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Abstract

Residual stresses and distortion in Additive Manufactured (AM) parts are two key obstacles which seriously hinder
the wide application of this technology. Nowadays, understanding the thermomechanical behavior induced by the AM
process is still a complex task which must take into account the effects of both the process and the material parameters,
the microstructure evolution as well as the pre-heating strategy. One of the challenges of this work is to increase the
complexity of the geometries used to study the thermomechanical behavior induced by the AM process. The reference
geometries are a rectangular and a S-shaped structures made of 44-layers each. The samples have been fabricated by
Directed Energy Deposition (DED). In-situ thermal and distortion histories of the substrate are measured in order to
calibrate the 3D coupled thermo-mechanical model. Once the numerical results showed a good agreement with the
temperature measurements, the validated model has been used to predict the residual stresses and distortions. Different
process parameters have been analyzed to study their sensitivity to the process assessment. Different preheating
strategies have been also analyzed to check their effectiveness on the mitigation of both distortions and residual stresses.
Finally, some simplifications of the actual scanning sequence are proposed to reduce the computational cost without

loss of the accuracy of the simulation framework.
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1 Introduction

Directed Energy Deposition (DED) is one of the several Additive Manufacturing (AM) technologies used for
advanced free form fabrication in which the metal powder is spread coaxially with the laser (or electron beam) input
[1,2]. The powder is melted within the melt-pool and quickly solidifies and consolidates to the substrate or to the
previously deposited layer. Although the advantages of DED are widely accepted, distortions and residual stresses still
are two of the key issues that hinder the wide application of this technology in the industry. The localized heating due
to the moving heat source and the following uneven cooling in DED process induce large thermal gradients. These
thermal gradients provoke the formation of both residual stresses and distortions reducing of the mechanical strength
and the geometrical accuracy of the fabricated components. Hence, the reduction of residual stresses and distortions in
DED is a crucial aspect to qualify both the manufacturing process and the fabricated components.

The thermo-mechanical modeling based on the finite element (FE) method is adopted to effectively predict the
thermo-mechanical behavior of the metal deposition during the AM process and to determine the optimal processing
parameters for the mitigation of deformations and residual stresses of the built [3,4]. In AM, several numerical models
have been proposed to predict the thermal history [5-10] and the mechanical response of the parts [11-17]. Chew et al.
[18] developed a 3D thermo-mechanical model to analyze the laser cladding and they validated their model by
comparing the residual stresses of single bead by the X-ray diffraction measurements. The experimental measurements
are in agreement with their numerical results, but the model is restricted to a single layer laser cladding. Denlinger et al.
[17,19-21] developed a model using the code CUBIC by Pan Computing LLC to predict the accumulation of both
distortion and residual stresses of AM parts. In-situ thermal and distortion histories at the bottom surface of the substrate
have been measured together with the residual stresses to improve the accuracy of the model. They concluded that once
the temperature is higher than the stress relaxation temperature (690°C), it is extremely important to take into account
the stress annealing to achieve good agreement with the experimental evidence. However, the evolution of the thermo-
mechanical fields in AM are poorly discussed without discussing the sensitivity to the annealing temperature in Ti-6Al-
4V. Zhao et al. [22] developed a model for EBAM in ANSYSS to study the annealing temperature due to the Solid State
Phase Change (SSPC) of the Ti-6Al-4V; they finally fixed it to 850°C using different temperature XRD measurements.
Because of the non-unique definition of the constitutive laws for the characterization of the material behavior used to
simulate the mechanical response of the AM parts, the value of the annealing temperature needs to be deepened. Ding
et al. [23-24] found that the maximum temperature achieved during the WAAM process is one key factor affecting the
generation of the residual stresses in the built. Based on this, they develop a simplified steady-state model where the
peak temperature determines the stress evolution. Although the computational time reduced of almost 80%, the proposed
method is accurate only when large parts are analyzed. In fact, the steady-state approximation introduces significant
errors in case of small size parts [25].

Although different numerical methods have been reported in literature to deal with the thermomechanical analysis
of the AM process, most of them focus their studies on simple AM structures. One of the key objectives of this work is
to extend the analysis to more complex geometries such as the proposed rectangular and S-shaped models while keeping
the accuracy of the fully coupled thermo-mechanical simulation framework with the high-fidelity reproduction of the
metal deposition sequence.

The reduction of the residual stresses and distortions is the second main challenge of this work. Taking advantage



from the expertize gained in welding, Chin et al. [26,27] showed that increasing the initial temperature of the substrate
just before the metal deposition process together with an enhanced mechanical constraining can reduce both residual
stresses and distortions. However, the preheating strategy is not analyzed in the case of complex geometries. Corbin et
al. [28] showed that the substrate preheating mitigates the deformation in thin substrate but increases the distortion of
thick ones. However, the relationship between the substrate thickness and the preheating procedure is not quantified.
Some further studies [29-31] indicate that the use of rolling processes in Wire-feeding by Arc Additive Manufacturing
(WAAM) is helpful to mitigate the residual stresses.

