure (Figs. 4 and 5) while still achieving 
a high relative density of over 99.9% (Fig. S2b of the SI). The second 
condition, with a VED of 167 J/mm3 (C7), exhibited the highest densi
fication (Fig. S2b of the SI) but also the coarsest and most elongated 
microstructure (Figs. 4 and 5).

Fig. 7a shows a VLM image of the transition zone between CoCrNi 
and (CoCrNi)97Ti3 in the AP sample produced at a VED of 69 J/mm3 

(condition C6). Unlike the densification results obtained during the 
processing parameters evaluation (Fig. S2b of the SI), this larger sample 
exhibited a notably lower relative density: approximately 95.2% for 
CoCrNi and 93.8% for (CoCrNi)97Ti3, based on image analysis. This 

represents a clear example of a size effect, where the larger part size 
influences the thermal history [49] and, in this case, led to pronounced 
lack-of-fusion (LoF) defects. As observed in Fig. S2b of the SI, during 
process parameter optimization with smaller parts, this specific VED 
condition was already near the threshold below which further reduction 
in energy density resulted in a significant decrease in relative density. 
Therefore, when the part size increased, the effective heat input became 
insufficient, leading to incomplete melting and the formation of LoF 
defects.

A typical microstructure of the transition zone can be observed in 
Fig. 7b, where an IPF-Z map along with the corresponding inverse pole 
figures are presented. As observed, the addition of Ti induced noticeable 
changes in grain morphology. Distributions of quantitative parameters 
derived from EBSD analysis are displayed in Figs. 7c to 7e. Notably, the 
mean equivalent diameter did not decrease with the addition of Ti 
(Fig. 7c). In fact, the CoCrNi alloy exhibited a slightly smaller average 
grain size. However, the Ti modification had a pronounced effect on 
grain morphology, as evidenced by the lower AR in the (CoCrNi)97Ti3 
alloy (Fig. 7d), indicating more equiaxed grains. Interestingly, the 
amount of low-angle grain boundaries (LAGBs, <15◦) significantly 

Fig. 5. (a) Distribution of the aspect ratio (AR) of the grains determined via EBSD as a function of VED, and (b) fraction of equiaxed grains (φ) as a function of VED.

Fig. 6. EBSD analysis of crystallographic texture for the lowest, intermediate, and highest VED conditions (C3, C5, and C7, respectively): (a) IPF-Z maps and (b) 
corresponding inverse pole figures.
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decreased with the compositional modification. This aligns with the 
absence of substructure formation in (CoCrNi)97Ti3, except in localized 
Ti-enriched regions (Fig. 3). A similar trend was previously reported in a 
Ti-modified CoCrFeNi alloy [42]. The observed reduction in AR suggests 
that Ti addition promoted a transition from columnar to more equiaxed 
grains. Consequently, the grain boundary character shifted from LAGBs 
to high-angle grain boundaries (HAGBs) [42]. Columnar grains grow 

preferentially along the thermal gradient, and during the rapid solidi
fication typical of AM, small misorientations accumulate within the 
grains, leading to the formation of subgrains separated by LAGBs. This 
behavior arises from the preferred < 001 > crystallographic orientation 
during solidification of cubic metals, which largely restricts crystal 
rotation to a single axis. The resulting reduced randomness in rotation 
leads to a substantially higher fraction of LAGBs [50]. In contrast, 

Fig. 7. Transition zone between CoCrNi and (CoCrNi)97Ti3 in the as-printed sample produced at a VED of 69 J/mm3 (condition C6): (a) VLM image, (b) IPF-Z map 
with the corresponding inverse pole figures, and distributions derived from EBSD analysis showing (c) equivalent diameter, (d) aspect ratio, and (e) misorientation.

