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Abstract. Varying boundary conditions, such as convection, radiation, and contact thermal exchange
parameters in Directed Energy Deposition (DED) process modeling, can significantly impact the
predicted thermal fields [1] and final properties of a product. The current numerical study analyzes
the effect of different boundary conditions on the temperature distribution during DED thanks to a
3D model of AISI M4 tool steel validated by an experimental campaign. It also confirms that a 2D
FE model can already provide valuable trends about sensitivity of numerical results to boundary
conditions. The accuracy and robustness of the 2D and 3D model predictions are analyzed. The
temperature histories of a set of points at different heights in the clad and the melt pool dimensions
provide experimental validation.

Introduction

Additive manufacturing processes represent a wide range of techniques that generate pieces, using
material in a raw form (powder, welding cable, bar, liquid,...) [2-5]. Laser-Directed Energy
Deposition (L-DED) is a technique using powder [6], which is guided by an argon flux at the laser
focus. Its main application field is for the repair of pieces [7].

During the process, material is added layer by layer. The temperature field presents a complex
evolution due to the modification of the topology of the specimen. So, each layer has a different
cooling behavior, which leads to different cooling rates. This temperature history directly influences
the melt pool and the heat-affected zone (HAZ), which are two important characteristics determining
the final part properties [8—10].

Due to the displacement of the heat source, the boundary conditions evolve with time in this kind of
process [11]. The argon flux is also modified due to the displacement of the laser, which influences
the heat evacuation due to convection [12]. The high level of energy density creates non-uniform
radiation heat evacuation in addition to the laser-powder interaction which generates multiple
reflections of the laser-beam [13]. Furthermore, a part of the laser power is directly reflected. In a
small enclosure, this can cause a non-uniform temperature distribution of the environment [14].

The importance of modeling the process is crucial due to the high complexity of the additive
manufacturing techniques. A lot of process parameters can affect the results and generate different
kinds of defects. Such issues can happen at the melt pool level (balling, keyholes, porosities,...) [15]
or at the layer level (sagging, deformation, surface finish,...) for instance [16—-18].

M4 steel was selected for the studied deposit. This choice leads to a major difference with mostly
used materials like stainless steel or titanium (TA6V) [19]. Indeed, it prevents the printing of a large
part due to the high level of residual stress generating the failure of the printing. The substrate needs
to be preheated to reduce the thermal gradient [20]. If it is not well considered, cracks can appear
during the cooling with material phase transformations generating additional stress [21].

This article is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0)
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Experimental Setup

The 5-axis Irepa Laser Cladding system with a Nd-YAG laser of maximum power capacity of 2000
W from Sirris Research Centre is used. It is schematically described in Fig. 1 [22]. The laser has a
wavelength of 1064 pm and operates continuously. The metal powder is injected with an angle of 38
to 45 degrees while the angle of the nozzle is 90°. The laser power has a top-hat energy distribution
with a diameter of 1400 pm (it is considered constant in the simulations [23]). A home-made
protection cap filled with argon avoids contamination of the melt pool by interstitial elements such
as oxygen or nitrogen [24]. The oxygen concentration within the protective atmosphere is below 10
ppm. The substrate of 40 mm height and 95 mm diameter is made of 42CrMo4 steel and preheated to
400 °C to prevent cracks in the deposit. The substrate top is surrounded by a 10 mm aluminium plate
while at the bottom, steel and aluminium plates are present, helping to diffuse heat. However, this
configuration results in the appearance of a thermal contact resistance (TCR) between the substrate
and the steel plate, as no pressure is applied to bond them together. That causes a reduction of the
heat flux between both pieces [25]. The induction power supply is a COBES shuJuno 12kW working
at 139kHz and is positioned around the substrate.

Argon inletf | Nozzle

0,
measurement

Protecting

Substrate

TC / . \ T¢
i Steel and Aluminium Plates

TC - Thermocouple

Fig. 1. Scheme of laser cladding equipment used for manufacturing the studied specimen.

The laser path uses a zigzag strategy with an offset of half a track between two successive layers,
with a total of 8 tracks per layer and an idle time of 7.5 seconds. These parameters produce a clad of
43.35 x 13.375 x 23.16mm° (length x width x height, which corresponds to axes X, Y and Z), see
Fig. 2.

Four thermocouples are placed 5 mm below the surface at different positions (described in Fig. 2).
An additional one is placed below the steel plate at the center. These thermocouples collect data
during the process, which is composed of 3 different stages:

- Preheating: The induction heater is set at 1450W for approximately 45 minutes. Once the goal
temperature (700K at the thermocouples in the substrate) is reached, the power is reduced to
250W for the rest of the process. Once the temperature has cooled down to 680K, the
preheating is finished and the cladding starts.

- Cladding: The laser and the powder flux are turned on, to print the clad part the nozzle follows
the predefined path.

- Cooling: At the cladding end, the laser and the powder flux are turned off. However, the
induction heater remains active for one hour to prevent excessive cooling rates until the
temperature has cooled down to 500K.
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Fig. 2. Sample printed with the axis system defined and location of the thermocouples.
The parameters used for the cladding are described in Tab. 1 below:

Table 1. DED manufacturing process parameters.