This given, the objective of this work is to study the evolution and mitigation of residual stresses and distortions
induced by the DED technology for Ti-6Al-4V when complex rectangular and S-shaped parts are fabricated. Firstly, a
3D coupled thermo-mechanical FE software is used to predict the thermomechanical behavior of Ti-6Al-4V parts
fabricated by DED technology. The optimization of both process and material parameters for Ti-6Al-4V suitable for
thermomechanical modeling of DED was presented in our previous work [11]. The software is further validated in our
Labs using a DED machine to fabricate different parts by varying the process parameters. The relationship between the
actual parameters and the modeling strategy is discussed in detail. Secondly, using the validated model, different
preheating strategies and cooling rates are analyzed to prove their influence of on the mitigation of both residual stresses
and distortions. Finally, the simplification of the actual deposition strategy used to reduce the computational cost in AM

simulation is proposed.
2 DED modeling

Firstly, a 3D transient thermal analysis is performed to calibrate the temperature field according to the heat
absorption characterizing the DED process and the heat dissipation through the surrounding environment. Next, a fully
coupled thermo-mechanical analysis is performed to predict the evolution of both the stress and strain fields as well as
the distortions of the builds. Note that the energy input from the laser source is much higher than the plastic dissipation
(negligible) so that the problem is weakly coupled (one way coupling). Hence, a staggered solution arising from a
fractional step method is preferred to the monolithic approach. In this section, the governing equations and the
constitutive laws of both the thermal and the mechanical problems are briefly summarized. A more detailed description
modelling strategy for AM has been presented in previous work of the authors [5,11,13,32].

The FE analyses are performed using the Comet software developed at the International Center for Numerical
Methods in Engineering (CIMNE) [33]. The GiD pre-post-processor [34] is used for the CAD design, the mesh
generation and the results post-processing.

2.1 Transient thermal analysis
The transient energy balance equation to compute the heat transfer analysis in the whole volume of the component
Hz_v'q+Q+Dmech ()

where H is the rates of enthalpy, Q is the heat source and D, is the thermomechanical dissipation. The heat flux

q is computed thought the Fourier’s law as:
q=—kVT )



where k is the temperature dependent thermal conductivity.
Newton’s law of cooling states that the heat loss due to the heat convection, qcopy, IS:
Geonv = heonv (T — Teny) ®)
where h.,,,, IS the heat transfer coefficient by convection, T is the temperature on the surface of the part, and T,
is the ambient temperature.
The heat radiation is computed using Stefan-Boltzmann’s law:
Graa = €raaOraa(T* — Tony) )]

where &,.44 IS the surface emissivity, o,,4 is the Stefan-Boltzmann constant.
2.2 Mechanical analysis

The balance of momentum equation characterize the mechanical problem used for the stress analysis:

V-6+b=0 5)
where o is the Cauchy stress tensor and b are the body forces.

The mechanical constitutive law is defined as:

c=C:¢g (6)
where C is the fourth order elastic constitutive tensor. The elastic strains, &, are calculated as:

Ee = €—Ep—e&r (7)

where ¢, e, and er are the total, the plastic and the thermal strains, respectively. The specific thermo-visco-elasto-
visco-plastic constitutive model for AM used in this work is detailed in references [13, 32]. The stress relaxation induced
by phase transformation has been taken into account and the corresponding annealing temperature is set to 850°C [20,
22].

2.3 Rectangular and S-shaped models

Two geometries are considered in this work: a rectangular deposition 70 mm long and 30 mm wide, and a S-shaped
deposition defined by an inner radius of 20 mm (see Fig. 5). Both depositions consist of 44 layers. Fig. 1 presents the
FE meshes of both the rectangular and the S-shaped geometries used for the model calibration through experiments.
The mesh in Fig.1(a) fits to the actual geometry of the metal deposition (conformal mesh) while the S-shaped geometry
uses a non-conformal mesh as shown in Fig.1(b): according to the scanning sequence, only the elements belonging the
actual geometry (see Fig. 5) are activated to be computed and assembled into the computational model. The mesh of the
rectangular deposition consists of 57,880 Q1P0 hexahedral 8-noded elements and 71,391 nodes. The mesh of the S-
shaped deposition consists of 107,280 Q1P0 hexahedral 8-noded elements and 120,131 nodes. There are 4 elements
placed across the laser beam diameter and 1 element per layer thickness. The sensitivity analysis addressing the use
similar mesh densities has been presented in [5], and also discussed in [11,20]. Note that the mesh of the base plate is

coarsened far from the deposition, guaranteeing the result accuracy of the solution, while reducing the computation cost.



Fig.1. FE meshes used for the numerical simulation of the AM process: (a) rectangular deposition; (b) S-shaped deposition.

