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ARTICLE INFO ABSTRACT
Article history: Part distortion is a critical issue during Additive Manufacturing (AM) of metallic parts since
Available online xxxx it prevents this technology from being implemented at industrial level. To this regard,

distortion prediction even from design stage has become crucial. Actually, numerical
modelling methodologies play an important role here. Different modelling approaches
have been developed but one of the most computationally efficient methodology to predict
distortion is the so called inherent strain method. In this work an empirical methodology
to determine inherent strains is presented. This is the input data in simplified Finite
Element (FE) models in order to predict distortion and residual stress fields. These inherent
strains are calculated considering layer lumping strategies that might be adopted in the
numerical model as well. The procedure has been developed and validated using the well-
known twin-cantilever beam structure. Ti-6Al-4V beams have been manufactured by LPBF
technology following different scanning strategies. Distortion after support removal has
been measured in order to be compared against numerical results. The methodology has
been applied at coupon level giving accurate results and providing a preliminary validation.
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1. Introduction

Additive Manufacturing (AM) gathers various techniques for building three dimensional objects in a layer by layer
sequence starting from a digital model [1,2]. This incomparable characteristic allows the production of complex, customised
and fully optimised parts directly from the design stage, avoiding the need of expensive and restrictive conventional
manufacturing processes. Therefore, it is nowadays widely considered that AM is the new paradigm for design and
production of high performance components.

Laser Powder Bed Fusion (LPBF) is one of the most widespread powder-bed technology for metallic components. In these
processes, the material is locally and rapidly heated and then allowed to solidify in order to form a dense geometry. The
temperature history experienced by the material determines the microstructure and therefore the mechanical properties.
Large thermal strains are involved in the process, generating residual stresses and distortions [3], affecting significantly the
mechanical properties and causing dimensional inaccuracies to the final part. Henceforth, there are still serious obstacles
toward its wider acceptance and establishment into modern industrial practice.
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The issues above are unknowns for the designer each time a part is manufactured by AM. Currently, they are tackled by
expensive trial and error experiments until all requirements are fulfilled. This implies high manufacturing costs, increased
even more due to the waste and scrap generated when quality inaccuracies between the designed and built components
occur. Therefore, predictive methods such as the computational simulation are essential in an attempt to predict and
control the aforementioned phenomena even at the design stage. Thermo-mechanical and thermo-microstructure behaviour
modelling of AM processes is increasingly useful and necessary to deal with these challenges efficiently [4].

AM process modelling has its own challenges due to the multiphysics and multiscale character of the process. Its physical
fundamentals are very similar to those of multi-pass welding processes. Thus, Finite Element Method (FEM) based on
welding modelling techniques developed so far, can be adapted to develop AM simulations [5-8]. Accurate coupled thermo-
mechanical simulations are considered as high-fidelity numerical models where the real weld pool moving along the scan
path is modelled in detail according to Computational Welding Mechanics (CWM). Many researchers have successfully
applied and validated this method in order to predict thermal, mechanical and microstructural histories [9-16]. Never-
theless, these high-fidelity modelling approaches have only been applied at coupon level since they are computationally
impracticable for real size parts. Added difficulties such as longer process time, higher number of time-steps, etc. are the
reasons behind this limitation. Particularly, AM processes like LPBF, where the weld pool size is very small compared to part
size, are affected by these issues.

Consequently, several simplified methodologies have been developed in order to model this process at industrial scale
level with the main aim of predicting distortions and residual stresses [17-21].

These methods can be classified into two categories. On the one hand, there are methods focused on reducing the
computational effort by making more efficient and scalable the algorithms and the numerical methods required to solve
the Finite Element (FE) problem [22], or by reducing the model size applying adaptive meshing techniques [23].

On the other hand, there are engineering approaches which make assumptions to simplify the physics behind the metal
deposition process with the purpose of simulating distortions and/or residual stresses at part level. Some researchers [9] have
simplified the heat source modelling, i.e. applying equivalent energy input at hatch, layer or even layer-compound level.
Others have avoided even the heat transfer problem through applying equivalent shrinkage load in a purely mechanical
analysis [21,24,25]. One of the most promising and efficient approach is the inherent strain method [25,26]. This well-
known methodology has already been successfully applied to both CWM and AM processes [19]. It allows for replacing
computationally costly thermo-mechanical simulations by a linear-elastic-mechanical one. The key point in this simplified
analysis is to define which is the inherent strain or shrinkage load to apply in the model in order to capture the mechanical
response of the fabricated component.

