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This paper proposes a strategy to optimize the design of the substrate structures used in Additive Manufacturing
(AM) by Directed Energy Deposition (DED) tominimize the residual stresses induced by this fabrication process.
To this end, several numerical analyses were performed to analyse different substrate designs in order: (i) to re-
duce the sensitivity to the initial non-steady stage when the first layers ofmaterial are deposited, (ii) to optimize
the heat flux through the substrate to reduce the Maximum Temperature Gradients (MTG) and, (iii) to modify
the substrate stiffness and its mechanical constraining to the thermal deformations during the building process
and the cooling phase. To ensure the reliability of the numerical simulations, an in-house software is calibrated
to allow for an accurate analysis of DED. Thus, an experimental setting is undergone to feed the numerical
model with suitable values of both material and process parameters through temperature and displacement
measurements and numerical fitting. Once calibrated, the software is used to evaluate the performance of several
substrate designs tomitigate the residual stresses induced by the DEDprocess. A thin-walled rectangular part se-
lected as industrial demonstrator showed a significant reduction (up to 62%) of the maximum tensile stresses.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Additive manufacturing (AM) is an advanced industrial technology
for manufacturing high-performance metallic parts through a layer-
by-layer material deposition [1,2]. In Directed Energy Deposition
(DED) the metal powder is blown into the melting pool generated by
a coaxial high energy source (e.g. laser or electron beam). Despite
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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being one of the most versatile AM processes used either to fabricate
new components or to repair damaged parts [3], the DED technology
is characterized by high-energy sources which generate high tempera-
ture fields as well as high temperature gradients. As a consequence,
both residual (tensile) stresses and plastic deformations generally affect
the final metallurgy as well as the structural performance of in service
AM parts [3–5,38,39].

Tomitigate the residual stresses and distortions of AM components,
several researchers have investigated the sensitivity of the DED process
to the scanning strategy, the process parameters and the geometry of
the built structures. It has been observed that the residual stresses can
be mitigated by reducing the local heat accumulation during the
metal deposition. This can be achieved by reducing the scanning length
and/or by increasing the scanning speed [6–8]. The substrate distortion
can be alleviated by optimizing the process parameters (e.g. source
power, scanning speed, feeding rate, etc.) [9–11]. Some other research
works [12–15] revealed that the geometry of the component and, in
particular, its local stiffness, also plays an important role in the develop-
ment of residual stresses in the build. Mukherjee et al. [16,17] demon-
strated how the thermal distortion of AM parts depends on the
material properties, the deposition strategy, the process parameters,
the geometry of the component, as well as the preheating and the
cooling conditions. Mitigation of residual stresses can be achieved by
preheating the substrate before the AM process, thus reducing of the
large thermal gradients during the metal deposition of the first few
layers [18–20]. Li et al. [21] reported a remarkable reduction of both
longitudinal bending and angular distortion by replacing continuous
clamping condition with a more flexible multi-point support strategy.
Denlinger et al. [22] optimized the metal deposition on the base plate
to mitigate the longitudinal bending effects induced by the thermal
field. Afazov et al. [23,24] proposed the geometry compensation strat-
egy to modify the nominal geometry of AM components according to
the thermal deformation predicted by the numerical analysis. Finally,
Hönnige et al. [25,26] showed the advantages of the rolling techniques
in WAAM processes to reduce distortions and residual stresses.

Fig. 1 shows the transition from the “non-steady stage” to the “quasi-
steady stage” during the DED process of a Ti-6Al-4V rectangular frame
[12]. During the entire non-steady stage, both the thickness and the
width of the deposited layers are affected by the heat absorption
through the (initially) cold substrate. As a general conclusion, in DED
process net-shape (nominal) geometries can obtained by reducing the
Maximum Thermal Gradients (MTG). Such MTG generally appear
when thefirst layers ofmetal are deposited on the cold substrate. There-
fore, to enhance the DED process it is mandatory to reduce the MTG by
either pre-heating the substrate [18–20] or reducing the heat flux from
the Heat Affected Zone (HAZ) to the workbench through the substrate
[6–9,25–28]. Thereby, the first objective of this work consists of opti-
mizing the non-steady stage to obtain high quality DED parts.