Fig. 8. Transition zone between CoCrNi and (CoCrNi)97Ti3 in the as-printed sample produced at a VED of 167 J/mm3 (condition C7): (a) VLM image, (b) IPF-Z map 
with the corresponding inverse pole figures, and distributions derived from EBSD analysis showing (c) equivalent diameter, (d) aspect ratio, and (e) misorientation.
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equiaxed grains exhibit a lower fraction of LAGBs because they grow 
more isotropically and with more random orientations, allowing mis
orientations to be accommodated at HAGBs rather than accumulating as 
LAGBs within the grain.

It should be acknowledged that the LoF defects observed in sample 
C6 may locally alter the melt-pool geometry, thermal gradients, and 
solidification behavior, potentially introducing bias into EBSD-based 
grain size and aspect-ratio measurements. Therefore, morphological 
interpretations drawn from a LoF-dominated region should be treated 
with caution. Nevertheless, the consistent trends observed in the nearly 
fully dense (CoCrNi)97Ti3 sample (Figs. 4 and 5) suggest that the influ
ence of LoF defects on grain size and morphology was negligible.

The results for the sample processed with a VED of 167 J/mm3 

(condition C7) are shown in Fig. 8. In this case, high-density samples 
were successfully produced (Fig. 8a), achieving relative densities above 
99.9%, consistent with the parameter optimization process results 
(Fig. S2b in the SI). A representative microstructure of the transition 
zone is depicted in Fig. 8b, featuring an IPF-Z map and the corre
sponding inverse pole figure for each alloy. The general evolution of the 
microstructure followed a similar trend to that of the C6 condition 
(Figs. 7b to 7e). Although the higher heat input in this condition resulted 
in coarser and more elongated grains, as evidenced by the grain size and 
aspect ratio distributions (Figs. 8c and 8d, respectively), the addition of 
Ti also influenced grain morphology without promoting refinement. 
This observation is again corroborated by the lower fraction of LAGBs in 
the (CoCrNi)97Ti3 alloy (Fig. 8e).

5. Discussion

5.1. Origin of the grain morphological changes

The classical CET mechanism is governed by the interplay between 
solute effects, arising from constitutional supercooling due to solute 
buildup ahead of the S/L interface (when the partition coefficient k < 1), 
and thermal effects associated with the thermal gradient (G) and growth 
rate (R) [47,51]. Under such conditions, CET typically occurs within the 
laser melt pool from bottom to top as the G/R ratio decreases, leading to 
a transition from columnar to equiaxed grains as solidification pro
gresses [52]. A complete CET may also occur in alloys with a strong 
growth-restricting tendency (e.g., elevated Q), which gives rise to a 
substantially enlarged constitutional supercooling zone and promotes 
repeated heterogeneous nucleation events during solidification, result
ing in the absence of columnar grains [11]. In these cases, the 
morphological transition is usually accompanied by a reduction in grain 
size, as a high nucleation rate ahead of the advancing S/L interface is 
required to fully suppress columnar growth [53].

Ti addition was shown to clearly alter the CoCrNi microstructure by 
modifying the grain morphology, but without grain size refinement. 
Moreover, considering the compositional heterogeneity of the samples, 
regions with more refined grains were not necessarily associated with 
increased Ti concentrations (Fig. S5 in the SI). This suggests that the 
observed morphological changes did not originate from the classical 
CET mechanism. Instead, they likely resulted from local solidification- 
condition variations associated with the in-situ alloying process. Dif
ferences in the physical properties of the constituent powders, such as 
melting point, thermal conductivity, and absorptivity, combined with 
complex melting and mixing dynamics, produced local compositional 
inhomogeneities that influenced the melt pool solidification behavior. 
These effects altered both the melt pool geometry and the grain growth 
orientation and morphology, as further evidenced by the distinct texture 
differences observed upon Ti addition (Figs. 7b and 8b).