There are two approaches to determine these inherent strains as proposed in CWM [27]: (a) Multi-scale or local-global
modelling; (b) Empirical approach.

The multi-scale modelling option consists of solving micro and/or meso-scale models to determine inherent strains at
local level whereas in the second option, they are calibrated by means of experimental tests and calculations.

The work presented in this paper is focused on the development of an empirical methodology to determine inherent
strains. In Section 2 all the experimental work carried out to develop the methodology and its validation is explained. The
FE model based on the inherent strain methodology to predict distortions and residual stresses fields in LPBF is described
in Section 3. The model is then calibrated looking for the most suitable inherent strains to be used. Section 4 is dedicated to
the detailed description of the empirical procedure to determine inherent strains. Section 5 gathers both experimental and
numerical results achieved for both calibration and validation stages. Finally, Section 6 presents the main conclusions of this
work.

2. Experimental work
An overview of the experimental work carried out is provided here.
2.1. Experimental set-up

Several experimental trials were conducted in order to obtain data for the calibration phase described in Section 4.
Different coupons were manufactured using a LPBF process. A SLM 250 (from MCP-Realizer) machine equipped with 200 W
fibre laser was used. The machine has a construction space of 250 mm x 250 mm x 300 mm which can accommodate the
production of components with maximum size. It must also be noted that the machine works with a protective atmosphere,
being 0.2% the maximum oxygen allowable, in order to prevent titanium parts from oxidation.

Twin-cantilever type structures made of Ti-6Al-4V were fabricated over several thick baseplates (150 mm x 150 mm x
15 mm). Fig. 1 shows the geometry of the sample and its dimensions.

As shown in Fig. 2, 3 different scanning strategies with respect to the baseplate’s reference system (xy) were employed to
print the twin-cantilevers. A total number of 11 twin-cantilevers were manufactured in 4 baseplates and different batches.
Their distribution and the scanning strategy assigned to each baseplate is represented in Fig. 3. The orientation of twin-
cantilevers with respect to the main reference system (xy) leads to 5 different scanning strategies (see Fig. 4). The local
coordinate system x1y; attached to the beam is shown in Fig. 3. Hence, on the one hand 3 sets of twin-cantilevers were
manufactured with longitudinal, transversal and 45° stripes without any rotation between layers. On the other hand, 2 more
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Fig. 1. Twin-cantilever specimen with dimensions in mm.
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Fig. 2. Considered scanning strategies taking as reference the baseplate. (2(a)) 0° line constant scan pattern. (2(b)) 90° line constant scan pattern. (2(c))
90° rotating scan pattern.
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Fig. 3. Manufactured baseplates and corresponding scanning strategies used in each baseplate.

sets of beams were manufactured with 90° rotating scan pattern with different initial offset of the rotation angle (0° and
45°).
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Fig. 4. Scanning strategies summary taking as reference the local coordinate system of the beam.

Fig. 5. Twin-cantilever cutting and vertical distortion measurement.

Table 1
LPBF process parameters.
Hatch Boundary Contour
Laser power (W) 200 200 200
Scanning speed (mm/s) 950 1100 1100
Hatch distance (m) 120 - -
Beam diameter (pum) 180 180 180

The use of optimum process parameters is extremely important for producing satisfactory parts using these processes. In
our particular case, previously optimised Ti-6AI-4V process parameters were employed (see Table 1). These parameters were
adjusted for hatch, boundary and contour zones. The preheating temperature was 200 °C and the nominal layer thickness
was 50 pm.

2.2. Measurement equipments

After manufacturing and without any stress relaxation treatment, the specimens were partially cut from the baseplate
by wire Electrical Discharge Machining (WEDM)), leaving the middle column attached to the baseplate. Thus, residual stress
field cumulated during the manufacturing process was redistributed leading to the bending of the part. The final vertical
distortion was measured on the top surface centre-line along the x; direction as illustrated in Fig. 5. Measurements were
carried out by means of a Coordinate-Measuring Machine (CMM) every 5 mm along the centre-line in x; direction. This
bending deformation is an indirect way of assessing the magnitude of residual stresses. Therefore, it has been used for the
calibration of the inherent strains.

3. Finite element modelling of AM process by LPBF
3.1. Inherent strain method

The inherent strain method is an efficient method which enables a fast prediction of the residual stresses and distortions.
The origin of the inherent strain method is directly related to Computational Welding Mechanics and it has been widely
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Fig. 6. Simulation steps required by the inherent strain based simplified model.

used [25]. Briefly, it consists of an elastic FE quasi-static analysis where the deformation is induced by user-defined inherent
strains. This approach is very compelling from a computational point of view since time-consuming thermo-mechanical
simulations are avoided.

