
01 August 2026

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Optimizing CoCrNi Single Track Geometry in Directed Energy Deposition: A Regression-Based Approach to Laser
Power and Scan Speed Control / Taghian Todeshki, M., Mazzucato, F., Valente, A., Saboori, A., Iuliano, L.. - 134:(2025),
pp. 1035-1040. (58th CIRP Conference on Manufacturing Systems, CMS 2025 Enschede, nld 2025)
[10.1016/j.procir.2025.02.227].

Original

Optimizing CoCrNi Single Track Geometry in Directed Energy Deposition: A Regression-Based
Approach to Laser Power and Scan Speed Control

Publisher:

Published
DOI:10.1016/j.procir.2025.02.227

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the  corresponding bibliographic description in
the repository

Availability:
This version is available at: 11583/3013419 since: 2026-07-22T14:40:57Z

Elsevier B.V.



ScienceDirect

Available online at www.sciencedirect.com

Procedia CIRP 134 (2025) 1035–1040

2212-8271 © 2025 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the International Programme committee of the 58th CIRP Conference on Manufacturing 
Systems
10.1016/j.procir.2025.02.227

Keywords: Additive Manufacturing; Medium Entropy Alloys; Directed Energy Deposition; Melt pool geometry; Regression modeling

1. Introduction

The growing demand for high-performance materials in 
aerospace, biomedical, and energy industries has spurred the 
development of novel alloy systems that can withstand 
extreme environments while maintaining superior mechanical 
and thermal properties. Medium Entropy Alloys (MEAs), 
particularly those based on the CoCrNi system, are at the 
forefront of these developments due to their unique 
combination of high strength, ductility, and resistance to 
corrosion and oxidation. The near-equimolar composition of 
multiple principal elements in MEAs enhances solid solution 
strengthening, resulting in remarkable thermal stability even 
at elevated temperatures [1–3]. Despite extensive research on 
the bulk properties of CoCrNi alloys, their application in 
advanced Additive Manufacturing (AM) processes—

specifically through Directed Energy Deposition (DED)—
remains underexplored.

DED, a key AM technology, offers numerous advantages 
in modern manufacturing, enabling the fabrication of complex 
geometries, minimizing material waste, and repairing high-
value components. By using a high-energy source (such as a 
laser) to melt and deposit metallic powders layer-by-layer, 
DED enables high deposition rates and precise control over 
the manufacturing process, making it particularly suitable for 
large-scale applications [4,5]. Among various process 
parameters, laser power and scan speed play crucial roles in 
determining the geometry of the melt pool, which directly 
affects the mechanical properties of the deposited material 
[6,7].

Previous studies on DED have focused on nickel-based 
superalloys such as IN718 and titanium alloys (e.g., Ti-6Al-
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4V) due to their widespread use in industry. These studies 
have demonstrated that laser power and scan speed 
significantly influence the melt pool dimensions—including 
width, height, and penetration depth—which affect the final 
part's quality, microstructure, and mechanical properties [8,9]. 
For instance, increasing laser power generally results in 
deeper and wider melt pools as more energy is input into the 
material, leading to greater penetration into the substrate [10]. 
Conversely, higher scan speeds reduce the interaction time 
between the laser and the material, often leading to narrower 
melt pools and less penetration. However, this effect can 
depend on the specific material and process conditions 
[11,12].

However, the behavior of multi-principal element alloys 
such as CoCrNi MEAs in DED remains less understood. The 
unique thermal properties and solidification behavior of these 
alloys, which differ from traditional single-component alloys, 
may result in distinct melt pool dynamics that require 
specialized process optimization [13,14]. In particular, solid 
solution strengthening in MEAs and their sluggish diffusion 
rates can influence how the material responds to heat input, 
thereby altering the melt pool geometry and solidification 
process [15]. Empirical studies that focus on single-track 
deposition, such as the one conducted by Xu et al. on Ti-6Al-
4V [16], have shown that melt pool dimensions can be 
optimized by fine-tuning laser power and scan speed to 
achieve desired geometries, but similar work for CoCrNi 
alloys is limited.