During in-situ alloying, the compositional non-uniformity within the 
liquid implies that the local Tl also varies across the melt pool, influ
encing nucleation as well as the timing and direction of grain growth 
[40,54]. While conventional solute pile-up ahead of the solidification 
front leads to a monotonic increase in Tl, compositional fluctuation 

fields arising from incomplete mixing and liquid homogenization can 
locally perturb this behavior. As a result, the liquid ahead of the inter
face may exhibit either higher or lower Tl relative to the nominal 
composition, leading to spatially heterogeneous undercooling condi
tions [55,56]. Accordingly, nucleation may be locally favored or 
inhibited. Moreover, grain growth uniformity can be affected, as 
different local compositional variations lead to distinct solidification 
kinetics, as demonstrated by Shinjo et al. through 
thermal-chemical-fluid-microstructure modeling of in-situ AM [54]. 
Such non-uniform nucleation and growth can ultimately disrupt the 
expected columnar morphology, although it is believed that growth was 
more affected than nucleation, since if extensive nucleation had 
occurred, significant grain refinement would have been observed, as 
demonstrated in recent investigations [55,56]. In this context, the 
observed change in grain morphology could be ascribed to a CET in a 
phenomenological sense, although mechanistically it differs from the 
classical CET.

To explore the proposed hypothesis, results for cast CoCrNi and Ti- 
modified CoCrNi alloys are presented in Figs. 9a to 9c. It should be 
noted that an alloy with an even higher Ti concentration was also 
included to explore a composition with a correspondingly higher Q 
value (Fig. 1). For the base alloy (Fig. 9a), a fully columnar and coarse- 
grained microstructure was observed across the analyzed cross-section, 
regardless of position, either near the Cu mold (Fig. 9a1) or at the ingot 
center (Fig. 9a2). Upon Ti addition, a CET occurred (Figs. 9b and 9c). 
Near the Cu mold (Figs. 9b1 and 9c1), a thin layer of quasi-equiaxed 
grains formed. However, grains with favorable growth orientations 
quickly dominated, resulting in a columnar region with much finer 
grains than those of the Ti-free alloy. These columnar grains continued 
to grow until conditions such as sufficient constitutional supercooling 
and a reduced G/R ratio enabled the nucleation of new grains, forming a 
central equiaxed zone (Figs. 9b2 and 9c2). Grain refinement was more 
pronounced toward the ingot center, with higher Ti content clearly 
promoting finer grains (mean equivalent diameters of 52 and 34 μm in 
Figs. 9b2 and 9c2, respectively), as expected according to Eqs. 1 and 2.

These findings demonstrate that achieving an equiaxed microstruc
ture during PBF-LB through constitutional supercooling alone is chal
lenging due to the inherently steep thermal gradients, conditions 
comparable to those near the Cu mold during casting (high G/R ratios). 
Although this may appear contradictory, since a thin quasi-equiaxed 
layer is observed in the cast materials, its formation arises because so
lidification must initiate at the mold wall before directional growth 
quickly dominates. In contrast, in PBF-LB builds, grains from the pre
viously deposited layer are already available to promote epitaxial 
growth, strongly favoring the development of columnar microstructures. 
To validate this interpretation, single-track experiments were performed 
on the cast samples using the same laser parameters as those employed 
previously. As exemplified in Figs. 10a to 10c for condition C7 (200 W, 
500 mm/s), epitaxial growth was dominant regardless of the condition, 
inevitably leading to columnar microstructures. This directly supports 
the previous analysis that the grain morphology differences observed 
during PBF-LB were primarily driven by compositional inhomogeneities 
in the melt arising from the in-situ alloying process. This effect may also 
be a contributing factor to the increasingly columnar nature of the 
microstructure with rising VED in Fig. 5, as the melt composition 
became correspondingly more homogeneous.

