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Abstract
Simulations of laser-based directed energy deposition of metals have received increasing interest aimed at reducing the exper-
imental effort to select the proper processing condition for the repair or overhaul of actual components. One of the main issues to
be addressed is the evaluation of the residual stress, which may lead to part failure under nominal loading. In this frame and
specifically relating to aluminum alloys, few works have been developed and validated. This lack of knowledge is addressed in
this paper: namely, the proper approach to simulate the activation of the deposited metal is discussed in case of single deposition
and is shifted to a case of multiple depositions over a substrate. The validation of the predicted residual stress is made by
comparison with the actual stress resulting from X-ray diffraction.
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Nomenclature

«a  coefficient of absorption

v volume fraction

€  strain

€. elastic strain

g; lattice strain

€, plastic strain

er thermal strain

#  diffraction angle

o;  stress component along the i-direction

@ Azimuth angle of the stress measurement direction with
respect to the specimen reference system

1) pole angle of the specimen normal with respect to the
diffraction vector

w  incidence angle of X-ray beam with respect to the sam-
ple surface plane
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density

body forces

Cauchy stress tensor

specific heat at constant pressure
stress-free peak position

lattice spacing

shape function of the deposited metal
physical or mechanical property
height of the deposited metal
thermal conductivity

powder feeding rate

laser power

specific heat source

radial coordinate

Elastic constant for X-ray diffraction
temperature

time

laser travelling speed

beam radius

width of the deposited metal
overlapping direction

direction of deposition

direction of laser beam propagation

1 Introduction

The process of directed energy deposition (DED) of metals, in
the family of additive manufacturing technologies, is
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increasingly used thanks to its flexibility in terms of base
material [1]. Many advantages are also offered in terms
of precision, thanks to the highly focused laser beam
allowing local addition of metal in the form of powder
or wire, with reduced thermal affection and distortion of
the substrate. Also, recent studies demonstrated that
common structural defects such as residual porosity
and gradients in the nominal chemical composition of
the products could be addressed by stringent control
standards on the filler metal [2]. Consequently, the pro-
cess has been proposed for the purpose of repairing [3],
overhauling [4, 5] and even locally improving the wear
resistance [6] for many applications.

Nevertheless, the component being processed is exposed to
high thermal gradients leading to residual stress [7, 8].
Namely, residual stress is any self-equilibrated stress system
developed in a component in the absence of any externally
applied load; indeed, as for any laser-based process [9], in
DED, the formation of the residual stress is ascribed to
rapid heating and cooling, due to focused energy. It has
been already shown that untreated residual stress may in-
duce fracture under loading and reduce the fatigue life and
the mechanical properties of the repaired or coated part [10,
11]; moreover, although proper heat treating can be per-
formed to release the stresses depending on the metal alloy
[12, 13], deformations arising during the process may result
in a mismatch with respect to the intended geometry and
even compromise the product integrity [7, 10] or the repair
quality in general [3].

Given this background, the residual stress must be accu-
rately addressed. To this purpose, a reference classification for
the types of residual stress has been proposed [14]: type-I
relates to a macro-scale level, whereas type-II and type-III
have limited effect on the mechanical properties, being at
grain scale and nanoscale, respectively.

As regarding the estimation, three approaches are basically
offered: analytical solving, experimental measurement and
simulation. Unfortunately, with respect to other laser-based
processes, the analytical approach in DED is significantly
complicated because the mechanical behaviour is coupled to
the thermal history, hence to the deposition sequence [15].
Consequently, past analytical works have been only devoted
to predicting the thermal field, and a first attempt involving the
full thermomechanical system of equations has been only re-
cently published [16].

Proper testing methods have been validated, some for the
stress of type-II and -III [14], although most of the available
techniques are focused on type-I stress. Among them, X-ray
diffraction is a well-established, non-destructive technique
[17] allowing precise, spatially resolved stress measurements
over areas of few square millimetres, without any direct con-
tact between the sample and the measurement probe. These
features suit the evaluation in DED: Indeed, the region of
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interest, where the highest residual stress occurs, is located
few millimetres from the melt front [11], where an
extensimeter rosette could not be effectively laid. Therefore,
the hole-drilling method would hardly be applicable in this
case. The approach of X-ray diffraction has already been ap-
plied to additively manufactured parts [18], including DED
[16, 19, 20]. Unfortunately, as a drawback, assessing the re-
sidual stress over the surface of the deposited metal is more
difficult with this method: Through-thickness stress gradients
within the probed volume complicate the analysis and inter-
pretation of results, and the roughness of the as-deposited
material also increases the measurement uncertainty. Indeed,
as the roughness height on an additively manufactured surface
is often comparable to the X-ray penetration depth [21], the
stress relation occurring on asperities would affect the mea-
sured stress value [17, 22-24]. Nevertheless, in the processing
of actual components, the accumulated stress in the substrate
is the most critical feature; therefore, the present study focuses
on the latter.