2.4 Material properties of Ti-6Al-4V

Table 1 lists the temperature-dependent material properties of the Ti-6Al-4V alloy used in the analyses of both
components [35]. For temperatures above the melting point, the heat conductivity is increased to take into account the
heat convection flow inside the melting pool. The values of the material properties in the full temperature range are
obtained by the linear interpolation among the values reported in the table. Note that, the thermophysical properties of

the base-plate are the same as used for the metal deposition.

Table 1 Temperature-dependent material properties of Ti-6Al-4V.

Temperature  Density  Thermal Heat Poisson’s  Thermal Expansion Young’s Elastic
(°C) (kg/m®)  Conductivity Capacity Ratio Coefficient (um/m/ Modulus Limit
(W/(m-°C)) (J/(kg-°C)) °C) (GPa) (MPa)
20 4420 7 546 0.345 8.78 110 850
205 4395 8.75 584 0.35 10 100 630
500 4350 12.6 651 0.37 11.2 76 470
995 4282 22.7 753 0.43 12.3 15 13
1100 4267 19.3 641 0.43 124 5 5
1200 4252 21 660 0.43 12.42 4 1
1600 4198 25.8 732 0.43 125 1 0.5
1650 3886 83.5 831 0.43 125 0.1 0.1
2000 3818 83.5 831 0.43 125 0.01 0.01

2.5 Boundary conditions

The base-plate is clamped as a cantilever by prescribing all movements at the lower and upper surfaces (see Fig.1).
Both heat radiation and heat convection conditions are applied to all the external surfaces of the base-plate and the metal
deposition. The heat transfer coefficient by convection for DED process of Ti-6Al-4V is set to 1 [W/m?-°C], while the
emissivity parameter is set to 0.285. The value of the heat transfer coefficient by conduction at the contact interface
between the base-plate and the supporting structure takes into account the thermal inertia of this supporting structure
avoiding its computation. By correlating experimental and numerical results, the heat transfer coefficient used for the
Newton’s model is set to 50 [W/m?-°C]. The environment temperature is 25°C. Finally, the energy absorption coefficient,
n, is set to 0.3. The values of all the material and processing parameters used in the model are obtained through the

experimental measurements and the numerical calibration as described in following Section.



3 Experimental procedure

3.1 Experimental setup
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Fig.2. Directed energy deposition (DED) system.

DED technology is employed to fabricate five components on Ti-6Al-4V annealed substrates of 140 x 50 x 6 mm?,
Plasma Rotating Electrode Processed (PREPed) Ti-6Al-4V powder with a spherical particle size between 53 and 150
um is used for the metal deposition (blown powder). The powder is dried in a vacuum oven at 150°C for 2h before DED.
Fig. 2 shows the DED system using a YLS-3000 IPG Photonics fiber laser with a wavelength ranging between 960~1200
nm. A maximum power of 3 kW can be applied in a close chamber filled with argon to prevent the oxidation during the
DED process. The energy beam generates 4 mm spot at the component surface. A Gaussian beam profile is used to
distribute the total energy trough the spot surface.

Fig. 3 shows the scanning sequence adopted to build the rectangular model: the deposition makes use of 4 different
sequences repeated every 4 layers.

The reciprocating scanning strategy is adopted to manufacture the S-shaped model.

Table 2 shows three different sets of process parameters used to fabricate the rectangular shape by DED. In the
case of the S-shaped deposition, the only the process parameters of Case-1 and Case-2 have been adopted. The up-lift
height has been adjusted to match the actual feeding rate at constant scanning speed.

In the case of the rectangular geometry the final height of the built was 21.56 mm, 18.48 mm and 12.32 mm with
a wall width of 4.8 mm, 4 mm and 4 mm, respectively, according to the 3 sets of process parameters described in Table
2. For the S-shaped geometry the final height was 22.48mm and 20.68 mm while the wall width was 5.4 mm and 4 mm,

according to the Case-1 and Case-2 process parameters in Table 2.
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Fig.3. Schematic of the laser path order during DED process.

Table 2 Processing parameters of DED.



Power Scanning Up-lift Feeding

Case input (W)  speed (mm/s) height (mm) rate (g/min)
1 1500 10 0.45 12.0

1000 10 0.4 12.0
3 1000 10 0.25 8.0

3.2 In situ deposition measurement

In situ distortion of the base-plate during the DED process is monitored by two Displacement Sensors (DS), as
shown in Fig. 4. The DS used in this work is WXXY PM11-R1-20L, with measurement accuracy of 0.02% and a
maximum range of 20 mm. The vertical displacements to two points on the bottom surface of the base-plate is recorded,
as shown in Fig. 5. Similarly, in situ temperature is measured at different locations on the bottom surface of the base-
plate (see Fig. 5) using Omega GG-K-30 type K thermocouples with a measurement uncertainty of 2.2°C or 7.5%. The
thermocouple and the displacement signals are recorded using a Graphtec GL-900 8 high-speed data-logger.