5.2. Experimental validation of the contribution of Ti to constitutional 
supercooling

Another important aspect to consider is the effectiveness of Ti in 
promoting constitutional supercooling, as reflected by the magnitude of 
Q. As discussed in Section 2, Q was calculated using Eq. 3 and thermo
dynamic data. Based on this approach, the Q values for CoCrNi, 
(CoCrNi)97Ti3, and (CoCrNi)94Ti6 were found to be 5.2 ◦C, 37.5 ◦C, and 
74.1 ◦C, respectively (Fig. 1). However, thermodynamic predictions rely 
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on database accuracy, which must be properly validated. To address 
this, experimental verification was carried out through thermal analysis. 
It is worth noting that although Q was derived from non-equilibrium 
Scheil solidification curves, using equilibrium solidification curves 
instead would yield identical results, since the slope of the ΔTCS—fs 
curve in the limit fs → 0 is rigorously the same under these two condi
tions [31]. DSC, widely employed for determining liquidus and solidus 
temperatures and for benchmarking thermodynamic phase diagram 
predictions in metallic systems [57,58], therefore represents an appro
priate tool for experimental estimation of Q.

Figs. 11a and 11b present two DSC cycles, corresponding to the 
heating and cooling scans of the (CoCrNi)97Ti3 AP sample, respectively. 
Notably, significant differences were observed between the first and 
second heating scans (Fig. 11a), primarily due to compositional in
homogeneities in the printed material. These inhomogeneities even led 

to isolated melting events, highlighted by the dashed contour in 
Fig. 11a. During the first heating cycle, after melting, compositional 
homogenization occurred within the DSC furnace, which explains why 
the subsequent cooling scans exhibited more consistent behavior 
(Fig. 11b). Nonetheless, some variation in transformation temperatures 
remained, due to undercooling effects.

Due to the small mass of the DSC samples, some deviation from the 
nominal composition may be expected for the AP material after 
compositional homogenization during the first melting cycle inside the 
DSC furnace. Therefore, the cast samples, which present a more homo
geneous overall composition, were used for the determination of the 
experimental liquidus and solidus temperatures. The second heating data 
were selected to avoid the influences of undercooling, and the same 
experimental procedure was applied to the CoCrNi and (CoCrNi)94Ti6 
alloys. The solidus temperature was taken as the temperature 

Fig. 9. Microstructural analysis (BSE-SEM images and EBSD maps) of cross-sections of cast ingots: (a) CoCrNi, (b) (CoCrNi)97Ti3, and (c) (CoCrNi)94Ti6. The EBSD 
results show microstructures near the Cu mold surface (a1, b1, c1) and at the ingot center (a2, b2, c2).

Fig. 10. EBSD maps showing the microstructure of laser-processed single-tracks (200 W, 500 mm/s) on cast ingots of: (a) CoCrNi, (b) (CoCrNi)97Ti3, and (c) 
(CoCrNi)94Ti6.
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corresponding to the first deviation from the baseline, which represents 
the onset of melting and is thus considered the most reliable estimate of 
the solidus temperature [59,60]. The first deviation was determined 
using the derivative method [61]. In the case of the liquidus, the peak 
temperature of the final thermal event was regarded as the liquidus 
temperature [59,61–64]. The experimentally measured values were 
then compared with those obtained from thermodynamic calculations, 
as shown in Fig. 11c. Notably, discrepancies were observed, and these 
increased with increasing Ti content (Table 1). For the CoCrNi alloy, the 
measured solidification interval was larger than the calculated one, 
whereas the Ti-modified alloys exhibited the opposite trend. Regardless 
of composition, the deviation in the solidus temperature was more pro
nounced than that observed for the liquidus.

To calculate the experimental Q, the liquidus and solidus lines were 
assumed to be linear, as illustrated in Fig. 11c, and the following 
equation was applied [65]: 

Q = mlC0

(
ml

ms
+

ΔTM0

msC0
− 1

)