Many preliminary trials would be required to measure
the residual stress experimentally in different processing
conditions before suggesting the optimum on convincing
grounds. Consequently, a significant effort is devoted at
present to implement reliable simulations, allowing to pre-
dict of multiple responses including not only the residual
stress but also the final geometry, the thermal field and the
deformations, based on the levels of the governing factors.
With this approach, the need for an expensive and time-
consuming experimental campaign would be significantly
reduced.

Given this, simulations received increasing interest in re-
cent years, and many papers have been presented. The physics
to be included in the numerical model depend on the aimed
resolution; namely, increasing levels of details are addressed
in macro-, meso- and micro-scale models [25, 26] so that the
solutions evaluated over the macro-scale, such as the interac-
tion between the heat source and the feeding material, are
projected to the micro-scale to predict the overall response,
such as the residual stress.

A 2D finite element method has been proposed with the
main purpose of controlling the dilution of the deposited metal
with respect to the substrate [27]; the same approach has been
shifted to stress control [28], although a more flexible model is
required over complex geometries. At first, similarities with
the process of laser beam welding have been explored to sim-
ulate the fabrication of metal walls: Indeed, the same mecha-
nism of the temperature gradient is effective to explain the
formation of the residual stress [14, 15]. In detail, it has been
shown that the residual stress changes along with the height
when a metal wall is built, due to the thermal history of the
part [29]. The prediction of the thermomechanical response of
more complex parts has been documented: e.g., rectangular
and S-shaped parts [30], single- and multi-trace cylindrical
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depositions [19] and V-shaped (triangular-slot) defects [3];
nevertheless, due to the specific geometry addressed, the re-
sults are not fully generalisable to other case studies.
Eventually, as regarding the base material, the literature
mainly addressed steel [31], nickel- [20, 32] and
titanium-based alloys [30], leading to a lack of knowledge
about the simulation of the residual stress arising when
processing aluminium alloys of common application in
many crucial fields such as aerospace and automotive
[33]. The specific challenge when dealing with aluminium
alloy is the correct implementation of material-related
thermal-dependant properties such as high reflectivity to
the laser beam and high conductivity; also, specific con-
stitutive laws must be developed or collected from the
literature [34]. For instance, an attempt has been made to
develop a numerical thermo-mechanical model in the case
of direct metal laser sintering of the AlSi10Mg alloy [35].
It has been found that the magnitude of the residual stress
increases with the size of the melting pool, although the
transient temperature distribution over the powder bed is
not representative of the temperature field over a substrate
in the case of DED.

In the frame of modelling the process of DED of aluminum
alloys, this paper is specifically focused on presenting a struc-
tured approach to predict the residual stress, considering the
governing factors and the geometry of the deposited metal
(Fig. 1). More specifically, to place this work in the context
of similar efforts in the literature, the classification offered
by Wei et al. can be referred to [36]. A molten pool model is

Fig. 1 Logical flowchart to build
a molten pool model and validate
the residual stress
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implemented without directly simulating the powder
stream; as an element of novelty, the shape and the size of
the deposited metal are fed to the simulation, based on the
governing parameters. All the crucial material-related ther-
mal-dependant properties have been obtained from relevant
references.

The approach presented in this paper has already been val-
idated by the authors to simulate the thermal and deformation
fields in case of single- and multiple-trace deposition of the
same alloy [37]; since this validation provided convincing
grounds, the model has been further upgraded in this paper
to include the residual stress. Aluminum alloy 2024 has been
selected as the base material for both the powder and the
substrate. A case of single-trace deposition has been simulated
with two different approaches, so to assess the time scale for
natural stress-relieving at laser shut-off and select the proper
method to further implement the simulation for a case study of
multi-trace deposition. The predicted residual stress has been
validated by comparison with the actual stress resulting from
X-ray diffraction.