The early stages of single-track deposition provide crucial 
insights into melt pool behavior, allowing for precise control 
over the deposition process before moving to multi-track and 
multi-layer structures. Single-track analysis is especially 
important for novel alloys like CoCrNi, where traditional 
computational models may not fully capture the complex 
interactions between the laser and the material. While 
computational models have been used to predict melt pool 
dimensions in simpler alloys, they often rely on simplifying 
assumptions that do not account for the multi-element nature 
and unique thermal behavior of MEAs. As such, regression 
models based on empirical data from single-track experiments 
are essential for developing predictive models that can 
optimize DED parameters for CoCrNi alloys [17,18].

"This study utilizes regression modeling to assess the 
impact of laser power and scan speed on the geometry of 
CoCrNi single tracks fabricated through DED. By analyzing 
melt pool width, height, penetration depth, and cross-sectional 
area, this work seeks to establish empirical relationships 
between process parameters and melt pool geometry. These 
insights will contribute to the optimization of DED for 
CoCrNi MEAs, paving the way for improved processing of 
medium entropy alloys in additive manufacturing and 
expanding their applicability in high-performance and 
sustainable industries.

2. Materials and methods

2.1. Material

Single tracks, each 20 mm long, were created using the 
Prima Additive Laserdyne 430 system, which is equipped 
with a 1 kW fiber laser and offers a working area of 585 × 
400 × 500 mm³. In this study, CoCrNi medium entropy alloy 
powders were deposited onto a 316L stainless steel substrate 
with dimensions of 20 × 15 mm and a thickness of 10 mm. 
The feedstock material consisted of gas-atomized CoCrNi 
powders, with particle sizes ranging from 20 μm to 150 μm. 
SEM image of CoCrNi powder particles revealed the presence 
of small satellite formations and partially melted particles 
embedded on the powder surfaces, indicative of typical gas 
atomization characteristics (Fig. 1).

2.2. Experimental Design

Single tracks were deposited using a Design of 
Experiments (DOE) approach, where two key factors, laser 
power and scan speed, were varied across three levels. Laser 
power was varied between 400 W, 500 W, and 600 W, and 
scan speed was set at 450 mm/min, 600 mm/min, and 750 
mm/min. The powder feed rate was kept constant to ensure 
that only the effect of laser power and scan speed on the track 
geometry was analyzed. A full factorial design resulted in 
nine combinations of parameters.

Fig. 1. SEM image of CoCrNi alloy powder particles.

Table 1. DOE factors and levels used in the experiment.

Sample Code Laser Power P 
(W)

Scan Speed v 
(mm/min)

1 400 450

2 400 600

3

4

5

6

7

8

9

400

500

500

500

600

600

600

750

450

600

750

450

600

750
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2.3. Analysis and Characterization 

The substrates with deposited single tracks were cut into 
cross-sections using a wire-cutting machine. The 
metallographic preparation of the tracks began with grinding, 
using various grades of SiC abrasive paper ranging from #180 
to #4000 grit, followed by final polishing with 3 μm and 1 μm 
diamond pastes. After polishing, the surface was etched with 
Kaling No.2 etchant to reveal the melt pool features for 
dimensional measurement. Optical micrographs of the melt 
pools were captured using an optical microscope, and the key 
dimensions of the tracks, including track width (W), track 
height (H), and penetration depth (PD), were measured.

To analyze the data, second-degree polynomial regression 
models were used to examine the impact of laser power and 
scan speed on track geometry. The regression models were 
constructed using ordinary least squares (OLS) regression, 
incorporating linear and quadratic terms for each factor. The 
general form of the model is as follows:

y = β0 + β1P + β2v + β3P2 + β4v2 (1)

Where P is the laser power, v is the scan speed, and β
represents the model coefficients. While this approach has 
been widely applied to materials like 316L and Ti-6Al-4V, it 
has not yet been systematically applied to CoCrNi under DED
[19,20].

3. Results and Discussion

2.4. Production of single tracks

Each single track was successfully deposited following the 
process parameters specified in Table 1. As shown in Fig. 2, 
the top views of the single tracks indicate that they were 
stable and exhibited consistent regularity. The tracks 
exhibited a consistent width along their length, with no visible 
macro defects, such as particle agglomeration.

