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Abstract. Over the past few years, Laser Powder Bed Fusion (L-PBF) has become increasingly 
popular, as this method enables energy and material savings during the manufacturing process. 3D 
L-PBF parts, based on computer-designed geometries, are generated layer by layer using laser 
energy. Since the beginning of these studies several decades ago, significant progress has been 
made in the understanding of additive manufacturing, particularly with regard to properties, 
structure and in situ monitoring. However, the scientific manufacturing community has yet to 
achieve optimal operational reliability. Presently, numerous defects remain a major problem for 
parts produced by L-PBF. These defects are mainly caused by the movement of the molten material 
and its rate of solidification within the melt, which is also influenced by the thermal phenomena 
of the process. In the L-PBF manufacturing process, the main challenge is to control the complex 
interdependence of these phenomena [1]. The aim of this work is therefore to study the various 
physical aspects during a Laser Powder Bed Fusion (L-PBF) process. For this purpose, it is 
necessary to provide a numerical model with specific works on experimental characterizations of 
materials at high temperature (up to 1000 °C) as a model’s input parameters, such as the thermal 
or optical properties of cobalt based powder (CoCrMo) used in our study. In addition to material 
characterization, theoretical model studies have been used to determine the thermal properties of 
L-PBF powder [2], in particular thermal diffusivity. This model is also validated by specific 
experimental characterizations, involving the dilution of iron substrates in a CoCrMo alloy deposit 
and temperature measurements during the manufacturing process. Furthermore, the amount of iron 
transferred from the substrate to the coating can be used as an indicator of the molten metal 
movement in the melt and, ultimately, of the operating parameters used to apply the coating. Too 
much iron on the surface impairs the mechanical strength of the substrate-coating assembly, thus 
indicates poor control of the parameters used for this purpose [1]. 
Introduction 
Metallic additive manufacturing allows structure fabrication layer-by-layer deposition process and 
is revolutionizing the manufacturing industry due to its ability to obtain near-net shape products, 
in a short time span, with almost no material waste. The L-PBF is one of the most used among the 
additive manufacturing (AM) process [2] and plays an important role in the industry by offering 
new possibilities of parts shaping, especially for the complex-shape parts. Its principle is to use a 
heat source to agglomerate a dense material based on pre-deposited layer of powder [3]. 

However, the AM suffers from certain weakness. Some of AM-made parts have some default 
like bad homogenization. Depending on the range of the machine parameters like laser scanning 
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speed, laser power, inner temperature, thermal relaxation time, the shape and the properties of the 
final part might be different.  

To investigate the origins of these issues, we have used the L-PBF process as coating tools. A 
substrate made of C35 steel has been coated with a thin layer of CoCrMo alloy. In a previous study 
[4] in the same context, it has been found that iron migration rises into the coating layer. In 
addition, these dilutions serve as a marker to explain the various physical phenomena present 
during this AM process and the operating parameters influences on the final results. This work 
aims to understand the application of L-PBF on these dissimilar materials through an accurate 
model. 
Materials 
For both experimentation and numerical modeling, a set of two types of materials have been used: 
C35 steel alloy as substrates and a CoCrMo alloy, named stellite 21, as coating material. The 
chemical compositions of both materials are detailed in Tables 1 and 2 respectively. 

 
Table 1 Chemical composition of the C35 steel alloy 

Element Fe C Mn Si P S Cr Ni Mo Cu Al 
Wt% Base 0.35 0.68 0.21 0.016 0.024 0.19 0.14 0.02 0.17 0.023 

 
Table 2 Chemical composition of the CoCrMo alloy  

Element Co Cr Mo Mn  Fe Si P C 
Wt% 63.45 28.9 6.4 0.3 0.2 0.6 0.04 0.11 

 
The particles of CoCrMo alloy powder generally have a spherical shape (Fig.1), with a particle size 

distribution between 30 and 50 μm. 
 

  

a) b) 
 
Figure 1 SEM observation of the coating powder presenting predominantly a spherical form of 

particles and some particles having an asteroidal shape (a) and particle size distribution 
histogram (b) 

The properties required to set up the model are well known for the steel composing the substrate. 
However, little was known about the thermal properties of CoCrMo powder. The next chapter will 
therefore focus on characterizing these properties. 
Diffusivity Measurement 
Numerical models have been widely used to understand complex physical phenomena in the 
printing process, and to study the effect of causal variables on heat transfer, microstructure or 
residual stresses in printed parts. Heat transfer analysis is a fundamental step in modeling the 
process. The accuracy of heat transfer analysis relies on accurate characterizations of the material 
properties, such as density, specific heat, and thermal conductivity. We have carried out the 
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measurement of thermal diffusivity on this powder, for which there is a lack of data. The thermal 
diffusivity describes a material's ability to defuse heat through the sample. It is related to transient 
conduction through the sample and is defined by “𝛼𝛼𝑡𝑡ℎ” as the thermal diffusivity, “𝑘𝑘" as thermal 
conductivity, “𝜌𝜌” as material density and “𝐶𝐶𝑝𝑝” is the heat capacity:  