(4) 

where ms is slope of the solidus line, and ΔTM0 is the solidification in
terval of the base alloy. Using this methodology, the experimentally 
determined Q was 11.6 ◦C for CoCrNi, 27.7 for (CoCrNi)97Ti3, and 43.7 
◦C for (CoCrNi)94Ti6. When the same Eq. 4 was applied to the thermo
dynamic data, also assuming linear liquidus and solidus lines as shown in 
Fig. 11d, the calculated Q was 5.7 ◦C for CoCrNi, 37.2 ◦C for (CoCr
Ni)97Ti3, and 68.7 ◦C for (CoCrNi)94Ti6, which are consistent with the 
results obtained using Eq. 3. These findings demonstrate that the 
effectiveness of Ti in promoting constitutional supercooling is lower 
than initially predicted by thermodynamic modeling. Based on the 
assumption of linear phase boundaries, which is supported by the 
quality of the linear fits (high adjusted coefficients of determination in 
Figs. 11c and 11d), the calculated QTi per atomic unit is 10.5 ◦C, whereas 
the experimentally determined QTi per atomic unit is roughly half this 
value, about 5.4 ◦C. This discrepancy highlights the importance of 
experimental validation of thermodynamic databases, particularly for 
multicomponent alloys, as inaccuracies can mislead alloy design stra
tegies and the interpretation of experimental results.

Fig. 11. DSC results and comparison with thermodynamic calculations: (a,b) first and second heating and cooling cycles showing the melting and solidification 
behavior of the as-printed (CoCrNi)97Ti3 alloy, (c) experimentally determined liquidus and solidus temperatures for CoCrNi, (CoCrNi)97Ti3, and (CoCrNi)94Ti6 alloys, 
assuming linear phase boundaries, and (d) linear approximations of thermodynamically calculated phase boundaries.

Table 1 
Comparison of liquidus and solidus temperatures obtained from thermodynamic calculations and experimental measurements.

Alloy Liquidus (◦C) Temperature deviation (◦C) Solidus (◦C) Temperature deviation (◦C)

Calculated Measured Calculated Measured

CoCrNi 1440 1447 − 7 1434 1422 12
(CoCrNi)97Ti3 1396 1410 − 14 1287 1352 − 65
(CoCrNi)94Ti6 1346 1387 − 41 1174 1293 − 119
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5.3. Segregation behavior

The extent of segregation varies significantly with the solidification 
regime. At sufficiently high solidification velocities, a reduction in 
segregation is observed. This behavior reflects the phenomenon of solute 
trapping, which occurs when the interface growth velocity approaches 
or exceeds the atomic diffusion rate. Under such rapid solidification 
conditions, solute trapping may become so pronounced that partition
less solidification takes place [66–68], meaning the solid forms with the 
same composition as the liquid, without microsegregation. In the 
absence of partitioning, growth restriction is effectively eliminated [69]. 
In this context, partitionless solidification has already been assumed to 

occur during PBF-LB of the CoCrNi alloy [9].
Fig. 12a illustrates the elemental segregation behavior within the 

primary FCC phase of (CoCrNi)97Ti3, as predicted by the Scheil model. 
For comparison, Fig. 12b shows the DSC heating curve of the as-cast 
alloy, where two distinct melting peaks can be observed, unlike the re
sults shown in Fig. 11a for the AP sample. These peaks correspond to the 
melting of compositionally distinct regions, a direct consequence of 
elemental segregation during solidification. Specifically, dendritic and 
interdendritic regions differ in composition and, therefore, melt at dis
similar temperatures.

Fig. 12c displays a Ti SEM-EDS map from the single-track laser 
experiment. In the as-cast region, strong Ti segregation to interdendritic 