In Selected Laser Melting (SLM) the workbench is very thick and
rigid. Therefore, the focus is placed on the stiffness and the heat flux
Fig. 1. The transition from the non-steady stage to quasi
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transfer of the support structures [29–31]; these are necessary when
printing overhangs in SLM and they affect the development of thermal
stresses and deformations of the build [29–33]. Contrariwise, in DED
processes the material is directly deposited on the substrate and the
use of supporting structure is generally avoided. Therefore, the overall
stiffness of the building structure depends on the design of the substrate
and its optimization is marginally studied in the literature. A thick sub-
stratefixed on thework-bench is generally used to prevent the develop-
ment of undesired thermal deformations. However, a very rigid
substrate generates large residual stresses which can transform into
plastic deformations during the cooling process. Moreover, during the
cutting process when the substrate is removed, the residual stresses re-
laxation induces a further distortion of the component [17]. Thus, the
optimization of the substrate stiffness in order to mitigate the residual
stresses and the component distortion is the second objective of
this work.

2. Numerical model

The numerical framework used for the high-fidelitymodelling of AM
processes is based on a coupled 3D thermo-mechanical FE module for
transient analysis as part of the in-house software platform COMET
[34] developed at the International Centre for Numerical Methods in Engi-
neering (CIMNE). The thermo-mechanical coupling is handled by a stag-
gered solution: at each time-step, the transient heat transfer problem is
solved first. Next, the mechanical analysis is solved accounting for the
temperature-dependent material parameter data-base.

2.1. Thermal analysis for AM

The balance of energy is the governing equation used to solve the
heat transfer analysis. The local (strong) form of this equation is:

Ḣ ¼ −∇∙qþþ Q̇ ð1Þ

whereH
:

is the enthalpy rate. The heatfluxq is defined through Fourier's
law:

q ¼ −k∇T ð2Þ

where k is the temperature-dependent thermal conductivity.

The heat source (per unit of volume), Q
:

, is defined in terms of the

total energy input (e.g. laser source), P
:

, the heat absorption efficiency,
ηp and the volume of the melt pool, VpoolΔt , as:

Q
:

¼ ηp P
:

VΔt
pool

ð3Þ
-steady stage of a Ti-6Al-4V part deposited by DED.
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Hence, the heat source is uniformly spread inside the melt-pool be-
cause of the lack of resolution of the FE meshes generally used for the
AM analysis at global (component) level [35–37].

The heat loss by convection is computed by using Newton's law:

qconv ¼ hconv T−Tenvð Þ ð4Þ

where hconv is the temperature-dependent Heat Transfer Coefficient
(HTC) by convection, T is the temperature at the component surface
and Tenv is the environment temperature.

The heat dissipation by the radiation is defined by Stefan-
Boltzmann's law:

qrad ¼ εradσ rad T4−T4
env

� �
ð5Þ

where εrad is the surface emissivity and σrad is the Stefan-Boltzmann
constant.

Note that the heat dissipation by convection and radiation mecha-
nism depends on the actual boundary condition (i.e. the current exter-
nal surfaces of the built). Thus, the heat flow is proportional to the
evolution of the building process [35–37].

2.2. Mechanical analysis

The mechanical problem is determined by the balance of momen-
tum and the continuity equations:

∇∙sþ ∇pþ b ¼ 0 ð6Þ

∇∙u−eT
� �

−
p
K
¼ 0 ð7Þ

where the Cauchy stress tensor,σ is split into its hydrostatic (pressure),
p and deviatoric parts s, respectively, as:

σ ¼ pI þ s uð Þ ð8Þ

b are thebody forces per unit of volumeandK(T) is the temperature-
dependent bulk modulus, controlling the material compressibility. The
thermal deformation, eT is expressed as:

eT T , f Sð Þ ¼ ecool Tð Þ þ epc f Sð Þ ð9Þ

ecool(T) and epc(fS) are the thermal expansion/contraction and ther-
mal shrinkage during the liquid-to-solid phase-change, as a function
of the initial temperature T0 and the solid fraction fS, respectively, and
defined as:

ecool Tð Þ ¼ α Tð Þ T−T0ð Þ ð10Þ

epc f Sð Þ ¼ β f S ð11Þ

where α= α(T) and β ¼ ΔVpc

V0
are the thermal expansion and the shrink-

age coefficients, respectively.
Note that the mechanical problem defined by Eqs. (6)–(7) depends

on both the displacements, u, and the pressure field, p and is suitable
for both compressible and the fully incompressible (isochoric) material
behaviors.

In AM, the temperature field varies from the room temperature to
(and above) themelting point. Thereby, thematerialmust be character-
ized in its solid, mushy and liquid phases.

A J2-thermo-elasto-visco-plastic model is assumed in the solid
phase, from the room to the annealing temperature. All the material
properties are assumed as temperature-dependent. The von-Mises
yield-surface is defined as:
3

Φ s, qh, Tð Þ ¼ ‖s‖−

ffiffiffi
2
3

r
σy Tð Þ−qh
� � ð12Þ

where σy(T) is the temperature-dependent elastic limit controlling the
thermal softening and qh is the stress-like variable controlling the iso-
tropic strain-hardening, expressed as:

qh ξ, Tð Þ ¼ − σ∞ Tð Þ−σy Tð Þ� �
1−e−δ Tð Þξ
h i

−h Tð Þξ ð13Þ

where ξ is the isotropic strain-hardening variable, σ∞(T) is the
temperature-dependent saturation flow stress, while δ(T) and h(T) are
the temperature-dependent parameters to control the exponential
and linear hardening laws, respectively.

The deviatoric counterpart of Cauchy's stress tensor is computed as:

s ¼ 2G e−evpð Þ ð14Þ

where G = G(T) is the temperature-dependent shear modulus, while
e and evp are the total (deviatoric) and the visco-plastic strain, respec-
tively. The former is extracted from the total strain tensor ε(u) = ∇sym

(u), while the evolution laws of both the visco-plastic strain tensor
and the isotropic strain-hardening variable are obtained through the
principle of maximum plastic dissipation as:

e
:
vp ¼ γ

:
vp

∂Φ s, qhð Þ
∂s

¼ γ
:
vp

s
‖s‖

¼ γ
:
vpn ð15Þ

ξ
:

¼ γ
:
vp

∂Φ s, qhð Þ
∂qh

¼
ffiffiffi
2
3

r
γ
:
vp ð16Þ

where n is the normal of the yield surface, and γ
:
vp is the visco-plastic

multiplier, defined as:

γ
:
vp ¼ 〈

∂Φ s, qhð Þ
η

〉
1
m ð17Þ

where 〈∙〉 is theMacaulay bracket, while η= η(T) andm=m(T) are the
temperature-dependent plastic viscosity and rate sensitivity,
respectively.

Note that, when the temperature is approaching the annealing
value, σy(T) → 0. Thus, the deviatoric Cauchy stress reduces to:

s ¼ η γ
:
vp

� �m
n ¼ ηeff e

:
vp ð18Þ

where ηeff ¼ η γ
:
vp

� �m−1
is the effective viscosity. Thereby, above the

annealing temperature thematerial is characterized by a purely viscous
law [36,37]. A non-Newtonian behavior m > 1 is used for the mushy
phase (from the annealing to the liquid temperature), while a Newto-
nian law, m = 1, characterizes the liquid phase (temperature values
above the melting point).

2.3. FE modelling of the DED process

To simulate theDED process, a time discretization is required. A time
step,Δt= tn+1− tn, characterizes the time-marching scheme. Thereby,
the melt-pool is allowed to move step-by-step along the scanning pat-
tern from the actual position defined at time tn to that at time tn+1.
Within this interval, the heat is distributed to the elements belonging
to the melt pool volume and, at the same time, the blown powder con-
forms the metal deposition which characterizes this AM process.