𝛼𝛼𝑡𝑡ℎ =
𝑘𝑘
𝜌𝜌𝐶𝐶𝑝𝑝

(1) 

To evaluate the thermal diffusivity of our powder, we use the Netzsch® LFA 457 micro-
flash.This system is composed of a furnace which allows elevating the ambient temperature around 
the specimen from -125°C to 1100°C. A laser is used to elevate slightly the temperature sample 
for measurement purpose. To calculate the thermal diffusivity, this system evaluates the time 
needed for the edge of the sample to reach half the maximum temperature after the pulse heating 
from the laser. In order to recreate the same measurement conditions as during additive 
manufacturing, the gas surrounding the sample is argon at atmospheric pressure. 

The thermal diffusivity has been measured between the room temperature (30°C) and 1000°C 
in order to have a good knowledge of this property over the temperature range corresponding to 
the manufacturing conditions. Three “shots” (punctual measurement) has been made in order to 
quantify thermal diffusivity uncertainties of these measurements as shown in figure 2 and 3. 

 

 

Figure 2 Thermal diffusivity’s measurement 
points 

Figure 3 Theoretical and Experimental 
Thermal Diffusivities 

In addition to experimental measurement, some theoretical models have been established to 
estimate the thermal conductivity, heat capacity and the thermal diffusivity. This article compares 
thermal diffusivities obtained from theoretical models with those measured. The apparent density 
was measured and its value is listed in Table 3. As for the heat capacity, a series of measurements 
was made between room temperature and 300°C [5]. Finally, the thermal conductivity model is 
based on that of Sih and Barlow. Sih and Barlow model’s [6] integrate the Damköhler term 
(referred to the contribution of thermal radiation) into the Zehner-Schlünder’s model to estimate 
the Equivalent Thermal Conductivity (ETC). 

Figure 3 shows a comparison between model-derived and measured diffusivity. Both trends and 
orders of magnitude agree. However, the experimental thermal diffusivity shows a much more 
pronounced curvature than the theoretical one. The origin of these discrepancies may lie in the Sih 
and Barlow model [6], which may neglect some  aspects of heat exchange such as the evolution 
of contact resistance between particles, in particular towards the warmer temperatures. The 
differences between the two curves may also stem from heat capacity measurements, where we 
lack certainty as to values and their evolution above 300°C. 
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Numerical Model 
In this work, a two-dimensional heat and mass transfer numerical model is developed to study the 
CoCrMo-iron interface composition evolution during additive laser manufacturing of the coating. 
The numerical model is created using a commercial finite element package COMSOL 
MultiPhysics®. To represent the L-PBF process, we used a 2D model representing the C35 steel 
cylinder with a thin layer of CoCrMo alloy powder on the top. 

Heat dissipation takes place by convection on the vertical and upper walls, and radiation 
exchanges are only considered on the cylinder's upper edge. The L-PBF support is maintained at 
100°C during the coating process. To model the interaction between the substrate and the support, 
we considered the temperature at the bottom edge at this imposed temperature.  
 

  
 

Figure 4 Computation domain and associated mesh 
The geometry is meshed with several tetrahedral elements (Fig.4). The mesh generated uses the 

finest elements in the cobalt powder layer area since this is in this area where the gradient of 
temperatures and velocities are the most important. With this method, an adaptive mesh, consisting 
of 15473 tetrahedral elements, has been set up. With the exception of heat capacity and thermal 
diffusivity, which were measured experimentally for the solid phase.  
Heat Transfer Modeling  
For the laser heat source model, Gusarov et al [8] proposed to couple the heat transfers and 
radiation on a homogeneous absorbing scattering medium. Boley et al [9] and Khairallah et al  
[10], [11] used the ray-tracing method to simulate the input heat flow in a realistic L-PBF process 
(both on the size of the particles and their array) process. Most generally, authors used a Gaussian 
shape to model the heat source distribution. Some authors [10] have used a Gaussian surface 
distribution and others  have used a volumetric distribution of the heat source to model the laser-
powder interaction. According to Boley et al [9], the laser powder layer interaction takes place 
mostly one of the first layer of the particle, especially on agglomerates of tiny particles under the 
laser beam. 