Fig. 12. Segregation analysis of the (CoCrNi)97Ti3 alloy: (a) Scheil solidification curve predicting elemental segregation in the primary FCC phase; (b) DSC heating 
curve of the as-cast sample; (c) Ti EDS map from a single-track laser experiment; (d) BSE-SEM image with the corresponding Ti EDS map of the melt pool region; (e) 
typical EDS line scan across the melt pool region; (f) BSE-SEM images with the corresponding Ti EDS map of the as-cast alloy near the Cu mold surface; (f1) EDS line 
scan along the line highlighted in (f); (g) BSE-SEM images with the corresponding Ti EDS map of the as-cast alloy at the ingot center; and (g1) EDS line scan along the 
line highlighted in (g).
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areas is evident, consistent with the Scheil prediction (Fig. 12a). In 
contrast, the laser-processed zone appears more compositionally uni
form, suggesting a tendency toward partitionless solidification. How
ever, higher magnification BSE-SEM imaging (Fig. 12d) reveals that 
segregation still occurred. Ti-rich regions are clearly visible in the BSE 
image, although they are not well resolved in the corresponding EDS 
map. An EDS line scan shown in Fig. 12e confirms this, showing Ti 
concentrations up to ~6 at%. Additional analyses in the as-cast alloy, 
near both the Cu mold surface and the ingot center (Figs. 12f and 12g), 
revealed similar segregation behavior: Ti and Ni enriched in interden
dritic regions, while Co and Cr were depleted, in agreement with the 
Scheil prediction (Fig. 12a). Notably, Ti segregation reached up to ~10 
at%, and the partitioning of the other elements was also more pro
nounced (Figs. 12f1 and 12g1), in contrast with the laser-processed 
sample (Fig. 12e). This trend is corroborated by BSE contrast: in the 
laser-processed region, Ti-rich interdendritic regions appear darker 
(Figs. 12d and 12e), whereas in the as-cast samples, Ti-rich regions 
appear brighter due to their higher Ni contents (Figs. 12f and 12g).

The DSC and microstructural characterization results confirm that 
the extent of segregation depends on the solidification velocity, as ex
pected [70]. Although solidification during single-track laser processing 
did not reach the partitionless regime, the rapid solidification reduced 
solute segregation compared to casting. Indeed, in Ti-poor regions of the 
PBF-LB sample, no evidence of segregation was detected (Fig. 3c). This 
observation can be attributed to the combined effect of rapid solidifi
cation and local solute concentration. Under the rapid solidification 
conditions characteristic of PBF-LB, solute trapping partially modifies 
partitioning, thereby reducing the extent of segregation. In Ti-poor re
gions (Fig. 3c), the combination of low Ti content and reduced parti
tioning leads to segregation levels that are below the detection limit of 
the characterization technique. In contrast, in Ti-rich regions (Fig. 3f), 
the higher local solute concentration promotes measurable solute 
rejection during solidification, resulting in Ti enrichment along cellular 
boundaries.

This behavior implies that the effective partition coefficient (kv) is 
higher during laser processing than under casting conditions, leading to 
a correspondingly reduced effective Q (Qv) in the laser-processed ma
terial. To estimate kv, the continuous growth model (CGM) developed by 
Aziz was applied [71–73]: 

kv =

(

k + a0v
Di

)

(

1 + a0v
Di

) (5) 

where a0 is the atomic jump distance, v is the interface growth velocity, 
and Di is the solute diffusion coefficient at the S/L interface. The nearest- 

neighbor distance of the FCC structure was used as an approximation for 
a0, yielding a0 = 2.59 × 10− 10 m, based on Thermo-Calc® predictions of 
the average lattice parameter in the solidification range. The interface 
velocity was approximated by the laser scan speed [73], which repre
sents an upper-bound estimate under PBF-LB conditions. Because Di is 
difficult to determine experimentally, the solute diffusion in liquid (D) is 
commonly taken as an approximation [73,74]. For the (CoCrNi)97Ti3 
alloy, Fig. 13a shows the influence of v on kv for several values of D, 
while the corresponding effect on Qv is presented in Fig. 13b. Eq. 2 was 
used to calculate Qv, replacing k with kv and ml with the 
velocity-dependent liquidus slope (mv). The latter was determined using 
[72]: 

mv = ml

1 − kv + kvln
(

kv
k

)

(1 − k)
(6) 

The equilibrium k (ke) was obtained from the DSC results (Fig. 11c) 
and calculated by applying [65]: 

ke =
mlC0 + ΔTM0

msC0
(7) 

which yields ke = 0.078. Since ke changes during the progression of 
solidification (Fig. 11c), the value of ke considered in Eq. 7 corresponds 
to the beginning of solidification, which is most appropriate given the 
physical meaning of Q, as it is defined at the onset of solidification [65].