During the heating and cooling cycles of the AM process, the total strains @ can be split into elastic strains e€/estic,
thermal strains €™ plastic strains ”t, strains induced by the phase transformation "¢ and creep strains ¢ [28].
Hence:

etotal — selasnc 4 ethermal 4 €plasnc + sphase 4 gcreep (1)

The inherent strains & are defined as:

€mh — stotal _ 6,elasnc _ €thermal + splastlc + €phase + gereep (2)

The balance of momentum equation for a quasi-static analysis is:

V.o+b=0 (3)

where o is the stress tensor and b are the body forces.
The stresses can be calculated by:

o= Deselastic —D° (etoml _ einh) (4)

where D¢ is the elastic constitutive tensor.

The inherent strain method has been successfully adapted to Powder Bed Fusion (PBF) processes in a multi-scale
simulation framework [19]. Typically, the building strategy is approximated by layer-by-layer sequence. Hence, at each
time-step a new layer is added to the computational domain. In fact, it is a common practice to discretise a part into layers
with a thickness which is multiple of the real layer thickness referred to as lumping strategy.

Hence, according to the definition of the inherent strain tensor components, it is possible to take into account the “effects”
of the actual scanning strategy.

Material deposition modelling must also be addressed in this methodology. From the numerical point of view, this implies
the use of a FE activation strategy. At each time step a new layer must be activated and the AM building process is simulated
as a sequence of mechanical calculations, one for each manufacturing layer.

The layer activation strategy is based on the so called “born and death elements” technique. According to this activation
strategy, elements are not part of the model until they are activated according to the nominal height due to the powder
feeding in PBF processes [15,16,29].

Thus, this simplified model consists of a mechanical linear elastic problem complemented with the activation strategy
and user defined inherent strains. As a result, the whole analysis requires several simulation steps which are summarised in
the flowchart depicted in Fig. 6. Initially, the slicing of the mesh is defined automatically according to the layer thickness and
orientation defined in the input data. In the first step, all layers are removed from the computational domain. A new layer
is added in each step together with the corresponding inherent strains. Finally, the boundary conditions corresponding to
the clamping on the base-plate can be removed (cutting stage). Fig. 7 shows an intermediate state of a simulation where the
building evolution can be observed. The key factor in this simplified methodology is how inherent strains are determined
considering also the effect of the layer lumping. This is detailed in Section 4.

3.2, Finite element modelling
A 3D purely mechanical model was developed using the commercial software ABAQUS to simulate the deformation

of the twin-cantilever beams under different scanning strategies. The modelling methodology and particularly the layer
lumping enables to use a relatively coarse FE mesh. It consists of a structured cartesian mesh of 15,552 hexahedral elements
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Fig. 7. Intermediate state of the simulation based on inherent strain methodology.
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Fig. 8. Twin-cantilever finite element mesh and boundary conditions.

and 26,416 nodes. Moreover, symmetry boundary conditions were used when the scanning strategy presents symmetry,
reducing the model size to a quarter.

Fig. 8 shows the entire mesh. Each simulation layer, which can be identified in the figure by the different colours, is 1 mm
thick. The lumping ratio was 20:1. Thus, 20 real layers were represented by 1 simulation layer. Moreover, each layer was
discretised by 1 element through the building direction.

The building platform was not considered in the model since it was represented by a fully constrained bottom region
(Fig. 8(a)). Moreover, supports removal by WEDM was modelled as a simple change of boundary conditions (Fig. 8(b)). After
the wEDM, only the bottom surface of the middle column was fixed, releasing all clamping belonging to the supporting
structures.

The Ti-6Al-4V material properties used to characterise the constitutive tensor are: Young modulus (E = 113,340 MPa)
and Poisson ratio (v = 0.3). The wall-clock time required, exploiting 12 Intel Xeon E5 cores, was about 20 s.

4. Inherent strains calibration

As pointed out in Section 3.1, the key factor at the methodology is to characterise the prescribed deformations responsible
for the formation of both residual stresses and the distortions (after the stress release by cutting operation).
Two methods can be distinguished for this purpose:

e Reduced order methods.
e Empirical methods.