The numerical simulation of theDEDprocess needs an ad-hoc proce-
dure to classify the elements into: active, inactive and activated ele-
ments. At each time-step, an octree-based searching algorithm is used
to find the elements belonging to the melt-pool (active) and to the
new metal deposition (activated). Thus, the software reads the same
input file (Common Layer Interface – CLI format) following the actual



Fig. 2. 3D FE meshes used for analysing the DED process: (a) single-wall used to calibrate the AM model; (b) single-wall with rounded corners; (c) hollow structure design for the
substrate; (d) demonstrator with hollowed structure substrate.

Table 1
Temperature-dependent material properties of Ti-6Al-4V [12].

Temperature
(°C)

Density
(kg/m3)

Thermal
Conductivity
(W/(m·°C))

Heat
Capacity
(J/(kg·°C))

Poisson's
Ratio

Thermal Expansion
Coefficient
(μm/(m·°C))

Young's
Modulus
(GPa)

Elastic
Limit
(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 12.4 5 5
1200 4252 21 660 0.43 12.42 4 1
1600 4198 25.8 732 0.43 12.5 1 0.5
1650 3886 83.5 831 0.43 12.5 0.1 0.1
2000 3818 83.5 831 0.43 12.5 0.01 0.01
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scanning sequence as used to inform the DED machine. The birth-and-
death-element technique is used to activate the elements belonging to
the new deposited layer. Both active and activated elements belong to
the current computational domain, while the inactive elements are nei-
ther computed nor assembled into the global matrix of the problem
[35].

2.4. Geometry model and FE meshes

The generation of the CAD geometry, the meshing operation as well
as the post-processing of the results are carried out using the in-house
pre-post-processor GiD [40]. Fig. 2 shows the 3D geometries and the
corresponding FE meshes of different builds. Fig. 2(a) shows the
single-wall model used to calibrate the AM software: it consists of
19,040 hexahedral elements and 24,285 nodes. The base plate is
clamped on the left-hand side as a cantilever beam, while the other
end is free. Fig. 2(b) shows the same geometry but including some
extra material to alleviate the stress concentrations at the corners
where the wall is attached to the substrate. Fig. 2(c) depicts a new sub-
strate design characterized by a hollow structure, proposed to reduce
the residual stresses and the sensitivity to the initial non-steady stage.
Finally, a more complex part is presented in Fig. 2(d) and it is used as
the industrial demonstrator to validate the optimization strategy for
the substrate design. The corresponding mesh consists of 44,000
hexahedral elements and 56,400 nodes.
4

2.5. Material properties and boundary conditions

The temperature-dependent thermal and mechanical properties of
Ti-6Al-4V adopted for the material characterization are listed in
Table 1 [12]. Note that the thermal conductivity is increased up to
83.5W/(m·°C) to take into account the convective flow inside themelt-
ing pool when the temperature is above the melt point [41].

The thermal boundary conditions adopted for all the numerical sim-
ulations account for the heat loss by convection and radiation through
the external surfaces of both the build and the substrate. The HTC by
convection and the emissivity are hconv = 8 W/(m2·°C) and εrad = 0.7,
respectively. TheHTC by conduction controlling the heatflux at the con-
tact interface between the base-plate and the clamping system (or the
workbench) is set to hconv = 100 W/(m2·°C). During the AM process,
the ambient temperature was Tenv = 25 °C. The power absorption in
DED process when using Ti-6Al-4V is set to ηp = 0.3.

These parameters have been calibrated using the experimental data
obtained through the in situ measurements as described in the next
section.
3. Experimental setting

Fig. 3 shows the experimental setting used for the calibration of the
software platform. The single-wall shown in Fig. 2(a) is used for this



Fig. 3. In-situ measurement set-up for the calibration of the numerical simulation of the
DED process: single-wall on a substrate fixed as a cantilever.
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purpose. An annealed Ti-6Al-4V substrate 140mmlong, 6mmwide and
25 mm high is used for the DED process.