Di—splaccmcnt ,
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(a) Rectangle deposition (b) S-shaped deposition

Fig.5. Sample dimensions and location of the thermocouples and displacement sensors (Unit: mm).

4 Results and discussion

4.1 Temperature history

The thermal history of the base-plate is simulated and compared to the experimental measurements. Fig. 6 and Fig.
7 show the thermal histories at the different thermocouple locations of the base-plate (see Fig. 5) of the rectangular and
S-shaped depositions, respectively. The data are obtained through the simulation and the experimental measurements

during the actual manufacturing, respectively. A remarkably good agreement is achieved.



In the DED process, the evolution of the temperature can be split in 3 phases. Firstly, the base-plate is rapidly
heated up by the heat input from the room temperature up to the peak temperature. This temperature exceeds 650°C,
550°C and 600°C when depositing the 10™, 12t and 12" layer, respectively. It can be seen from Fig. 6 that the peak
temperature measured at TC3 is about 80°C higher than the value at TC1. The second stage corresponds to the deposition
of the remaining layers till completing the built. The sample temperatures begin to decrease gradually due to the larger
distance of the heat source from the base-plate according to the growing of the part. After the deposition process is
completed, the laser input is switched off and the substrate quickly cools down. During the deposition process, both the
simulated and the experimental curves show the fluctuations resulting from the regular scanning movement of the laser

along the scanning path. Due to the increasing distance from the substrate, this amplitude slowly reduces.
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It can be seen that increasing the laser power, the higher mass input leads to higher peak temperatures as well as
larger temperature fluctuation amplitudes, respectively.

Similar temperature evolutions at the different thermocouples placed on the S-shaped model can be observed in
Fig. 7. Note that the time needed for reaching the peak temperature for the S-shaped samples is larger and corresponds
to the deposition of the 20™ layer.

There is a slight mismatch between the numerical and experimental results due to the simplification of the thermal
boundary conditions in the DED process. A possible reason for this is that there is a non-negligible part of the powder
which is accumulated into the melt pool. Similar results have been published by Denlinger et al. [20] showing that the
temperature of the sample increases for roughly the first third of the build and then starts to decrease due to the
incremented penetration of melt-pool for higher temperature of the built.

The average error in the whole calculation for each case can be calculated as:

(Xexp)i‘(xsim)i
(xexp)i

- ®)

where n is the number of simulated time increments between the beginning and ending of the deposition, i is the

100 X7,

%Error =

current time increment, x.,,, is the measured temperature, and x;, is the corresponding simulated temperature. The

errors at the different thermocouple locations are shown in Table 3 are less than 12.74% for all cases.

Table 3 The average error of the temperature evolution.
%Error %Error %Error %Error %Error %Error %Error %Error

€8 1c1 tcs Tes Tt T2 T3 Tc4  TCs
Rectangular deposition S-shaped deposition

1 4.98 4.82 10.46 3.72 4.94 6.83 4.55 5.88
8.67 5.97 12.74 2.97 4.75 5.98 431 6.04

3 7.40 6.56 1251

4.2 Distortion history
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(a) Case 1; (b) Case 2; (c) Case 3.

The vertical displacements at the DS locations of the rectangular deposition are calculated and compared to the
experimental measurements during DED using different process parameters. Fig. 8 shows the evolution of the vertical
displacements of rectangular deposition obtained from calculations and experiments at locations DS1 and DS2 of the
base-plate (as presented in Fig. 5(2)).

The distortion history for each case can be split into 4 phases. During the deposition of the 1% layer, the thermal
dilatation of the upper surface of the substrate yield to the generation plastic deformations. This initial displacement is
about 0.15 mm downward. After that, the cooling and shrinking of the metal deposition results in a sharp upward
displacement of about 1 mm upward. This first phase is the responsible of about 50% of the total distortions. The reason
for that is that large thermal gradients induced by the heat source on the cold base-plate provoke the large distortion.
During the deposition going from the 2™ to the 8™ layers (in Case 1), the distortions of the substrate is gradually reduced
from 1.2 mm to 0.7 mm, as shown in Fig.8(a). The temperature of the substrate ranges from 380°C at the end of the 2
layer to 650°C for the 8™ layer, corresponding to the end of this stage (see Fig. 6(a)). When the temperature of the Ti-
6Al-4V alloy reaches the alpha-beta phase transformation (between 600~980°C), the transformations strains are
opposed to the thermal strain due to the contraction of the molten material [20]. Hence, the corresponding thermal
softening results in a stress relaxation and then a reduction of the substrate distortions. During the deposition of the
remaining layers (from 9™ to 44™) till finishing the part, the distortion of the substrate increases again. The average
value of the distortion is proportional to the temperature of the base-plate (see Fig.6(a)). In the final cooling stage, the
deformation of the substrate rapidly increases up to 0.5 mm within 50 s; thus almost 25% of the total distortion is
developed at the beginning of the cooling stage without changing very much during the rest of the cooling phase.