2 Materials and methods
2.1 Deposition line
The station (Fig. 2) used for the experimental campaign

(Table 1), as described in a previous paper [37], is composed
of a Yb:YAG thin-disc laser (Trumpf, Ditzingen, Germany)

LASER SOURCE
TEMP--DEPENDANT

MATERIAL

PROPERTIES ATTENUATION
BOUNDARY

VIRTUAL AND

PECIMEN INITIAL
SPEC CONDITIONS

MOLTEN POOL

MODEL
TRANSIENT X-RAY
THERMAL FIELD DIFFRACTION
SIMULATED ACTUAL
RESIDUAL  =» VALIDATION <— RESIDUAL
STRESS STRESS
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Table 1 Main features of the experimental station for DED 47 titting
NOZZLE

Parameter Value

Argon flow + defocused laser beam
Maximum laser output power 4 kW " andeof

! stand-of

Operating nominal wavelength 1030 nm Argon flow + powder stream I
Beam parameter product 14.0 mm x mrad ! Y
Adjustable powder feeding rate 0.5+ 300 g'min " I substrate

source operating in continuous mode emission and a powder
feeder with oscillating conveyor (Medicoat, Madgenwil,
Switzerland), receiving argon as carrier gas and delivering
the powder to a three-way feeding nozzle (Trumpf,
Ditzingen, Germany), moved by an industrial robot (ABB,
Zurich, Switzerland). Additional argon has been supplied via
the nozzle itself to prevent oxidation of the substrate. As a
common practice, a stand-off distance has been set between
the nozzle tip and the surface; the laser head has been tilted to
4° to prevent any damage in the optics train due to possible
back-reflections. The levels of the governing factors (Table 2)
have been set based on a previous study aimed at minimizing
the dilution in the substrate and concurrently increasing the
catching efficiency [4].

Commercial, gas-atomized and spherically shaped powder
of AA 2024 (LPW Technologies, Chester, UK) has been used,
with the particle size distribution ranging from 20 to 60 pm.
Plates of homologous nominal chemical composition, 10 mm
thick, have been considered.

As regarding the case study of single deposition, a 55 mm
long trace has been performed in the longitudinal direction
over a 90 mm x 60 mm plate. Instead, as regarding the case
study of multi-trace deposition, five traces, 40 mm long, have
been performed over a 50 mm x 50 mm plate with 25% mu-
tual overlapping, resulting from a 3 mm side shift of the laser
beam between adjacent traces; a time delay of 2 s has been
allowed between laser shut-off and next shut-on. The plates
have been clamped so that a condition of simply supported
beam applies.

Table 2 Set levels of the governing factors in DED

Parameter Value
Laser operating power 2 kW
Laser travelling speed 15 mm-s ™'
Powder feeding rate 4 gmin”!
Operating diameter of the laser beam 3 mm
Stand-off distance 12 mm
Carrier gas flow rate 3 L'min '
Shielding gas flow rate 10 L'min "'

@ Springer

Standing argon

Fig. 2 Scheme of the three-way feeding nozzle; components not to scale
[37]

2.2 Experimental evaluation of the residual stress

To validate the computed residual stress, a comparison with
the experimental response has been conducted. Based on the
considerations presented in the ‘Introduction’, the X-ray dif-
fraction method has been used. An X’Pert PRO diffractometer
(Malvern Panalytical, Malvern, UK) with Cu-K« source op-
erated in line focus mode has been used. The stresses have
been measured on the substrate, over an area of approximately
1x1 mm? size at two distinct locations A and B at the surface,
1.5 mm away from the metal deposited during the first and the
last trace, respectively (Fig. 3).

The measurements have been conducted using the sin®s
method in w-tilt configuration, with parallel beam optics on
both the incident and diffracted beams and a 0-D point
detector to minimise possible errors due to sample align-
ment [38]. More specifically, an X-ray mirror has been
mounted on the incident beam path; a parallel plate colli-
mator together with a graphite single-crystal monochroma-
tor has been employed before a gas-proportional detector
on the diffracted beam path.

k AN
A
[N R, SN A N 2 NN T

Fig. 3 Locations of interest and reference orientations for the
experimental evaluation of the stress via X-ray diffraction
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The (422) peak of aluminum, located approximately at
137.5°, has been acquired through a 20-scan between
134.875 and 140.325° with a step size of 0.05° and a
counting time of 15 s per step. The acquisition has been
performed at 12 distinct positive and pseudo-negative 1
angles corresponding to sin®\ = 0, 0.1, ..., 0.6. This pro-
cedure has been repeated along three distinct orientations,
ie., d=0° ¢ =45° ¢ =90°, where ¢ = 0° corresponds to
the longitudinal directions (At and By ), whereas ¢ = 90° to
the transverse directions (At and Bt) with respect to laser
scanning).