Fig. 2. Top view of CoCrNi single tracks.

The middle section of each track was selected for further 
analysis to avoid the influence of edge effects. Cross-sections 
of the single tracks were prepared and examined after a 
chemical etching process, as shown in Fig. 3. The cross-
section analysis revealed good adhesion between the tracks 
and the substrate, with no visible signs of detachment or 
discontinuities. The selected process parameters were suitable 
for producing high-quality single tracks of CoCrNi, 
confirming their effectiveness in achieving uniform track 
geometry and stable deposition.

Fig. 3. Cross-section of CoCrNi single tracks.

2.5. Analysis of the track width using Regression modeling

The track width regression model includes linear and 
quadratic terms for laser power and scan speed to capture 
non-linear behavior. Equation (2) shows the effect of the laser 
power and speed on the melt pool width resulting from 
regression analysis.

𝑊𝑊 = 58.16 + 2.27𝑃𝑃 − 0.0016𝑃𝑃2 + 0.81𝑣𝑣 − 0.0008𝑣𝑣2 (2)   

In this equation, P is the laser power in watts, and v is the 
scan speed in mm/min. The 3D regression surface plot (Fig. 4) 
demonstrates that increasing laser power significantly widens 
the track as the melt pool grows with higher energy input. In 
contrast, scan speed negatively affects track width: higher 
speeds shorten the laser-material interaction time, reducing 
energy input and narrowing the track.
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The 3D regression surface plot (Figure 1) demonstrates 
that increasing laser power significantly widens the track as 
the melt pool grows with higher energy input. In contrast, 
scan speed negatively affects track width: higher speeds 
shorten the laser-material interaction time, reducing energy 
input and narrowing the track. The regression model for track 
width has an R-squared value of 93.1%, indicating a high 
degree of accuracy in explaining the variability of track width 
based on the laser power and scan speed. The precision of this 
model is strong, capturing the essential non-linearities of the 
system. However, slight deviations at extremely high values 
of laser power and low scan speeds suggest that further 
refinement or interaction terms could improve the fit at these 
extremes.

Fig. 4. 3D surface interaction plot for track width.

The regression model for track width has an R-squared value 
of 93.1%, indicating a high degree of accuracy in explaining 
the variability of track width based on the laser power and 
scan speed. The precision of this model is substantial, 
capturing the essential non-linearities of the system. However, 
slight deviations at extremely high laser power values and low 
scan speeds suggest that further refinement or interaction 
terms could improve the fit at these extremes.

2.6. Regression evaluation of the track height

The regression model for track height follows a similar 
structure but with more prominent non-linear effects due to 
the interaction of laser power and scan speed:

𝐻𝐻 = −517.23 + 2.76𝑃𝑃 − 0.0017𝑃𝑃2 − 0.17𝑣𝑣 + 0.0000677𝑣𝑣2 (3)

Fig. 5. Shows the 3D surface plot for track height (H),
illustrating a more complex relationship. Track height 
increases with laser power up to a threshold (500 W) but then 
plateaus, indicating that the energy from higher power is 
primarily distributed laterally rather than vertically. On the 
other hand, scan speed displays a solid non-linear 
relationship, where moderate speeds (around 600 mm/min) 
maximize track height, while high scan speeds reduce the 
energy input per unit length, limiting vertical growth.

The R-squared value of 96.7% for the track height model 
indicates excellent precision, demonstrating that the model 
explains almost all of the variability in track height. This 
higher R-squared value suggests that the model captures the 
behavior of track height more accurately than track width, 
likely because track height is more sensitive to the balance 
between energy input and material flow dynamics, which the 
model accounts for through its quadratic terms.

Fig.5. 3D surface interaction plot for track height.

3.3. Penetration Depth

The regression model for penetration depth is as follows:

𝑃𝑃𝑃𝑃 = 132.45 + 1.82𝑃𝑃 − 0.0012𝑃𝑃2 + 0.92𝑣𝑣 − 0.0005𝑣𝑣2 (4)

The 3D surface plot for penetration depth (Fig. 6) shows 
that increasing laser power results in deeper penetration, as 
expected, due to the increased energy input. Interestingly, the 
effect of scan speed is more subtle compared to track width 
and height. The penetration depth slightly increases at lower
scan speeds, indicating a more focused energy input in a 
smaller interaction zone.