Note that, when the laser power is increased by 50% (Case 1 vs. Case 2), the final residual distortion is also
increased by 40%. Contrarily, when the powder feeding is increased by 50% (Case 2 vs. Case 3), the final residual
distortion is increased by 3%, only. Hence, increasing the heat input has a significant impact on the distortion of the

substrate while changing the powder feeding almost does not affect the residual distortion.
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Fig. 9 shows the experimental measurements of the longitudinal bending evolution of the S-shaped depositions at
each DS (see Fig. 5(b)). Observe that there are many similarities with the evolution of the distortion of the rectangular
depositions, such as the sharp increases of the longitudinal bending during the deposition of the first layer and during
the final cooling phase. However, after the deposition of the 2" layer the vertical displacements quickly reduce and then
holds nearly constant during the remaining deposition process. The reason for this is that the temperature field of the S-
shaped part is above 500°C throughout the subsequent deposition (see Fig. 7). This issue guarantees the thermal
softening of the entire base-plate leading to a significant reduction (less than 0.81mm) of the bending induced by the
initial deposition. Note that, when the laser power is increased by 50%, a distortion in the transversal direction (0.13
mm) appears, which indicates that the lack of symmetry of this structure affects significantly the mechanical responses

of both distortion and residual stresses.
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Fig.10. Rectangle depositions: thermo-mechanical evolution of Case 1 with decreasing the initial layer thickness: (a) Temperature; (b)
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During the initial deposition process, a slight mismatch between the numerical and experimental distortion is

appreciable in Fig. 8. One possible reason for this is that the model considers a constant average thickness of the



deposited layers (final height of the built divided by the total number of layers). However, in the initial phase of the
DED process, the heat input in the molten pool is rapidly absorbed by the cold substrate, and so the actual dimensions
of the molten pool are reduced, leading to a smaller layer thickness during the initial metal deposition process. After the
deposition of the following layers, the temperature of the substrate is gradually increased and the balance between the
heat input and heat dissipation reaches the steady state. Hence, the temperature field within the molten pool reaches a
dynamic stability in terms of shape, size and maximum temperature. Thus, the effective thickness and width of the
deposited layer also gradually increase and stabilize during the DED process.

In order to verify the above hypothesis, a simplified model with only 12 layers is considered. The thickness of each
layer is set to 0.35 mm (while the average thickness is 0.49 mm for Case 1) keeping all the other model parameters
unchanged. Fig. 10 shows the comparison of both the temperature and distortion between the numerical reference and
the simplified model. It can be seen that the difference between the two temperature curves is negligible, while the
distortion is notably improved in the simplified model. This demonstrates that the thickness of the first layers is actually
smaller than the average thickness during the steady state conditions, and its impact on the mechanical response is
remarkable. Note that the distortion evolution in the more advanced phase of the metal deposition process is in good
agreement with the experimental measurements (see Fig. 8).

Fig. 11(a) shows the predicted deformation for the manufactured rectangular deposition for Case 1 and Fig. 11(b)
shows the corresponding experimental data. The residual deformation is measured in terms of the final bending of the
substrate. The deformation predicted by the model is 2.63 mm, which is in good agreement with the experimental
measurement of 2.61 mm.

Based on the above analyses, the large thermal gradients in the initial phase of the metal deposition and the high
cooling rates in final cooling phase are the responsible for the residual distortion. Moreover, this distortion is also
strongly influenced by the geometry and the process parameters selected. In particular, it turns out that increasing the
initial temperature of the substrate before the metal deposition and controlling the cooling rate once the built is
terminated are the key factors to reduce the longitudinal bending of the base-plate. Finally, to mitigate the transverse
distortion (e.g. for the S-shape geometry) it is necessary to optimize the process parameters and particularly the laser

power and scanning speed.
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Fig.11. Rectangular deposition: Comparison of simulation predicted distortion of case 1 with experimental result.



4.3 Stress fields
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Fig. 12. Thermal evolution of the rectangular deposition: (a) maximum thermal gradients along the scanning direction according to the
deposition sequence; (b) thermal history of point T under Case 1.

In this section, the evolution of the stress field of the rectangular deposition for Case 1 is analyzed. In order to
assess the thermomechanical response induced by the DED process, the maximum thermal gradients along the scanning
direction and the thermal history of the point T are shown in Fig. 12. Fig. 12(a) shows that the maximum thermal
gradient is about 7.25x10°°C/m and corresponds to the deposition of the first layer (the substrate is cold at the beginning
of the DED process). By increasing the number of the deposited layers, the maximum thermal gradient gradually reduces,
to stabilize after the deposition of the 10™ layer according to the temperature increase of the substrate (see Fig. 6). When
the powder feeding is reduced (Case 2 vs. Case 3), the heat absorption for the metal deposition is remarkably reduced
leading to an increase of the melt-pool temperature. Hence, the thermal gradient for Case 2 is larger than for Case 3. In
addition, the thermal curve, shown in Fig. 12(b), generates a sharp fluctuation in the first few layers and then tending to
steady, which indicates that a very inhomogeneous thermal distribution is provoked in initial stage due to the high energy

input and the cold base-plate. These severe temperature changes induce notably the generation and development of the
stresses and distortion.
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Fig. 13. Rectangular deposition: calculated stress (ox«) at the mid yz cross-section under Case 1 during the DED process.