The exact peak position measured at every ¢, \ orien-
tation and the corresponding lattice spacing have been
obtained by fitting each acquisition with a pseudo-Voigt
function through the X’Pert HighScore Plus software. The
lattice strain is given as a function of the stress-free peak
position:

4422 _y422)

(422) _ "y 0

gW2) T 0
oY 422
d(() )

This has been plotted against sin*\ at every ¢ orien-
tation for a complete resolution of a plane stress state,
assuming that any out-of-plane stress component is likely
negligible in the vicinity of the free surface. Normal stress
components have been obtained from the slopes of linear
fitting to these plots [39], according to the general equa-
tion:

1 .
asz) = Eng)%(smz/J)z + S§422)(0'0 + 09p)

The X-ray elastic constants are as follows [40]:

1
Esg“”) =19.02 TPa™'
S\ — —4.94 TPa”!

2.3 Implementation of the simulation

The model for the process of DED discussed in this paper
has been built in COMSOL Multiphysics, as a further
evolution of a previously documented research [37, 41].
Some advantages are offered by the selected solver, in-
cluding flexibility in setting up the model, thanks to its
modular architecture, although it has been reported that
larger physical memory is required compared to other
solvers [42]. The crucial hypothesis to build the model,
the initial and boundary conditions and the items to feed
the simulation are discussed in this section.

2.3.1 Governing equations

The transient heat conduction equation is the main governing
equation [43, 44] and has been implemented in the hypothesis
of homogeneous and isotropic material:

orT
pcp(§+u~VT>—V~kVT aQ,

Namely, the heat source on the right-hand side is only
ascribed to laser irradiation. Losses for radiation and con-
vection due to fluid flow within the pool should be includ-
ed, using Newton’s law of cooling and the Stefan—
Boltzmann law, respectively. Nevertheless, it has been es-
timated in the literature [45, 46] that for operating irradi-
ance in the order of 10> W-cm 2, as in laser-based DED,
irradiation is about 200 times greater than losses; therefore,
for a leaner description, both radiation and convection can
be neglected.

The mechanical analysis is thermal history-dependent since
temperature and phase proportions affect the material proper-
ties. Namely, the problem is governed by the equation of
balancing of the momentum [30, 47]:

Vio+b=0

Moreover, the mechanical constitutive law is given as fol-
lows:

c=C:¢g,

The total strain produced during the process is computed as
a concurrent contribution of elastic, plastic and thermal strain
[25, 48]:

eE=¢c.teter

7.5F o

6.5 -

B8 =

45t .

35 -

25 -

Young modulus [10 GPa]

1 1 1 1
0 200 400 600 800

Temperature [K]

Fig. 4 Young modulus as a function of temperature
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2.3.2 Material properties

Room temperature of 22°C has been set as the initial tem-
perature of the plate and the surrounding environment.
Physical properties such as density [49], heat capacity
[50, 51], conductivity [51] and reflectivity [41] at the
Yb:YAG wavelength for AA 2024 have been implemented
as a function of temperature. The trends have been imported
from several literature references and have already been
employed to model simple laser heating or predicting the
thermal field in DED [37, 41]. In addition to these, the
temperature dependence of the Young modulus (Fig. 4),
the yield stress (Fig. 5) and the isotropic tangent modulus
(Fig. 6) have been included [52] to define the mechanical
response in both the elastic and plastic range, assuming a
bilinear isotropic hardening [53, 54] and neglecting the me-
chanical contribution of the liquid phase.

Where required, the usual rule of mixtures has been
considered to evaluate a balanced value for each physical
or mechanical material property G in the solidification
range of the alloy [36], i.e., between the liquidus and
the solidus temperature, hence depending on the volume
fractions:

G = GsolidVsotid + (1 Vs01id) Gliquia 775 < T < 911 K

The approach is based on a phase-field modelling tool: The
effectiveness of the formulation has been discussed in the
literature [55] for many applications beyond additive
manufacturing because it allows to capture a variety of phe-
nomena such as solidification, solid-state phase transforma-
tions and mechanical deformations as well. In the frame of
this simulation, the phase-field tool is effective in managing
the phase transition induced by the laser beam: The resulting
volume fractions affect the evolution of the material properties
[26].