Fig. 4 shows the locations of the thermocouples and the displace-
ment sensor. Thedisplacement sensor (WXXYPM11-R1-20L) has an ac-
curacy of 0.02%, a maximum range of 20mm and was employed for the
in-situ measurement of the vertical displacement at point DS placed on
the bottom surface of the substrate during the entire DED process.
Omega GG-K-30 type thermocouples with a recording uncertainty of
Fig. 4. Single-wall: dimensions and location of the thermocoup

Fig. 5. Experimental measurements and numerical results: (a) temperature evo
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±0.75% (or 2.2 °C) were used to measure the temperature history at
points CH1, CH2, and CH3 of the substrate. Additionally, a Graphtec
GL-900 high-speed eight-channel data-logger was used to record the
signals from the thermocouples and displacement sensors.

Spherical Ti-6Al-4V powder (45–325 μm) produced via a plasma ro-
tating electrode process is dried in a vacuum oven at 120 °C during 2.5 h
before the blown-powder process. The DEDmachine is equippedwith a
YLS-3000 IPG Photonics fibre laser system having a wave-length rang-
ing between 960 and 1200 nm and a maximum output power of
3 kW. During the fabrication, the laser power used was 1.5 kW with
3mmof spot size and a Gaussian distribution profile. The laser scanning
speed is 10mm/s. The up-lift height is set to 0.5mmwith a feeding rate
of 12.0 g/min. The average penetration depth is 0.5 mm.

The metal deposition is made of 40 layers, approximately 20 mm
high, 80 mm long and 4 mm wide (one single hatching). The whole
building process is carried out in a closed chamber with protective gas
(pure argon).

4. Calibration of DED model

The thermo-mechanical FE model as well as the material data used
in this work have been validated in previous works [3,12,19,35–37].
Here, only the heat dissipation by convection and conduction are cali-
brated. The numerical fitting of the experimental measurements is
les (CH1, CH2 and CH3) and the displacement sensor (DS).

lution at CH1, CH2 and CH3; (b) vertical displacement history at DS point.



Fig. 6. Residual von Mises stress field of the single-wall.

X. Lu, M. Chiumenti, M. Cervera et al. Materials and Design 202 (2021) 109525
shown in Fig. 5. In this figure, the temperature curves shown corre-
sponds to the measurements at the thermocouple locations CH1, CH2
and CH3, while the vertical displacement is obtained at point DS (see
Fig. 4). The agreement between experiments and numerical results is
remarkable.

5. Substrate optimization strategy

Fig. 6 shows the von Mises stress indicator corresponding to the re-
sidual stress field at the end of the DED process. The highest values are
located at the basement of the single-wall deposition, as previously ob-
served in [3,12,17]. This is mainly due to the large temperature gradi-
ents generated during the deposition of the first layers of the building
over the cold substrate during the initial non-steady stage. The contrac-
tion of these layers is restrained by the substrate, thus generating large
residual stresses.

The optimization of the substrate geometry aims both to enhance
the heat dissipation through the substrate and to reduce its global
Fig. 7. Predicted residual von Mises stress field: (a) by rounding off the corners using differ
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stiffness. On the one hand, if the heat flux is reduced, the thermal gradi-
ents during the initial non-steady stage of the metal deposition can be
reduced also. On the other hand, by reducing the global stiffness of the
substrate, it is possible to achieve aweakermechanical constraining be-
tween the AM-build and the substrate, reducing the formation of plastic
deformations. The drawback of the latter is the possibility of inducing a
larger distortion of the component.

5.1. Minimization of the stress concentrations

In order to minimize the stress concentrations at the interface be-
tween the building structure and the substrate, two possibilities are in-
vestigated: (i) rounding off the sharp angles where the part is attached
to the substrate; and (ii) conforming the substrate to the bottom surface
of the build.