In this study the heat source term is used as a volume source with a penetration corresponding 
to the multi-reflection under the powder layer: 

 

𝑄𝑄 =
2 × 𝐴𝐴 × 𝑃𝑃𝐿𝐿
π.𝑅𝑅𝐿𝐿2. η

𝑒𝑒𝑒𝑒𝑒𝑒 �
2 × (𝑥𝑥 − 𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 × 𝑡𝑡)2

𝑅𝑅𝐿𝐿2
� 𝑒𝑒𝑒𝑒𝑒𝑒 �

[𝑧𝑧 − 𝑧𝑧0]
𝜂𝜂

� (2) 

 
Here "𝐴𝐴" is the optical absorptivity of the powder, "𝑃𝑃𝐿𝐿" is the nominal laser power” 𝑅𝑅𝐿𝐿" is the 

projected laser spot, "𝑉𝑉𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿" is the scanning speed and “η” being the laser penetration depth. A 
Gaussian standard deviation corresponding to D4σ method according to Li et al [12] with a radius 
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corresponding to 1/e² of maximal power has been chosen. According to Boley et al [9], it is 
assumed that the penetration's depth corresponds to the average of the particle size. With a majority 
of approximately 30µm particle size (Fig.2), it can be supposed that penetration of a non-negligible 
part of the heat source can be at this depth. With our assumption of that homogeneous medium for 
the powder, the simplest approach is to consider the particles are disposed on an ideal stacking 
with one size of particle i.e. the average particle size. 

With these assumptions for the heat input, the heat transfers equation for the melted pool can 
be defined as: 

𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

− 𝜌𝜌𝜌𝜌𝑝𝑝 𝛻𝛻�⃗ ( 𝑢𝑢�⃗ 𝑇𝑇) + 𝑘𝑘 𝛻𝛻�⃗ 2𝑇𝑇 = 𝑞𝑞 (3) 

where " 𝜌𝜌 " is the density of the material, "𝐶𝐶𝑝𝑝" is the heat capacity, "u" is the velocity vector, 
"k" is the thermal conductivity and " 𝑞𝑞 " is the term combining the various heat sources and losses.  
Here, we considered the solid part as a liquid with a high viscosity value to neglect any velocity 
unless the liquidus temperature is reached. 
On the edges of the plots, the heat transfers loss is given by: 

 
−𝑛𝑛�⃗ . �−𝑘𝑘𝛻𝛻�⃗ 𝑇𝑇� = ℎ∞(𝑇𝑇 − 𝑇𝑇∞) + 𝜖𝜖𝜖𝜖 (𝑇𝑇4 − 𝑇𝑇∞4) (4) 

In this equation, "h" is the convective exchange coefficient, "𝜖𝜖" is the thermal emissivity and 
"sigma" is the Stefan Boltzmann constant. During the melting of the powder layer, the values of 
ρ, Cp, and k to be used are determined by averaging in powder and liquid phase “𝑓𝑓𝐿𝐿”. These phases 
are determined by the condition below: 

 

𝑓𝑓𝐿𝐿 = �

0 𝑇𝑇 <  𝑇𝑇𝑆𝑆
𝑇𝑇 − 𝑇𝑇𝑆𝑆
𝑇𝑇𝐿𝐿 − 𝑇𝑇𝑇𝑇

𝑇𝑇𝑆𝑆 ≤  𝑇𝑇 <  𝑇𝑇𝐿𝐿

1 𝑇𝑇 >  𝑇𝑇𝐿𝐿

(5) 

where “𝑻𝑻𝑺𝑺” and “𝑻𝑻𝑳𝑳” are the solidus and liquid temperature respectively. With this condition, 
an approximative value of the mixture properties like the heat capacity can be calculated: 
 

𝐶𝐶𝑝𝑝 =
1
ρ
�(1− 𝑓𝑓𝐿𝐿)ρ𝑆𝑆𝐶𝐶𝑝𝑝𝑝𝑝 + 𝑓𝑓𝐿𝐿ρ𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝� + 𝐿𝐿𝑓𝑓

∂α𝑚𝑚
∂𝑇𝑇

(6) 

 
Particularly, only the “𝐶𝐶𝑝𝑝𝑝𝑝” comes from a laboratory in-situ measurement.  

For the thermal condition, we calculate its evolution through the temperature between the 
temperature room (293K) and the Liquidus of each material. 
Melt flow Modeling 
For the mass flow inside the melt pool, two approaches have been used for the thermomechanical 
process. For their dissimilar material welding, Métais et al [13] used a RANS k-ω method to 
represent the multi-vortex phenomena in this context. For the L-PBF model, the main model found 
is the laminar model [10], [12], [13] with a Newtonian fluid to representing the melted material. 