0
o
| =

Yield stress [MPa]
3
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g.5 Yield stress as a function of temperature
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2.3.3 Laser irradiation and attenuation

Typical theoretical formulations proposed in the literature for
the laser heat source are based on the original model suggested
by Goldak [56]. Nevertheless, the calibration of the source
strongly depends on the application because the layer height
is involved in the formulation as a physical input; therefore,
this must be measured in advance [20].

A more general approach has been considered here.
Indeed, preliminary monitoring of the laser source has been
conducted using a beam profiler (Ophir Photonics,
Darmstadt, Germany) to assess the effectiveness of
implementing a conventional Gaussian beam distribution
ofthe transverse optical intensity. A super-Gaussian profile
of order 20 has been found in the operating plane when
defocusing is set, irrespective of the layer height. The cor-
responding equation, with peak intensity computed analyt-
ically [57], has been given to the heat source:

1.1P 20
0.~ eee 2
™ Wo wo

Since powder feeding results in scattering the electromag-
netic radiation and attenuating the nominal irradiance of the
laser beam, a laser-surface coupling coefficient must be
adopted to take into account the laser attenuation.
Unfortunately, many complex and concurrent effects are in-
volved, such as directional absorption, solute partitioning and
Marangoni convection [58]; therefore, to manage the attenu-
ation, many theoretical and empirical approaches have been
suggested in the literature. With respect to these, a 10% atten-
uation has been set in this paper, in agreement with two ref-
erences: a map for the attenuation factor as a function of the
radial distance and the feeding rate [59]; a study involving
coaxial feeding to a stand-off distance in the order of 10 mm
[60]. Neglection of the ricochet of the particles during feeding
has been suggested in the literature [11].
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2.3.4 Time and space discretization

A time step of 0.1 s has been set as a valuable compromise,
considering that different time scales are involved in transient
thermal modelling of DED [61], namely, milliseconds for the
laser-material interaction and seconds for each deposition,
instead.

The virtual specimens have been given the same size of
the actual plates used for the experimental tests. All the
simulations have been run with the implementation of me-
chanical constraints resembling the actual clamping; name-
ly, the condition of the simply supported beam has been
reproduced by limiting the possible displacements of the
lower surface.

A condition of symmetry about the plane containing the
laser path and the scanning direction is beneficial in the case
of single deposition; therefore, the computational effort can be
reduced. Instead, symmetry is lost when simulating multiple
traces, evidently, thus resulting in exponential growth of the
solving time.

As regarding the mesh, the need for an adaptive
discretization has been widely discussed and approved in
the literature [37, 62], with finer elements at the exposed
surface and along the laser path, accounting for steeper
thermal gradients; coarser elements are allowed at the edges
of the plate instead. More specifically, a central slot, 4 mm
deep with respect to the exposed surface (Fig. 7, Fig. 8),
with ultrafine mesh edges of average 0.15 mm size, has
been modelled, whereas elements ranging up to 6 mm size
have been considered in the remaining domain. The total
number of elements of the mesh depends on the approach to
implement the addition of the deposited metal, as discussed
in the following section.

Fig. 7 Definition of the domains

of meshing in single deposition;

ultrafine-meshed central slot in

blue o

2.3.5 The deposited metal

The specific geometry of the deposited material to feed the
simulation tool depends on the condition of processing.
Usually, the actual printed size is measured and set as the built
height [20]. A more flexible approach is proposed here, in-
stead. Indeed, it has been widely discussed [4, 37, 60] that a
parabolic shape function can be assumed in the cross-section:

, ah
f(W,h) :_ﬁx +h

Width and height above the substrate can be given as a
function of laser power, speed and feeding rate, according to
a regression model specifically validated for AA 2024 proc-
essed by a Yb:YAG laser [37]:

. . 0.1
w = W(P, u, m) =397 P"7 405 o —0.11h
- h(P, , m) —45P%7 4705 154 0.15

As a result, the shape profile of the deposited material can
be easily scaled, depending on the processing conditions.
Although the effects of the operating power and the scanning
speed are directly considered in the heat source equation and
the transient heat conduction equation, respectively, it is worth
noting how the approach of a regression model for the shape
of'the deposited material offers a method to consider the effect
of the feeding rate, which would require additional, complex
solving moduli, otherwise.