The first idea is verywell known and is actually applied inmany fab-
rication processes to avoid crack initiation at the stress concentration
points. Therefore, all the corners are rounded off to avoid sharp angles.
ent arc radii (R). (b) by using different tangent angles (θ) with respect to the substrate.



Fig. 8. Comparison of the residual von Mises stress distributions along the top surface of the substrate: (a) by rounding off the corners using different arc radii (R); (b) by using different
tangent angles (θ) with respect to the substrate.
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The effectiveness of this method in AM is tested in this work by taking
the rounding angle θ between top surface of the substrate and the
single-wall as the design parameter. The sample with sharp angles is
used as the reference.

Figs. 7(a) and 8(a) show the contour fills and the distributions of the
residual von Mises stress using different rounding radii varying from 2
to 10mm. In both figures, it can be observed that themaximumresidual
stresses increase by expanding the arc radius. This is due to the fast
cooling of the extra material used to print this small zone. However,
the highest stress values are located outside the nominal geometry of
the single-wall, and more precisely, at the external sides of thematerial
used for the rounding off. Thus, the residual stresses are effectivelymin-
imized in the actual build.

As an alternative, the material supply for the rounding off can be re-
duced assuming non-tangent configurations where the angle θwith re-
spect to the substrate is varied from 15° to 75°. Also in this case, the
values of the residual von Mises stress depicted in Fig. 7(b) and Fig. 8
(b) are increasing when reducing θ but, again, the corresponding
highest values are moved far away from the nominal geometry of the
wall. Taking into account the material waste and practical experience,
it is found that θ = 45° is the optimal choice for minimizing the stress
concentration and preventing crack initiation.
Fig. 9.Optimization of the substrate size for the single-wall: (a) vertical displacement histories
substrate.
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5.2. Size optimization of the substrate

In this section, the optimization of the substrate size is investigated.
The distance, d, between the left-hand side of the substrate and the
single-wall is used as design parameter (see Fig. 4). This dimension is
progressively reduced from 20 mm to 15 mm, 10 mm, 5 mm and
0 mm, respectively.

The evolution of the vertical displacement recorded during the entire
DED process simulation is shown in Fig. 9(a) for all the test-cases. As the
wall of the AMdeposition gets closer to the free-end of the substrate, the
vertical displacement of the substrate at point DS gradually decreases. It
is also relevant to observe that most of the substrate distortion occurs
during the non-steady stage, when the first 5 layers are deposited on
the cold substrate. If compared with the reference configuration (d =
20 mm), when d = 0 mm (i.e. the substrate conforms to the lower sur-
face of the build), this vertical displacement is reduced by 30%. The lon-
gitudinal residual stress (σxx) distributions at the basement of the build
are plotted in Fig. 9(b) and in the contour-fills shown in Fig. 10. It can
be seen that the stress concentration on the right-hand side of the
single-wall gradually decreases according to the size of the substrate,
to vanish when d = 0. This is because the mechanical constraining in-
duced by the substrate is gradually reduced, allowing for the free thermal
at point DS; (b) distribution of longitudinal residual stresses (σxx) on the top surface of the



Fig. 10. Contour-fill of the longitudinal residual stress (σxx).

Fig. 11. Different substrates for the metal deposition part during DED process.

Fig. 12. Temperature evolution of point P: (a) solid substrates with increasing height; (b) hollow substrates.
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expansion/contraction of the depositedmaterials. Thus, residual stresses
during the AM process can be satisfactorily mitigated.

5.3. Optimization of the substrate design

In this section, the design optimization of the substrate structure is
investigated. Two types of substrates are analyzed: (i) solid substrates
with increasing height of 5 mm, 15 mm, and 25 mm, respectively; and
8

(ii) hollow substrates with a fixed height of 15 mm but with different
hollow shapes, as shown in Fig. 11. These structures are suitable for in-
dustrial DED fabrications and respond to two objectives: (1) reducing
the heat flux through the substrate, and (2) reducing the substrate stiff-
ness. As a consequence, the initial non-steady phase can be minimized
because of a faster substrate heating. Moreover, the mechanical
constraining due to the substrate stiffness is also reduced and thus, the
residual stresses induced by the metal deposition process are mitigated.