The longitudinal stresses (oxx) along the direction of the deposition at the mid yz cross-section are shown in Fig.
13. In this figure, it can be seen that after the deposition of the 1% layer, a maximum tensile stress of 560 MPa is generated
at the interface between the base-plate and the metal-deposition together with a compressive stress (-150 MPa) in the
middle of the substrate. This is due to the large thermal gradient and the rapid cooling and shrinkage of the built.
According to the reduction of the thermal gradient during the deposition of the first 10 layers, the tensile stresses at the
bottom of the deposition reduce significantly. After the deposition of the 10" layer, the tensile stresses remain unchanged
close to the value of 300 MPa. In the cooling phase, the maximum tensile stress increases up to 400 MPa, that is, to 25%
of the maximum residual stress. Note that most of the layers far away from the base-plate show a lower level of residual
stress.

The evolution of the longitudinal stresses in the walls for Case 1 at different process times is shown in Fig. 14. Fig.
14(a) and (b) show that, after the deposition of the 1%t layer, the rapid cooling and the shrinkage of this layer result in
the plastic deformation due to the thermal contraction of the top surface of the substrate near the deposition (see Fig.
12(b)). This contributes to increase the distortion of the substrate (see Fig. 8). At the same time, there exist large
longitudinal tensile stresses along the scanning direction for both the shorter and the longer walls, reaching values up to
700 MPa. The transversal stresses are very small due to the stiffness of the walls under construction. After the deposition
of the 2" layer, the longitudinal tensile stresses on the top of the walls along the scanning direction clearly decrease,
due to the quick increasing of the substrate temperature and the reduction of the thermal gradient. The maximum tensile
stresses occur at the interface between the base-plate and the metal-deposition. Continuing the manufacturing process,
the cooling and shrinkage of the different layers provoke a slight increase of the compressive stresses at the upper
surface of the substrate. After the deposition of the 10" layer, the temperature field becomes more uniform while the
level of the stresses is reduced. When the deposition of all the layers is finished, the thermal contraction of the entire
structure results in the mechanical compression of the upper surface of the substrate while the bottom surface is
subjected to tensile stresses up to 300 MPa, leading to bending of the base-plate at the end of the metal deposition

process (see Fig. 8).
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Fig. 14. Rectangular deposition: the evolution of the stresses field under Case 1 for different process times: (a), (c), (e), (g), (i) longitudinal
stress (oxx) for the longer walls; (b), (d), (f), (h), (g) the longitudinal stress (ayy) for the shorter walls.

Fig. 15 shows the longitudinal residual stress distributions for the long and the short walls along the red and yellow
lines on the top of the substrate (see Fig. 15). Observe that the large tensile stresses (oxx and ayy ) in the longitudinal
direction reach values up to 400 and 480 MPa, respectively. However, the longitudinal residual stresses within the
rectangle are compressive with values up to -200 MPa. The sharp cooling and shrinkage of the rectangular deposition
during the final cooling phase are the main responsible for this (see Fig. 6). From the numerical analyses, the actual
dimensions of the rectangular deposition are smaller than the nominal geometry due to the shrinkage of the entire

structure during the cooling phase.
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Fig.16. Rectangular deposition: calculated residual von Mises stresses: (a) Case 1, (b) Case2, (c) Case3.

The calculated von Mises residual stresses for each case at the room temperature are shown in Fig. 16. It can be
seen that the larger stresses occur at the interface between the base and the deposition. In particular, the largest residual

stresses (600 MPa) are located at the corners of the walls due to the higher thermal gradients induced by the local heat



accumulation at these points. Although the residual stress distribution is similar for all cases, higher heat input (Case 1)
induces the largest residual stresses; especially the compressive stresses at the upper surface of the base-plate (see Figs.
14 and 16). Moreover, increasing the powder feeding by 50% (Case 2 vs. Case 3) has little effect on the residual stress
filed. These results are consistent with the conclusions obtained in section 4.2.