To model the melted metal flow, the conservation of mass is considered: 
 

∂ρ
∂𝑡𝑡

+ ρ∇��⃗ .𝑢𝑢�⃗ = 0 (7) 

and the momentum conservation equation is given as: 
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ρ�
∂𝑢𝑢�⃗
∂𝑡𝑡

+ 𝑢𝑢�⃗ . �∇��⃗ .𝑢𝑢�⃗ �� = ∇��⃗ . �−𝑝𝑝𝑝𝑝 + μ��∇𝑢𝑢�⃗�����⃗ � + �∇𝑢𝑢�⃗�����⃗ �
𝑇𝑇
�� + 𝐹𝐹𝐴𝐴 + 𝐾𝐾𝑢𝑢�⃗ (8) 

 
Here “𝐼𝐼” is the diagonal hydrostatic pressure matrix “𝐹𝐹𝐴𝐴” is the buoyancy force, “𝐾𝐾” is the 

Darcy damping force and “μ” is the local viscosity. Here we consider the buoyancy forces on the 
liquid metal induced by the difference of temperature between the center and the edge of the 
melting pool. With the Boussinesq approximation, we estimate the buoyancy contribution by: 

 
𝐹𝐹𝐴𝐴 =  ρL𝑔⃗𝑔 𝛽𝛽𝑇𝑇�𝑇𝑇 − 𝑇𝑇𝑓𝑓� (9) 

where “𝑇𝑇𝑓𝑓” is the melting temperature of both Cobalt alloy and steel, “𝛽𝛽𝑇𝑇” is the thermal 
expansion coefficient. The transition from the solid to liquid state is treated with a Darcy condition 
and the equivalent viscosity methods combined. The first term modifies the viscosity of the 
medium to give it a deliberately high value, and weakens as soon as the local temperature reaches 
the melting point. It is applied in this form: 

μ =  𝜇𝜇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + (𝜇𝜇 − 𝜇𝜇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) ∗ 𝑓𝑓𝑓𝑓𝑓𝑓2ℎ𝑠𝑠�𝑇𝑇,𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓� (10) 
and the last term is a force to damp the movement outside of the melted area: 
 

𝐾𝐾 =  
−𝐶𝐶(1 − 𝑓𝑓𝑙𝑙)2

𝑓𝑓𝑙𝑙3 + 𝑏𝑏
(11) 

Where " 𝐶𝐶 " is Darcy's law coefficient deliberately set to a high value to attenuate velocities, “𝑏𝑏” 
is a coefficient to avoid the division by 0 and “𝑓𝑓𝑙𝑙”is the local liquid proportion seen in equation 
(5). 
Species transport Modeling 
Initial studies of modelling of species transport was carried out for the mixing of species during 
the welding process of two different materials. These studies were then extended to the context of 
additive manufacturing [17]. In this work, we consider the movement of the different species inside 
the melting pool. Being in an area assumed to be liquid, we considered the mix of species by the 
diluted equation species transports: 

 
∂𝑐𝑐𝚤𝚤��⃗
∂𝑡𝑡

− 𝐷𝐷𝑖𝑖∇��⃗ 2𝑐𝑐𝚤𝚤��⃗ + 𝑢𝑢�⃗ × ∇��⃗ 𝑐𝑐𝚤𝚤��⃗ = 𝑅𝑅𝑖𝑖 (12) 

 
Where “c” is the local material concentration and “Di” represent the diffusion coefficient, we 

considered dependent on the temperature by using the Stokes-Einstein formula 

𝐷𝐷𝑖𝑖 =
κ × 𝑇𝑇

6.π. μ. 𝑟𝑟𝑖𝑖
(𝑇𝑇 > 𝑇𝑇𝑚𝑚) (13) 

Simulation Parameters  
Finally, the properties of each material are summarized in the table 3 [7]. Note the physicals 
properties come for the literature excepted the thermal conductivity. For this one, it comes from 
the characterization of the thermal diffusivity. As explained in the "diffusivity measurement" 
section, this comes from a calculation based on the definition of this diffusivity and the 
measurements of each parameter associated with it. In view of the wide temperature variations 
associated with this type of process, it should be noted that the values are thermally dependent. 
This is because the behavior of matter is no longer the same between low and "high" temperatures 
(near melting point). 
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Figure 5 Comparison of experimental and simulated iron dilution near the substrate/coating 
interface 

Results and Discussions 
To validate the numerical modeling, the comparison focuses on the proportion of migrated iron 
near the interface between the substrate and the coating layer with the experimental results, in line 
with the experimental results obtained by Younsi et al [4]. The dilution is investigated from 110 
µm inside the substrate to the upper of cobalt layer (50µm upside) (Figure 5). 