Furthermore, in the case of multi-trace overlapping depo-
sitions (Fig. 9), only the first trace is deposited over a flat
substrate; instead, the shape functions of the following depo-
sitions are affected by the previous depositions and can be

@ Springer



1204

Int J Adv Manuf Technol (2022) 118:1197-1211

Fig. 8 Definition of the domains
of meshing; multiple depositions;
ultrafine-meshed central slot in
blue

found under the main assumption of mass conservation (i.e.,
the subtended area of each shape function) for a given condi-
tion of processing. Once the shape functions have been found,
the geometry of the deposited material is known and is fed to
the simulation tool. Depending on the application, fine-tuning
of this approach can be furtherly performed, including addi-
tional terms in the regression models to take account of pos-
sible other processing factors, thus providing a more represen-
tative solution.

The method of the deformed geometry is already available
in COMSOL to simulate the addition of material: namely, a
deforming speed equal to the speed of the laser beam must be

Fig. 9 Shape functions of the
deposited metal in case of
multiple depositions: the
subtended area of each shape
function is constant for a given
condition of processing [37]

FIRST DEPOSITION

set to extend a given slice of deposited metal and known
shape, until the overall length of the laser path is completed.
This approach has been proven to be effective to predict the
temperature evolution and the size of the fusion zone for both
single- and multi-trace depositions [37]; nevertheless, severe
issues must be addressed in terms of continuity of the stress
field when a coupled mechanical problem is set, due to singu-
larities at the nodes of the extruded geometry.

Therefore, two different approaches have been tested and
compared in this paper in the case of single-trace deposition to
select the most appropriate method which is then employed
for the multi-trace case study. The first approach is the

SECOND DEPOSITION

SUBSTRATE X

Table 3 Mesh comparison
among three case studies of Single deposition in IA  Single deposition in GA  Multiple depositions in GA
simulation

Symmetry Allowed Allowed Not allowed

Minimum quality 0.23 0.13 0.03

Average quality 0.81 0.86 0.73

Tetrahedron 3574 1988 6513

elements

Prism elements 19,380 12,640 40,628

Hexahedron elements 6170 6170 2618

Triangle elements 7469 4676 11,418

Quad elements 4486 4346 3255

Edge elements 1325 1054 1579

Vertex elements 86 35 118

@ Springer
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Incremental Activation (IA)

Global Activation (GA)

Temperature (K)

cm T T T cm T

1 cm " 06
Fig. 10 Temperature field in the cross-section at halfway of the laser path, at time of local irradiation: comparison between IA and GA approach

0.6 0.8

incremental activation (IA) of the deposited material in the
form of slices, behind the laser beam, at each discrete time
step. The second is the global activation (GA) of the overall
deposited material at laser shut-off after each deposition: The
driving idea, to the purpose of reducing the computational
effort, is to demonstrate that each individual deposited trace
can be considered as simple heating of the exposed surface
because the irradiation is not affected by the deposited metal
behind the laser beam; therefore, GA is both effective and
time-saving, provided that a proper attenuation of the laser
irradiation is implemented to take account of the powder flow.
In both cases, a condition of union between the substrate and
the activated material must be set so that the deposited metal is
capable of matching the deformation field of the substrate.

Based on these grounds, the GA approach has been shifted
to simulate multi-trace deposition. In this case, two specific
regions of interest have been defined on the virtual specimen
to measure the stress and compare it with the actual monitor-
ing, as previously defined. Namely, two areas of 1x1 mm?
size, 1.5 mm away from the deposited metal of the first and
the last deposition, have been virtually probed; the average
stress over each probed area has been compared to the actual
measure at each location.

The overall number of each type of mesh element depends
on many factors such as the size of the virtual specimen, the
allowed symmetry and the approach to implement the addition
of the deposited material. These are different among the three
case studies (Table 3).

3 Results and discussion
3.1 Single deposition
At first, the approaches of IA and GA have been compared.

Solving the coupled temperature and mechanical problem re-
quired 5 h, 40 min and 2 h, 20 min, respectively; therefore, an

I 1
- x10°
=) e 911 1.6

14

1.2

ks 755

0.8 1 cm

approximate 60% reduction has been achieved in the case of
GA, and the same results have been obtained in terms of
temperature and stress field.