Fig. 13a shows that solute trapping is expected to occur within the 
typical v range employed in PBF-LB. However, partitionless solidifica
tion would require velocities far higher than those achievable in the 
process, which is consistent with the experimental observations. 
Considering that the liquid diffusion coefficients of the constituent ele
ments of this alloy typically fall in the range of 1–5 × 10− 9 m2/s [53,74, 
75], the corresponding Qv ranges from 25.9 ◦C to 27.1 ◦C. This suggests 
that solute trapping has only a minor effect under the present processing 
conditions, even under this conservative upper-bound estimate of the 
interface velocity.

5.4. Implications of the Q parameter for grain refining efficiency in PBF- 
LB

Although increasing Q has been widely employed as a strategy to 
promote grain refinement in PBF-LB [76–78], a recent study by Brooke 
et al. [73] demonstrated that, under the high solidification velocity 
characteristic of AM processes, the dendrite tip undercooling correlates 
more closely with the constitutional supercooling parameter P than with 
Q. This finding suggests that the total constitutional supercooling 
available (P) could be a better indicator of grain refining efficiency in 

Fig. 13. Solute trapping in the (CoCrNi)97Ti3 alloy: variation of the effective (a) partition coefficient (kv) and (b) growth restriction factor (Qv) with laser scan speed 
(v) for different solute diffusion coefficients in the liquid (D).

A.H. Khan et al.                                                                                                                                                                                                                                 Additive Manufacturing 127 (2026) 105279 

12 



PBF-LB than the rate of development of constitutional supercooling (Q). 
This distinction is particularly important in cases where an alloy exhibits 
a high Q but a low P, a condition that still favors the formation of 
columnar microstructures despite the elevated Q [73]. This is not the 
case here, however, as the addition of Ti led to simultaneous increases in 
both Q and P.

The same procedure used to calculate the experimental Q values 
from the DSC data (Fig. 11c) was also applied to determine P, using the 
following equation [65]: 

P = mlC0 − msC0 +ΔTM0 (8) 

P increased from 35 ◦C for CoCrNi to 58 ◦C for (CoCrNi)97Ti3. Again, 
based on the thermodynamic data, this increase was much more pro
nounced, from approximately 6 ◦C to 109 ◦C.

During alloy design, it must be recognized that the Q values required 
to promote a CET depend strongly on the processing route. Accordingly, 
the critical Q for CET increases with increasing solidification velocity. 
Moreover, under high solidification velocity regimes, additional alloy 
parameters must be considered when assessing grain refinement effi
ciency [73]. Among the typical metal AM processes, PBF-LB exhibits the 
highest thermal gradients [73,79]. Consequently, the Q values required 
to promote a CET are also expected to be higher in alloys processed by 
PBF-LB compared with other AM processes. In the specific case of 
CoCrNi, further increasing in Q through alloying additions is challenging 
without promoting the formation of secondary phases, such as the σ 
phase shown in Fig. S4, which may compromise its otherwise favorable 
mechanical performance.