Fig. 13. Norm of the displacements of the single-wall according to the different substrates analyzed: (a) solid substrates; (b) hollow substrates.
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The workbench is assumed as rigid, so the displacements at the bot-
tom surface of the substrate are fixed as in the actual DED process.
Moreover, the size of the substrate is reduced to 80 mm, the same as
the single-wall. Therefore, the stress concentrations at both side of the
single wall are avoided.

Fig. 12 shows the temperature evolution in themiddle point of the top
surface of the substrate for the three substrate thicknesses and for the
three different hollow substrates. On the one hand, the higher is the sub-
strate, the slower is the heat dissipation from the HAZ to the workbench
through the substrate. Hence, the steady state conditions can be reached
faster. On the other hand, the average temperature when using the hol-
low substrates is higher than in the cases of solid substrates. Therefore,
the proposed design is helpful to increase the substrate temperature
and to reduce the non-steady phase at the beginning of the DED process.
Fig. 14. Von Mises residual stress field at the end of the DE
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Fig. 13 shows the norm of the displacement field at the end of the
DED process, for all the tested substrate structures. As shown in
Fig. 13(a), by increasing the height of the solid substrate, the angular
distortion of the build is also incremented. Thus, the hotmaterial depos-
ited during the fabrication of the single-wall is no longer able to contract
because of the higher constraining of the substrate. However, the in-
creased stiffness reduces the formation of residual stresses, as shown
in Fig. 14(a).

A different behavior is appreciated when using the proposed hollow
structures. In this case, the distortion is reduced by increasing the num-
ber of hollows without compromising the residual stress distribution as
shown in Figs. 13(b) and 14(b), respectively.

Fig. 15 shows the predicted residual stresses at the interface be-
tween the single-wall and the substrate, for all the analyzed substrates.
D process: (a) solid substrates; (b) hollow substrates.



Fig. 15. Residual stress distributions on the wall-substrate interface for the different substrate structures: (a) von Mises stresses; (b) longitudinal stresses.

Fig. 16. Wire-cutting process: (a) cutting process; (b) evolution of the vertical displacement at the free end of the substrates as a function of the cutting time.

Fig. 17. Geometry compensation strategy: (a) required steps for the geometric compensation; (b) single-wall AM analysis without geometric compensation; (c) with geometric
compensation.
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Both longitudinal and von Mises stresses are mitigated when adopting
hollow substrates.

To prove the effective mitigation of the residual stresses, both solid
and hollow substrates are removed by wire-cutting, as shown in
Fig. 16(a). The evolution of the vertical displacement at the free end of
the part is presented in Fig. 16(b) as a function of the cutting time. It
can be observed that the stress release induced by the cutting process
of the solid substrate generates a pronounced residual distortion of
theAMpart. Contrarily, removing the hollow substrate only affectsmar-
ginally the distortion of the single-wall. Therefore, the amount of resid-
ual stresses accumulated in the AM part when using the solid substrate
is larger than for the hollow substrate.

As shown in Fig. 13, the drawbackwhen reducing the substrate stiff-
ness is the increase of thermal warpage. A possible solution to recover
the nominal geometry is using the geometry compensation technique
[23,24,42]. Fig. 17(a) summarizes the necessary steps: (1) starting
from the nominal geometry, the DED process is simulated to compute
the warpage due to the thermal deformation and material shrinkage;
(2) this information is used tomodify the nominal geometry generating
the compensatedmodel; (3) the process simulation is repeated to check
if the resulting distortions do not exceed the fabrication tolerances. If
this is not the case, steps (2) and (3) are repeated until the desired geo-
metrical accuracy is reached. Fig. 17(b) illustrates the residual part dis-
tortion without geometry compensation, at the end of step (1), and at
the end of the compensation loop (see Fig. 17(c)). Hence, this strategy
can be efficiently used to obtain high precision AM components [42].