Laser power 1100 W

Scan speed 460 mm/min
Powder mass flux 79.3 mg/s

Argon flux 2.5 L/min

3D thermal FE model validation

The model uses Metafor software with nonlinear finite element [26] and is based on the work of [27].
The DED simulations rely on solid Finite Element (FE) using the birth element technique. The
Marangoni effect was considered by multiplying the conductivity above the liquidus temperature by
a factor 4 [28]. The TCR was modeled by reducing the conductivity of one layer of 1mm high at the
bottom of the substrate. This TCR conductivity was assumed constant during each stage but different
from one stage to another. Indeed, the application of the induction and laser heating implies thermo-
mechanical deformation of the contact zone between the substrate and the plate which are different
at each manufacturing stage, resulting in different TCR values.

Convection is modeled using a linear temperature dependence, assuming that the temperature
distribution varies with distance from the laser spot, with the temperature decreasing as the distance
increases, as presented by [12]. Emissivity is considered uniform and constant, except when the
temperature is above the evaporation temperature (3084 K). The emissivity is then drastically
increased to model the evaporation heat loss mechanism.

The simulation was validated on the temperature measured by thermocouple T4 (placed in the
substrate Fig. 2) and by the thermocouple measurement below the plate for the 3 different
manufacturing stages (preheating, cladding and cooling). The 3 process steps are simulated by a
single input material data set and adapted boundary conditions in Metafor. The comparison is
presented in Fig. 3 and Fig. 4 respectively.
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Fig. 3. Predicted and measured temperature curves for the thermocouple T4 for the printing of an 8
tracks specimen.
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Fig. 4. Predicted and measured temperature curves for the thermocouple below the plate for the
printing of an 8 tracks specimen.

2D FE model principle

This model consists of approximating the temperature field of the center plane of the clad as being
representative of any thin plane of the clad. Therefore, only the center plane is explicitly modelled
and tracks built out of this plane are neglected. It means that only the center track is printed, so the
time needed for a layer becomes the time needed for a track. Another consequence of this 2D
assumption is that no transversal heat flux exists (perpendicular to the middle plane).

It leads to a 2D model with strong assumptions, that has already been validated for bulk samples (27
tracks and 36 layers) [29]. It can generate good results but needs calibration with non-physical value
of some parameters, which explains the model sensitivity to the setup variation and its poor predictive
capabilities.

Despite these drawbacks, the model offers the advantage of being efficient by reducing the CPU time
required for a simulation by approximately a factor of 100. The model is explained in details in [1].
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Limitations

As explained in the introduction, the preheating of the substrate is one of the key challenges to prevent
cracks event during the manufacturing process. To avoid the apparition of them in post-treating [30]
an extensive numerical campaign was performed, it could demonstrate that the procedure was not
well-adapted. Due to an insufficient consideration of the skin effect, the induction heater operates at
a high frequency, resulting in a penetration depth of approximately 0.1 mm [31]. This phenomenon
led to an overestimation of the temperature field by assuming that the temperature measured at the
thermocouple was uniform. A deep FE 3D analysis has shown that it was not the case (Fig. 5). So, a
new preheating procedure has been applied with a higher target temperature to prevent the risk of
temperature drop below the martensitic start temperature, see Tab. 2.

Table 2. Preheating parameters.

Initial procedure [1] | Final procedure
Induction power during preheating 1450W 550W
Preheating time 5 minutes 45 minutes
Induction power during cladding | From 550 to S0W 100W
Goal temperature 300°C 400°C

e ———

Fig. 5. Predicted thermal fields at the end of the preheating in the substrate - (a) for the initial
procedure [1] (b) for the final procedure.

The excess of heat brough in the model due to the overestimation of the preheating was compensated
by the lack of TCR in the model, which means that the model finally cools down the substrate more
intensively than the reality. So, the current study goal was to ensure the good consistency of the 2D
model and confirm it with a more physical 3D model.

Sensitivity Analysis

In [1], the sensitivity was defined as :

f(BC(x*))—f(BC(x))
¢ = (#> (5)

X

St 1s the sensitivity to the parameter x, which belongs to a set of values representing the boundary
conditions (BC), x is the identified value, x* is the perturbed condition and f defines the FE prediction
values. Due to the low amplitude of the perturbation, high simulation accuracy is required with small-
time steps.