By analyzing the evolution of the longitudinal stresses during the WAAM process of a single-wall discussed by
Ding et al. [23] also reported in [36-38], it is found that large thermal gradients and high cooling rates are two key
factors for the generation and development of distortions and stresses, independently of the heat sources used (laser,
electron beam or arc) or the clamping condition of the substrate. In particular, the maximum value of the longitudinal
residual stresses is concentrated at the interface between the substrate and wall, while decreasing towards the top of the
wall. The rectangular and the S-shaped depositions present some similarities with the thermo-mechanical behavior of
the single-wall presented by Ding et al. [23]. Nevertheless, increasing the complexity of the fabricated components
makes their thermo-mechanical behavior more intricate. In particular, the heat diffusion process and heat losses depend
on the scanning strategy (power input, feeding rate, deposition sequence, etc.), size and shape of the selected components.
The differences in the temperature field influence the local material strength and the global stiffness of the structure.
Hence, studying more complex geometries, while preserving the accuracy of the simulation framework, is important to

analyze the effects induced by the process parameters.
5 The influence of preheating and cooling rate on the mechanical field

It is possible to reduce residual stresses by preheating the substrate [28,37]. The effectiveness of this method must be
proven for relatively complex structures. Therefore, different preheating strategies and cooling rates are examined to find
the optimal method to mitigate both the deformation and the residual stresses. Fig. 17 shows three different scanning paths
used for the DED: (1) spiral pattern defined by three cycles; (2) transversal pattern, in which the laser moves parallel to
the shorter walls; (3) longitudinal pattern, in which the laser moves parallel to the longer walls. Next, different pre-heating
temperatures used to heat the whole substrate are also discussed: 400 °C, 500 °C, 600 °C and 700 °C, respectively.

Spiral preheat _—
for 3 cycles :
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Fig.17. Rectangular deposition: different scanning strategies of laser preheating used in Case 1.
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Fig.18. Rectangular deposition: the predicted distortion at the DS1 of the substrate under different preheating conditions.

The substrate distortions due to different preheating conditions for the process parameters of Case 1 are shown in Fig.
18. A significant variation of the substrate distortion is due to the use of different scanning paths. The use of longitudinal
preheating is the worst resulting in a maximum distortion of 3 mm. The best solution consists of using the spiral path
leading to a more uniform temperature field for the whole substrate.

By increasing the preheating temperature of the whole substrate can reduce the residual deformation. In particular,
when the temperature is about 700 °C, the initial deformation of the substrate almost vanishes. The reason for this is that
increasing the preheating temperature of the whole substrate, the thermal gradients during the initial deposition reduces
correspondingly. Although the distortion due to the deposition of the first layers can be alleviated, it can develop in the
subsequent deposition process and, particularly, during the cooling phase.

The simulated longitudinal residual stresses using different preheating conditions at the top surface of the substrate
are shown in Fig. 19. The results show that the preheating can mitigate effectively the residual stresses. For three different
scanning patterns, the longitudinal preheating is the most effective method to mitigate the tensile stress at the interface
between the substrate and the deposition. However, the transversal and longitudinal preheating result in larger compressive
stresses (up to -600 MPa) at the edges of the substrate. When the preheating temperature is set to 700°C, the material is
softened and the residual tensile stress at the bottom of the deposition is less than 60 MPa.
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Fig. 19. Rectangular deposition: calculated longitudinal residual stress at the top surface of the substrate for different preheating conditions: (a)
paralleling the longer walls; (b) paralleling the shorter walls.

Fig. 20 shows the influence of the cooling rate of the deposition on the mechanical response of the built for Case 1.
In this analysis, the initial temperature of the substrate is set to 700°C and the ambient temperature decreases uniformly
from 400°C (or 500°C) to 25°C in 3 hours in the final cooling phase. It can be seen from Fig. 20(a) that when increasing
the ambient temperature, that is, when decreasing the temperature gradients of the deposition, the distortion induced by
the manufacturing process is effectively mitigated. When the ambient temperature reaches 500°C, the maximum distortion
during the depositing process and the final distortion does not exceed 0.025 mm and 0.5 mm, respectively. It can be seen
from Fig. 20(b) that the residual von Mises stresses of the deposition when the ambient temperature is 500°C are very
small. The maximum value is less than 100 MPa.

The mitigation of the maximum residual tensile stress and the final deformation applying the different preheating
strategies and cooling rates is shown in Table 4. When the preheating temperature of the whole substrate is about 700°C
and the ambient temperature is kept at 500°C in the DED process, the final deformation and residual stresses are mitigated
by 90.1% and 80.2%, respectively.
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Fig. 20. Rectangular deposition: calculated mechanical responses of the build under Case 1: (a) distortion for different cooling rates; (b) residual
von Mises stresses for ambient temperature at 500 °C.



Table 4 Reduction of distortion and maximum residual tensile stress under Case 1 for different preheat conditions and cooling rates.