6. Validation of the substrate design strategy

The validation of the proposedmethodology to improve the AM fab-
rication by DED is carried out using the rectangular-shape geometry
Fig. 18. Substrate structure optimization: (a) CAD geometries of the different substrates analyz
deposited layers.
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shown in Fig. 18(a), used as demonstrator. The AM thermo-
mechanical analysis of this component was reported in a previous
work [12]. Here, the objective is to investigate three new substrate de-
signs referred to as: solid, rectangular and hollow substrates, respec-
tively. Also in this case, the workbench is not simulated and the
bottom surface of all substrates is fixed.

The temperature evolution at point T for all substrates is depicted
in Fig. 18(b), while the corresponding MTG (Gxx) along the scanning
direction are shown in Fig. 18(c). As for the single-wall, reducing the
mass of the substrate or/and defining a hollow structure induces
higher peak and average temperatures of the substrate. Hence, the
substrate is forced to heat faster reducing the transient stage. Also in
this case, the hollow substrate shows the fastest fall of the MTG
(Fig. 18 (c)), indicating the rapid establishment of the quasi-steady
stage and a better performance being the preferred design for its
industrialization.

Fig. 19 compares the evolution of the longitudinal stress (σxx) at
the mid-point of the YZ cross-section for all the proposed substrate
structures. This figure shows that, also in this case, the maximum
longitudinal tensile stresses are produced at the interface between
the part and the substrate just after the deposition of the first
layer. By increasing the number of layers, the tensile stresses grad-
ually reduce according to the reduction of the MTG (see Fig. 18(c)).
Nevertheless, more flexible substrates produce lower tensile
stresses in the build. The hollow substrate showed a 62% reduction
of the maximum longitudinal tensile stress. Fig. 20 shows both the
final distortion of the part (displacements norm) and the residual
von Mises stress indicator for the different substrates analyzed.
Also for the selected demonstrator, more flexible substrates gener-
ate lower residual stresses even if the final distortion can be
slightly higher.
ed; (b) thermal histories at point T; (c) MTG (Gxx) evolution as a function of the number of



Fig. 19. Evolution of the longitudinal stresses (σxx) at the mid YZ cross section during the AM process: (a) reference substrate; (b) solid substrate; (c) rectangular substrate; (d) hollow
substrate.

Fig. 20. Mechanical responses of the demonstrator: (a) final distortions (displacements norm); (b) residual von Mises stresses.
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7. Concluding remarks

A 3D thermo-mechanical FE model is calibrated by in-situ experi-
mental measurements using the single-wall structure fabricated by
DED processes. This done, the software platform is used to analyse dif-
ferent substrate structures and some fabrication recommendations are
drawn:

(1) Most of the residual stresses in DED processes are generated dur-
ing the deposition of the first layers, when the substrate is still
cold and very high temperature gradients develop. When the
quasi-steady conditions are reached, much lower residual
stresses are generated during the metal deposition.

(2) Rounding off sharp angles is a good practice to reduce the stress
concentrations in AM as observed inmany other fabrication pro-
cesses. Moreover, focussing on the size of the substrate, the best
option is to consider a substrate conformal to the bottom surface
of the AM component, so that possible sharp angles are avoided
and the flexibility of the substrate is enhanced.

(3) Reducing the size of the substrate is beneficial to mitigate resid-
ual stresses because both the heat flux and the stiffness are re-
duced, allowing for a faster non-steady stage and a lower
mechanical constraining.

(4) Reducing the stiffness of the substrate can increase the final dis-
tortion and warpage of the AM-build. The geometric compensa-
tion strategy can be employed to recover the nominal geometry
at the end of the fabrication.

(5) Hollow substrate structures reduce the transient stage of theDED
fabrication. The heat flow through the substrate to the work-
bench is slowed. Hence, the substrate heats up much faster
than in the case of a solid structures.
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