The steep thermal gradients inherent to PBF-LB processing, on the 
order of 105 - 107 ◦C/m [26,80], may limit the effectiveness of solute 
additions in promoting CET in CoCrNi by reducing the spatial extent of 
the constitutionally supercooled region ahead of the S/L interface [81]. 
Nevertheless, successful grain refinement using this strategy has been 
reported in the literature for other alloy systems [76–78]. A notable 
example is the study by Zhai et al. [76], in which Ti was added to 316 L 
stainless steel via in-situ alloying, resulting in significant grain refine
ment without the use or presence of effective inoculants. A strong cor
relation between grain size and the Q parameter was observed, aligning 
well with Eq. 1. Moreover, grain refinement was achieved even with Q 
values lower (≤ 20 ◦C) than those explored in the present study, sug
gesting that the nucleation in 316 L is more favorable than in CoCrNi. 
This may be attributed to a shorter incubation time or a lower energy 
barrier, facilitating solid-phase nucleation [26]. Although 316 L stain
less steel exhibits an FCC microstructure at room temperature, it solid
ifies through a body-centered cubic (BCC) phase, which typically has a 
lower solid-liquid interfacial free energy, thereby reducing the nucle
ation barrier during solidification [81,82]. This could indicate that BCC 
structures are more prone to grain refinement via solute additions under 
PBF-LB processing conditions. Accordingly, the Q threshold required to 
achieve equiaxed grains is also highly alloy dependent.

Recent studies [25,26] have shown that, under rapid solidification 
conditions, the role of solutes in grain refinement may be more strongly 
associated with the generation of large thermal undercooling ahead of 
the S/L interface rather than solely with constitutional supercooling 
effects described by Q. Solute rejection during solidification can retard 
the effective advancement of the S/L interface relative to the liquidus 
isotherm, leading to an increase in local thermal undercooling. This 
enhanced undercooling may significantly increase the activation fre
quency of heterogeneous nucleation events, thus improving grain 
refinement efficiency regardless of the Q value [26]. These observations, 
together with the findings of the present investigation, indicate that 
although Q remains a simple alloy design parameter, it may not be 
sufficient to fully describe grain refinement efficiency under PBF-LB 
conditions. The rapid solidification effects, particularly those associ
ated with interface kinetics, solute redistribution, and thermal under
cooling, should also be considered. Accordingly, the present results 
suggest that grain refinement in PBF-LB should be interpreted through a 

combination of constitutional effects, growth kinetics, and nucleation 
behavior, rather than through classical casting-based theories alone. 
Therefore, future studies should aim to establish more comprehensive 
solidification frameworks integrating thermodynamic and kinetic ef
fects to improve alloy design strategies for PBF-LB.

6. Summary and conclusions

This work evaluated the effectiveness of solute-driven constitutional 
supercooling for grain refinement in CoCrNi-based MEAs processed by 
PBF-LB, using Ti as a model solute. Although thermodynamic calcula
tions predicted a strong growth-restricting effect of Ti, the addition of 
3 at% Ti did not lead to grain size refinement. Instead, Ti primarily 
modified the grain morphology, disrupting columnar growth and pro
moting more equiaxed grains without inducing a classical CET. This 
morphological change was attributed to in-situ alloying effects, partic
ularly differences in the physical properties and melting behavior of the 
constituent powders, which altered melt pool dynamics and solidifica
tion behavior.

Experimental thermal analysis further revealed that thermodynamic 
predictions overestimated Q of Ti in CoCrNi, emphasizing the need for 
experimental validation of solute selection strategies in multicomponent 
alloys.

Although rapid solidification during PBF-LB reduced solute segre
gation compared to casting, fully partitionless solidification was not 
achieved. Solute trapping still contributed to a reduction in the effective 
Q. However, this reduction was limited and therefore could not be 
considered a major factor in the limited effectiveness of grain 
refinement.

Overall, these results demonstrate that increasing Q through solute 
addition alone may be insufficient to achieve grain refinement in alloys 
processed by PBF-LB. The steep thermal gradients and high solidifica
tion velocities inherent to this process limit the ability of solute-driven 
constitutional supercooling to promote grain refinement, such that the 
critical values of Q required to promote a CET may exceed those 
attainable without inducing secondary phase formation. Consequently, 
the process-specific solidification conditions in PBF-LB dominate 
microstructural evolution in CoCrNi alloys. This emphasizes the 
importance of coupling alloy design with process optimization and 
complementary grain refinement strategies to achieve microstructural 
control in PBF-LB-processed CoCrNi alloys.
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