As regarding the temperature field, the cross-section of the
plate at halfway of the laser path can be considered, at a time
of 1.85 s from laser shut-on, corresponding to the time of local
irradiation of the selected cross-section. The temperature field

T

1000
950
900 -

850 - o
800 liquidus temperature
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Fig. 11 Temperature trend at halfway of the laser path, at time of local
irradiation, as a function of distance from the exposed surface:
comparison between IA and GA approach
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The approaches of IA and GA provide the same results
even in terms of residual stress. To discuss this point, it is
worth noting that natural partial stress relief of the metal is
expected over a time scale depending on the processing con-
dition and the heat transfer, before the final residual stress is
approached. In this case, the equivalent von Mises stress (Fig.
12) for a point located on the substrate surface at halfway of
the laser path, 0.5 mm away from the deposited material,
becomes stationary upon a relief time of approximately 5 s
after laser shut-off; i.e., approximately 10 s after laser shut-on.

Therefore, referring again to the cross-section at halfway of
the laser path, the von Mises stress field over the cross-section

Incremental Activation (IA)

Global Activation (GA)

1 2 3
Distance from the exposed surface (mm)

Fig. 14 Von Mises trend at halfway of the laser path, at time of 10 s after
laser shut-on, as a function of distance from the exposed surface:
comparison between IA and GA approach

(Fig. 13) and its trend as a function of the distance from the
exposed surface (Fig. 14) have been compared at a time of
10 s after laser shut-on: An average difference below 4%
resulted between the equivalent stresses computed through
the IA and GA approaches. Discontinuities affecting the stress
trend are possibly ascribed to changing of the mesh type along

von Mises stress (MPa)
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Fig. 13 Von Mises stress field in the cross-section at halfway of the laser path, at time of 10 s after laser shut-on: comparison between IA and GA

approach
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Table 4  Actual and simulated depth of fusion for each deposition.

Deposition 1 2 3 4 5
Actual depth (mm) 0.83 1.06 1.15 1.22 1.34
Simulated depth (mm) 0.84 09 1.005 1.11 1.305
Difference (%) 12% 151% 12.6% 9.0% 2.6%

with the domain. Based on these findings, the GA has been
implemented to solve the case of multiple depositions.

3.2 Multiple depositions

The simulation of five overlapping traces covered a total time
of 30 s approximately, consisting of 2.7 s for each deposition,
2 s time of delay between consecutive depositions and 10 s
after the last shut-off to allow natural partial relief of the

Fig. 16 Transverse cross-section
at halfway of the laser path on the
virtual specimen for multiple
depositions

05 1.0 15 20 25 30 35 40
Time after laser shut-on (s)

substrate and assess the actual residual stress to be compared
with the experimental results; the solver required 54 h, 10 min.

The simulated maximum temperature of the trace, intended
as the highest temperature calculated considering all the nodes
along the laser path, approaches 1300 K at the exposed surface
(Fig. 15). In agreement with previous findings relating to the
monitoring of the actual thermal field produced by laser
heating of the aluminum substrate [41], the induced thermal
gradient develops over a time scale in the order of tenths of
second; namely, this yields a time delay of 0.2 s with respect
to laser shut-on and -off. As expected, the peak temperature at
each given point is reached at the time of direct laser irradia-
tion; e.g., the temperature evolution at halfway of the first laser
path exhibits its peak at approximately 1.4 s after laser shut-
on, although the time step of the solver may not allow to detect
the actual local maximum.

As for the case of single deposition, mesh nodes where the
temperature field exceeded the solidus temperature of the base
metal have been flagged to find the edge of the fusion zone:
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Fig. 17 Actual depth of fusion in
the cross-section

Table 5 Actual stress with

corresponding experimental delta Location Longitudinal Transverse 45°

and simulated stress; probed

locations as given in Fig. 3 A Measured stress (MPa) -18.5 110.7 72.0
Experimental error (MPa) 12.9 25.7 12.5
Simulated stress (MPa) —40.8 97.2 70.5
Absolute difference (%) 66% 12% 2%

B Measured stress (MPa) 29.3 97.3 -53

Experimental error (MPa) 14.3 8.7 9.1
Simulated stress (MPa) 349 91.2 0.0
Absolute difference (%) 19% 6% 100%

To validate the solution of the thermal problem, the simulated
depth of fusion in the transverse cross-section at halfway of
the laser path (Fig. 16) has been compared with the actual
depth (Table 4), as measured by optical microscopy (Fig.
17): an average difference of 7.6% resulted. Interestingly,
the depth of fusion increases when moving to the next adja-
cent deposition, although the same processing conditions are
taken: This is ascribed to the increasing average temperature
of the base metal, leading to a reduction of the reflectivity and
an increase of the energy absorption in turn.