Three different Point Of Interest (POI) were studied. They are positioned at the center of the clad, at
50, 75 and 100% of the clad height, as shown in Fig. 6. The distance from the edges is large enough
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to avoid edge effects allowing to investigate the behavior of a stationary melt pool and the cooling
rates. Two different cooling rates can be defined to characterize the cooling, both are described in
Fig. 7 (see also [1]):
- The average cooling rate: it determines the average cooling rate between the maximum
temperature for a layer, and the smallest one.
- The liquidus-solidus cooling rate: it gives the cooling rate between the liquidus and the solidus
temperatures. If the liquidus temperature is not reached, the highest temperature is considered.
Both cooling rates are calculated from the first four temperature peaks in the thermal history of each
point of interest (POI). These peaks correspond to the four successive layers associated with each
point and represent the primary driving force for metallurgical transformations due to their significant
temperature gradients.
Thanks to the 2D and 3D process simulations a sensitivity coefficient was calculated for 5 different
boundary parameters, the laser power absorbed, the convection coefficients of the clad and the
substrate, the emissivity coefficients of the clad and the substrate by applying small perturbations on
the set of parameter (see Tab. 3).
During the simulations, the melt pool depth is defined by measuring the greatest distance between the
top of the clad and the point where the temperature is equal to the solidus temperature (1503K) as
shown in Fig. 8. In this study, we focused on the melt pool depth of the three POI.

Table 3. Parameters used for the sensitivity analysis.

Power h¢jaq (at 300K
Perturbed parameter | ybsorbed | and 2500K) | ciaql/] FWS“/‘;;;;;‘S €ubstrate [/
BN [W/m?K]

Original set 0.23 20 -70 0.65 20 0.65
Perturbed 3 0.23023 20-70 0.65 20 0.65
Perturbed hj.q 0.23 20.02 — 70.07 0.65 20 0.65
Perturbed €.j,4 0.23 20-70 0.65065 20 0.65
Perturbed hgypstr 0.23 20-70 0.65 20.02 0.65

Perturbed €5 pstr 0.23 20-70 0.65 20 0.65065

Fig. 6. Position of the different POI.
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Fig. 7. Predicted temperature curves of the 3D model of the POI and positions used to calculate the
cooling rates (red crosses for the average cooling rates and green ones for the entrance and exit in
the liquidus solidus zone).
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Fig. 8. Melt pool prediction for the 3D FE model.

Discussion

The sensitivities of the melt pool depth for both models are given in the next figures (in Fig. 9, Fig.
10).
Comparing the sensitivity of the melt pool depth with the results of both models (Fig. 9, Fig. 10)
confirm the ability of the simplified model to capture the correct physical trends despite the 2D
assumptions. The sensitivity of each parameter is going in the expected direction for both models:

- Increasing the laser power increases the melt pool depth.

- Increasing the heat evacuation parameters increases heat exchange and so reduces the melt

pool depth.

Note that the 2D model tends to overestimate the effect of convection relative to radiation. In contrast,
the 3D model captures these phenomena more realistically, allowing each contribution to be
quantified more accurately. Considering the physical mechanisms at play in the melt pool, this
confirms that radiation dominates over convection, as the melt pool contains the highest temperature
regions.
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The Z-position of each POI determines the thermal resistance between the point and the heat sink
(substrate), the higher the point the higher the thermal resistance (considering the representation of a
slice of material by an equivalent thermal resistance [32]). As additional layers are built, heat
progressively accumulates. This effect is evidenced by the growth of the Smeitpoot from POI1 to POI3
(Fig. 9). This evolution is not well caught in the 2D model (Fig. 10) due to the non-representation of
the out of plane heat exchanges, indeed this representation assumes no transversal leak which is a
strong assumption for additive manufacturing process.
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Fig. 9. Sensitivity of the melt pool depth computed with the 3D simulations.
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Fig. 10. Sensitivity of the melt pool depth for the 2D model. From [1].

The sensitivities of the cooling rates for both models are presented in the following figures (in Fig.
11, Fig. 12, Fig. 13, Fig. 14). Analysis shows that increasing the heat evacuation parameters leads to
higher cooling rates as expected.
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Comparing the results with the original study [1], this demonstrates that the 2D model cannot
accurately estimate the impact of each contribution, particularly due to an overestimation of the effect
of the convection. This is likely due to the high value of convection used to calibrate the 2D model
with the experiment results and compensate the 2D assumption, which particularly avoids transversal
heat flux. A 2D simulation can be seen as meta model with poor physical validation but providing
anyway correct trends for selecting the main parameters affecting the melt pool or the cooling rates.
The latter are important for the microstructure predictions.
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Fig. 11. Sensitivity of the average cooling rates computed with the 3D simulations.
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Fig. 12. Sensitivity of the average cooling rates for the 2D model. From [1].
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Fig. 13. Sensitivity of the liquidus-solidus cooling rates computed with the 3D simulations.
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Fig. 14. Sensitivity of the liquidus-solidus cooling rates for the 2D model. From [1].

Conclusion

An experimental campaign allowed to produce a M4 clad sample. 3D and 2D FE models have been
developed and validated on two different thermocouples and one thermocouple respectively.

The sensitivity analysis could validate the good behavior of the 3D FE model on the evaluation of the
thermal field on local aspects (melt pool depth or cooling rates) and on the evolutions obtained along
the Z axis, despite its assumptions, such as solid-state elements, convection coefficient estimation
and TCR representation.

The comparison between this analysis and previous results demonstrates that the 2D model can give
good results with limitations on trends observed due to the lack of physical meaning of this method.
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Future Work

The same sensitivity analysis could be done with a specimen more representative of bulk component,
as it was done in 2D. This could give the evolution of the sensitivities in function of the dimensions
of the sample.
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