4.1. Reduced order methods

This multiscale modelling approach proposed by different authors [19,20,30] is a promising and fully predictive way of
determining the inherent strain tensor with a reduced dependency from experimental data. It consists of an hierarchical
procedure whereby inherent strains are predetermined through high-fidelity FE models. A coupled thermo-mechanical
analysis is carried out considering the actual scanning strategy sequence by a moving heat source representing the power
input. As a result, both thermal and visco-plastic deformations can be accurately computed. Hence, the corresponding
inherent strains can be identified. Note that this procedure can be repeated at local level for different scanning strategies so
that an off-line database of inherent strains can be constructed according to different process parameters. Later, this input
can be used for the actual parts (global parts). Hence, a local-global analysis is carried out (see Fig. 9).

However, the definition of representative local models able to take into account all the fundamental process parameters
is not straightforward. Neither the model set-up nor the mapping between high-fidelity local and global analysis are not
completely clear yet. Henceforth, we do not choose this option for determining inherent strains.
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4.2. Empirical method

The empirical strategy adopted to obtain the inherent strains is presented in the flowchart shown in Fig. 10. According to
this flowchart, the characteristic inherent strains which belong to each single layer are obtained by experimental tests and
by iterative fitting. In this regard, according to the layer thickness used in the simulation, the equivalent inherent strain is
calculated. This methodology is very similar to the one used for Classical Laminate Theory (CLT) to characterise the behaviour
of composite laminates [31,32]. In fact, the layer-by-layer manufacturing using PBF technology has many similarities with
the technology used to produce composite laminates. In both cases, the final structure is made layer-wise and it exists an
induced anisotropy. In AM, the hatching sequence generates the same effects as due to fibres orientation.

The following definitions are necessary:

e It is assumed that the layer thickness used for the simulation (H) is composed by N deposited layers, being h the
thickness of each one of them (see Fig. 11).

e (I, t,z)is the local coordinate system, following the orientation of the local hatching defined for each layer.

e (x,V, z)is the global coordinate system, attached to the building platform and used to define the hatches’ orientation
for each layer (see Fig. 11).

e The scanning strategy can be represented using the same nomenclature as for the stacking sequence of composite
laminates [31]. Therefore, the orientation of hatches is established for each layer by defining the rotation angle (8),
with respect to the reference x-axis (see Fig. 11). (i.e. a scanning strategy of 90° is represented as [0/90]y ).
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4.2.1. Inherent strains at hatch or single layer level
In order to determine the inherent strains at layer level, the following two basic hypotheses are made:

e The inherent strain tensor is orthogonal due to the actual nature of hatches.

e The inherent strain component in the building direction is zero. Hence, only in-plane components are taken into
account. This hypothesis assumes that the vertical shrinkage of the deposited layer is compensated by the recoating
phase of the PBF process. Therefore, from the modelling point of view, the inherent strain component in the building
direction can be neglected.

The iterative calibration process employed is presented in Fig. 12. The residual stresses are proportional to the inherent
strains applied to the structure. Therefore, an indirect measurement of this residual stress state enables to calculate the
inherent strain field through inverse analysis. In our particular case, the twin-cantilever beam geometry (see Fig. 1) is
proposed since it allows for a simple indirect measurement of the residual stresses as a function of its bending deformation
after the cutting phase.

According to the aforementioned hypothesis, two inherent strain components must be determined only. Thus, at least
two experiments are required. Taking advantage of the orthogonal nature of hatches, two orthogonal scanning strategies
are set-up for the same twin-cantilever beam: longitudinal and transversal hatching as depicted in Fig. 4. Thus, 2 different
residual stress state and consequently 2 different final bending deformation are obtained. An additional scanning strategy,
with a orientation of 45°, is used to validate the model.

The relationship between inherent strains and distortion is determined through an optimisation loop where the objective
function is the difference between the numerical results and the experimental measurements.

The optimisation problem has been solved via Isight commercial framework, combining: Abaqus FE model, data matching
algorithm and experimental data input (see the flowchart in Fig. 12). Hooke-Jeeves direct penalty technique is used to solve
this optimisation problem.

As a result, the inherent strain tensor at layer level is obtained and then used as a reference data for similar scanning
strategies. It must be noted that the obtained inherent strain tensor is dependent on the process parameters used to
manufacture the twin-cantilever beam.

Moreover, a simple verification of calibrated results is done by applying the obtained inherent strain tensor to 45° scan-
ning strategy and comparing the numerical results against the experimental data.