This may be due to an underestimation of upward velocities in the molten pool. To find out the 
reasons for these differences, the heat and mass transfer modes were analyzed from a dimensional 
point of view. 

To take our analysis further, an evaluation of the Reynolds and Rayleigh numbers over time 
has been made (figure 6), in order to assess their variance before, during and after the passage of 
the laser source. The Reynolds numbers evaluated show that the material flow is maintained under 
laminar conditions, validating our basic hypothesis. As for the Rayleigh number, it is used to 
determine whether buoyancy forces dominate material movement or whether viscous dissipation 
predominates. The peaks correspond, for both Reynolds and Rayleigh numbers, to instants when 
the fluidic mechanisms are at their most effective. This makes it possible to evaluate the peak 
values to check whether the assumptions are valid at all times for Reynolds numbers. But also, to 
determine the contribution of buoyancy motions before, during and after local melting. These 
values confirm that buoyancy forces struggle to set the molten metal in motion. Finally, we 
evaluate the main type of mixing for the present different species occurring in the melt pool. For 
this purpose, we estimate the ratio between the convective momentum and the diffusion coefficient 
of the species using the Peclet number. With the obtained result shown by the Fig. 7, the calculated 
values are well above the critical value of 1, demonstrating that iron migration is mainly due to 
fluid motion rather than diffusion. 
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Table 1 : Thermo-physical properties used by the simulation. 

Property CoCrMo C35 Steel  
T Solidus [K] 1598      1609  

T Liquidus [K] 1754 1768  
T Evaporation [K] 3200 /  

Density as solid [kg/m3] 5100 7850  
Density as Liquid [kg/m3] 6870 6980  

Heat Solid Capacity [J/kg/K] 441.75 + 0.1871×T 604  
Heat Liquid Capacity [J/kg/K] 13 758  

Thermal conductivity as solid [W/m/K] Zehner-Schlünder’s model [6] 51  

Thermal conductivity as Liquid [W/m/K] 13 22  
Emissivity 0.63 /  

Latent heat of fusion [kJ/kg] 310 250  
Latent heat of evaporation [kJ/kg] 4961 /  
Thermal expansion as solid [1/K] 7.62×10

-5 8.5×10
-5  

Thermal expansion as liquid [1/K] 7.6×10
-5 /  

Latent Heat Fusion [J/kg] 310×10
5 207×10

5  

Latent Heat Evaporation [J/kg] 4.961×10
6 /  

Viscosity [Pa*s] 5.5×10
-3 5.56×10

-3  

Marangoni coefficient [N/m/K] -4.3×10
-4 10

-4  

Absorptivity 0.65 /  
Sweep laser velocity [mm/s] 800 

Deposited powder thickness[µm] 50 
Laser power [W] 275 

Laser penetration depth [µm] 30 
Convective horizontal coefficient [W/m/K] 6.5 

Convective vertical coefficient [W/m/K] 9.41 
 
We can see on this figure that there is a fair agreement correlation between the numerical 

simulation and the experimental results. However, a difference between the results of around 10% 
at the substrate-coating interface is highlighted.  

  

(a) (b) 
Figure 6 Evolution of the Reynolds (a) and Rayleigh (b) number through the simulation time. 
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Figure 7 Variations of Peclet (Mass) number inside the melt pool along the simulation time 
Based on these results and the correlation between experimentation and simulation results, we 

can assume that the fluid movements are the main cause of the iron rising inside the cobalt layer. 
This causes the iron migration from the substrate into the cobalt layer, and the solidification 
phenomenon has frozen the iron atoms inside the upper layer. 
Conclusion 
In this article, a model established with characterizations carried out previously has been partially 
validated by the movement of material from the substrate to the deposited powder layer. However, 
there is still some fine-tuning to be done to ensure a better agreement between the experimental 
tests and the numerical modeling. 

In order to further improve the present numerical-experimental dilution correlation, the model 
needs a better following-up of the liquid-solid transition and evaporation mechanism as well. This 
can be realized by specific numerical methods, starting with followed-up front coupled to Arbitrary 
Lagrangian-Eulerian (ALE) method. The heat transfer through convection and radiation are, 
moreover, supposed constant for all times. It is most likely that these transfer modes will change 
over time.  

The final improvement which could be developed in the model is to compare the temperature 
fields close to the melt to ensure consistency between the model and a L-PBF sweep in a typical 
manufacturing situation. These temperature measurements will be carried out using non-contact 
methods, in particular using infrared camera monitoring. 
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