Significant residual stress is built up in an area of a few
millimetres around each deposition, as suggested by the evo-
lution of the von Mises stress during the overall process (Fig.
18). A cumulated stress is experienced by the substrate at the
last laser shut-off. The simulated response has been validated
by comparison to X-ray diffraction measurements at the

Fig. 18 Time evolution of the
von Mises stress during the
overall process of deposition

@ Springer

probing location described in ‘Experimental evaluation of
the residual stress’ (Table 5).

Each measured stress value is associated with an experi-
mental error obtained from the uncertainty (i.e., the standard
deviation) of the fitted slope on the plot of lattice strain vs.
si1121|); as an example, the plot for the measurement at location
B is shown (Fig. 19). The experimental error, which reflects
some scattering in the experimentally measured data points, is
consistent with the +20 MPa accuracy typical of X-ray stress
measurements [ 17, 21]. Moreover, the plots of lattice strain vs.
sin*lp do not show significant \-splitting, which corroborates
the assumption of a plane stress state in analysing the data.

Accounting for the experimental error, the simulated resid-
ual stress is reasonably consistent with the measured value,
with an absolute difference depending on the direction of
probing (Fig. 20, Fig. 21).
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Fig. 19 Lattice strain vs. sin? plot for the X-ray residual stress measure-

ment at location B

Measurements and simulations especially agree in
highlighting higher stress in the transverse direction, i.e., the
direction orthogonal to the laser path. These findings are in
agreement with the usual model adopted for laser heating in
additive manufacturing and consequent stress formation [9].
Interestingly, the cumulated residual stress decreases during
the process because the thermal history of the part is a factor
[29]. Specifically, lower stresses are produced when laser ir-
radiation is delivered over a preheated part; consequently, the
overall stress in the neighbourhood of B is lower, although the
heat affection is deeper due to a higher depth of fusion.

4 Conclusions

This paper presented a finite element modelling technique to pre-
dict the residual stress state induced by directed energy deposition
on a workpiece. The approach discussed in this paper has been
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o
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Fig. 20 Measured and simulated stress for each direction of probing at
location A

B Measured Stress O Simulated Stress
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(%]

o
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o

-50
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Fig. 21 Measured and simulated stress for each direction of probing at
location B

conceived to achieve reasonable flexibility, being this a crucial
requirement to allow the designer to change the deposition path
and the levels of the governing parameters to find the optimum
condition of processing and exposure strategy, aiming at reducing
the residual stress. The main features are highlighted as follows:

* The calibration of the heat source is based on monitoring via
beam profiling, irrespective of the material and the application;
this is an advantage over other heat source models suggested
in the literature, where specific material-related inputs are re-
quired to set other heat sources suggested in the literature;

» The shape of the deposited metal, both in single- and
multi-trace deposition, can be fed to the simulation tool
based on the levels of the governing factors, thus allowing
to take account of the feeding rate as well, which would
require complex simulation moduli otherwise;

*  The global activation of the deposited metal after laser shut-off
is effective and time-saving, allowing to save half the compu-
tational time in case of single deposition, compared to an
incremental activation;

» Convincing matches with the actual stress, as measured
via X-ray diffraction, are provided.

As regarding the main findings achieved via simulation and
experimental validation in terms of understanding of the for-
mation of the residual stress, it is worth noting that

» the time scale of stress development is in the order of tenths of
seconds at laser direct exposure, whereas seconds are required
before a stationary value is approached after laser shut-off;

+ atensile residual stress, in the order of 100 MPa, is developed
in the transverse direction of deposition, at 1.5 mm distance
from the deposited metal at the surface of the substrate;

+ a reduced stress is experienced at the last deposition,
thanks to cumulated heating of the plate, although deeper
fusion results due to reduced reflectivity.
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Further developments may consider the application of this
simulation approach to evaluate the residual stress in different
conditions of processing, including changing the scanning
strategy. Even the simulation of preheating to reduce the stress
may be addressed.
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