The regression model for penetration depth has an R-
squared value of 91.5%, which, while still high, is slightly 
lower than the models for track width and height. This 
suggests that penetration depth may be influenced by 
additional factors not fully captured by the current model, 
such as material flow dynamics or substrate temperature. 
While the model accurately predicts the general trends, slight 
deviations at extreme parameter values indicate that further 
refinement could improve precision.

The interaction term (P·v) was initially included to 
examine whether laser power and scan speed had a combined 
effect on penetration depth. However, statistical analysis 
revealed that this term was insignificant (p = 0.770), meaning 
that adding it did not improve the model's predictive power.
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Fig. 6. 3D surface interaction plot for penetration depth.

2.7. Model precision and scientific comparison

The track width model explains 93.1% of the variance, 
indicating strong predictive power. However, slight deviations 
at extreme values (high laser power and low scan speed) 
suggest that further refinements could enhance precision. The 
track height model performs best, with an R-squared value of 
96.7%, showing that it accurately captures the non-linear 
relationship between laser power and scan speed. This makes 
track height the most predictable parameter. The penetration 
depth model has a slightly lower R-squared value of 91.5%, 
indicating good predictive ability, though somewhat less 
precise than track width and height. This suggests that 
additional factors, such as substrate properties or melt pool 
dynamics, might influence penetration depth.

The melt pool behavior of CoCrNi alloys is strongly 
influenced by their intrinsic material properties, which 
differentiate them from other commonly used alloys such as 
IN718 and Ti-6Al-4V. The observed increase in track width 
with higher laser power in CoCrNi alloys is attributed to 
enhanced energy input, leading to a larger melt pool. This 
effect is supported by the alloy’s thermal conductivity, which 
facilitates efficient heat distribution during the DED process. 
Additionally, the face-centered cubic (FCC) structure of 
CoCrNi alloys contributes to their excellent ductility and 
moderate melting temperature, influencing melt pool 
dynamics and solidification behavior. The sluggish diffusion 
effect inherent in medium entropy alloys like CoCrNi further 
affects the solidification process and final track geometry
[21–23].

When compared to IN718 and Ti-6Al-4V, distinct 
differences emerge. IN718, a nickel-based superalloy, forms
wider and deeper melt pools under similar DED parameters 
due to its lower thermal conductivity and higher density, 
which enhance heat retention and penetration. In contrast, Ti-
6Al-4V exhibits narrower melt pools due to its higher melting 
point and lower thermal conductivity, which limit heat 
diffusion and molten pool expansion. These comparisons
highlight the unique thermal and physical properties of 
CoCrNi alloys, which govern their melt pool geometries and 

solidification characteristics, emphasizing the need for 
tailored process optimization in DED applications[24,25].

4. Conclusion

This study examined the influence of laser power and scan 
speed on the key dimensions of CoCrNi single tracks. 
Multiple tracks were deposited onto a CoCrNi substrate 
following a design of experiments approach, and track 
sections were measured to gather dimensional data. Each 
track was successfully produced, characterized, and analyzed 
using regression models. The following conclusions were 
drawn:

• Laser power and scan speed significantly influenced 
track width, height, and penetration depth. The 
regression models for each dimension fit well, with 
the highest precision observed for track height (R-
squared = 96.7%).

• The track width model (R-squared = 93.1%) 
demonstrated high accuracy but indicated that 
additional interaction effects may need to be 
explored for even greater precision.

• The penetration depth model (R-squared = 91.5%) 
was also accurate, though it could benefit from 
further refinement to capture additional process 
complexities.

• These regression models offer valuable insights for 
optimizing DED processes for CoCrNi alloys, 
providing a foundation for more precise control of 
track geometry. In the range of process parameters 
analyzed, these models could be used to estimate the 
effects of laser power and scan speed, reducing the 
need for costly experimental trials during process 
optimization.

Future studies should explore the impact of powder feed rate 
on track geometry. Additionally, factors like standoff 
distance, shielding gas flow, and powder particle size should 
be investigated to enhance process control and optimization.
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