Spiral Transverse Longitudinal Preheat Preheat Preheat Preheat Tambient 8 Tambient at

preheat preheat preheat 400°C 500°C 600°C 700°C 400°C 500 °C
Distortion (%) -0.8 2211 -88.3 3.9 5.2 15.9 29.3 634 80.2
Residual stress (%) 228 39.7 45.2 55.7 704 80.3 85.2 87.3 90.1

6 Simulation speed-up

There exist many simplified methods to speed-up the simulation time. In the case of powder-bed technologies such
as the Selective Laser Melting (SLM), the use of the inherent strain methods [39-40] drastically reduce computational time
by completely decoupling the stress analysis from the thermal diffusion process. This is possible because of the thin size
of the layers, the use of low energy input and the recoating time (while spreading a new powder layer the whole temperature
of the component drops below the annealing temperature). This is not the case when using the DED technology. Hence,
the strategy proposed is based on the simplification of the scanning sequence: the problem is solved by a fully coupled
method but the activation strategy can be reduced to a layer-by layer sequence. In this work a 4-layer-by-4-layer activation

strategy has been selected to further enhance the CPU-time while preserving the global trend of the simulation.
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Fig. 21. Rectangular deposition: numerical results of obtained by 4-layer-by-4-layer strategy under Case 1: (a) thermal history; (b) distortion.
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Fig. 22. Numerical results of residual von Mises stresses filed under Case 1: (a) numerical reference; (b) using 4-layer-by-4-layer strategy.
Hence, at each time step, the elements belonging to the next 4 layers are activated, using an equivalent scanning rate



of 2.5 mm/s. Fig. 21 and Fig. 22 show the numerical results obtained. Even if large oscillations of the thermal field can be
observed in Fig. 21(a), the average value as obtained by the experimental data is preserved.

Fig. 21(b) shows a large mismatch of the displacements (more than 1 mm) due to the use of this simplified strategy
just after the deposition of the first 4-layers. However, during the following metal deposition and cooling phases, the
distortion calculated using the 4-layer-by-4-layer activation strategy agrees well with the experimental results and the
numerical reference. The simplification of the scanning strategy affects the thermal distribution at the beginning of the
process when the temperature gradients due to the cold substrate are smoothened; when approaching the steady-state
conditions, the thermomechanical behavior is less sensitive to the scanning strategy adopted.

Note that there still exist some differences in the residual stress field. Even if the global average stiffness of the
structure is preserved, the stresses are affected by the local conditions (peak temperature and temperature gradients), as
shown in Fig. 22.

This simplified strategy leads to a reduction of the CPU-time of 77%. Hence, depending on the simulation accuracy
required, the 4-layer-by-4-layer activation strategy is an efficient way to get a fast prediction the thermomechanical

behavior of the metal deposition by DED.
7 Conclusion

In this paper, a 3D thermo-mechanical FE model is calibrated to study both distortions and residual stresses induced
by DED. The sensitivity to the process parameters is analyzed. One of the challenges of this work consists of studying
complex geometries while preserving the accuracy of the computational framework. Once validated, the model has been
used to explore different preheating and cooling strategies as well as their sensitivity on the final residual stresses and
distortions.

The samples have been manufactured using the DED technology while monitoring both the temperatures and
distortions through in-situ measurements.

The main conclusions of this work are the following:

1) The computed temperature field is in good agreement with the experimental results. The maximum average error

at all thermocouple locations is less than 12.74%.

2) The use of a constant layer thickness to model the deposition all layers generates a small mismatch in the first
part of the distortion curve. Contrarily, in DED process, the layer thickness gradually increases from the initial
small value (because of the cold substrate) to reach an almost constant value during the following depositions.
Hence, the use of a variable layer thickness should be adopted to optimize the model accuracy in DED process.

3) The complexity of the geometry has a significant impact on the mechanical behavior if compared to simpler and
smaller depositions. This is due to the more intricate heat diffusion which modifies the local strength of the
material and the global stiffness of the structure. The unsymmetrical stress distribution induced by the S-shaped
model is a clear example of the geometrical effects of the components, leading to a large transversal distortion up
to 0.13 mm.

4) The stresses and distortion is strongly affected by the heat input but poorly affected by the powder feeding rate.
Thus, controlling the heat input (laser power and scanning speed) is an efficient strategy to mitigate both residual

distortion and residual stresses.



5) The substrate preheating can reduce the residual stresses but may increase the final distortion (up to 88.3% in the
analyzed geometries). Contrarily, increasing the preheating temperature of the whole base-plate and decreasing
the cooling rate at the end of the deposition can remarkably mitigate both the residual stresses and distortions.
When the preheating temperature reaches 700°C and the ambient temperature is kept at 500°C, the residual
stresses and final distortion are reduced of 80.2% and 90.1%, respectively. The use of different scanning strategies
in the preheating phase has an important effect on the distortion. The more uniform is maintained the temperature
(spiral strategies), the better is the final result.

6) The CPU-time can be reduced by 77% by using a 4-layer-by-4-layer activation strategy. The local accuracy of
the simulation (local temperatures, stress field) is affected by this simulation strategy but the average values of

both temperature and stiffness/distortion are preserved.
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