4.2.2. Inherent strains for the numerical model
Although inherent strains can be obtained at layer level, some extra hypotheses are needed to account for the layer
lumping used in the model. According to Kirchhoff hypothesis (CLT theory), strains vary linearly through the thickness of
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the laminate structure as:

0
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eyt =160t +z1kyt =1} +z{x} (5)
€ 0 K.
r4 yxy v4
where s,?, 83, ef are the midsurface strains and «x, «y, «; are the curvatures due to bending and twisting.
An analogous hypothesis can be used for AM processes where the equivalent inherent strains can be calculated by Egs. (6)
and (7), summing the inherent strains of all the layers defining the lumped structure:
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8Inh

Xy Jk

where N is total number of lumped layers and e’”h is the characteristic inherent strain at layer k (see Fig. 12).
Both expressions are general. In case the scanning strategy presents a periodic rotation angle, the equivalent inherent
strain of the lumped structure reduces to:

1

&+ &

egtl;?odic = !1} (8)
0

where ¢; and ¢; are the longitudinal and transversal components of inherent strains calibrated at layer level.

Interestingly, periodic scanning strategies result in in-plane isotropic inherent strains which do not depend on the
rotation angle as long as periodicity is fulfilled. Consequently, the application of such inherent strain load is straightforward
since the material orientation definition is not needed. In order to be periodic, the rotation angle must satisfy the condition
rule in Eq. (9). Furthermore, the layer thickness to be considered in the simulation is determined by Eq. (10).

T

geN; © <) (9)
T

dneN, H=n5h (10)

5. Results and discussion
5.1. Experimental results

The final manufacturing of all twin-cantilevers fabricated following the procedure explained in Section 2 is shown in
Fig. 13. The front view provided for each type of twin-cantilever reveals the effect of the chosen scanning strategy.

As shown in Fig. 3, two twin-cantilevers were fabricated for each scanning strategy except for 45° case, where one extra
sample was manufactured. These repetitions enable a good experimental error estimation. Moreover, each twin-cantilever
can be seen as two simple cantilever beams. Therefore, distortion data gathered from each structure is double (see Fig. 14)
allowing for a better error distribution. All distortion curves are represented along the longitudinal axis [0 < x < 60 mm)].

Distortion results for all types of cantilevers according to the scanning strategies defined in Fig. 4 are plotted in
Fig. 15. In both graphs the vertical distortion results is normalised with respect to the longitudinal scanning. A clear
influence of the scanning strategy can be noticed in the final distortion. Longitudinal stripes lead to the largest distortions
whereas transversal stripes to the less pronounced ones. It is also remarkable the fact that the magnitude of the distortion
corresponding to 45° stripes is the average of the longitudinal and transversal distortions respectively. Observe that the
scanning patterns defined with a periodic rotation with respect to the reference system, show very similar results as depicted
in Fig. 15(b). This result is in accordance with Eq. (8) which states that scanning strategies with periodic rotation lead to
in-plane isotropic inherent strains.

In addition, the aforementioned curves are also very similar to the results obtained for the 45°stripes case.

5.2. Calibrated inherent strains
The calibration of the characteristic inherent strains was conducted following the methodology described in Section 4.2.1.

The normalised inherent strain tensor obtained after the iterative data matching, can be observed in Eq. (11). The
normalisation of the strain tensor was done with respect to its longitudinal component.
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Around 50 iterations were performed to fit numerical results with experimental data until the sum of the squared
difference was lower than 10%. To this regard, Figs. 16(a)-16(c) show the quality of the fitting carried out.

The vertical distortion obtained by FEM after applying the calibrated inherent strain can be observed in Figs. 17(a)-17(c).
The deformed shape of twin-cantilevers is also in agreement with experimental results. It is remarkable how the numerical
model is able to predict non-symmetrical deformations of the 45° stripes twin-cantilever (see Fig. 17(c)).

) €] -1
emMm=1gt =1-033 (11)
0 0

Itz Itz
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Fig. 16. Comparison of experimental and numerical results for distortion after the iterative inherent strain determination process.

5.3. Validation of results

The validation of the calculated inherent strains as well as the methodology explained in Section 4.2.1 was carried out
observing the behaviour of the remaining twin-cantilevers which present a scanning rotation of 0_90 and 45_90 (see Fig. 4).
Both scanning strategies are periodic so that Eq. (8) was used to calculate the normalised inherent strain tensor to be applied
in the numerical model:

1 1
&+ &
o e = ——— 111 = —0.67{1 (12)
2 o 0

Xyz
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Fig. 17. Predicted normalised vertical distortion field (scaled x2) after twin-cantilevers were cut-down.

The comparison between numerical and experimental results in terms of vertical distortion of the top surface can be
observed in Figs. 16(d) and 16(e). The FEM results match the experimental measurements quite well since the largest
difference is less than 10%. The vertical distortion of the deformed structures in Figs. 17(d) and 17(e) is also consistent with
experimental results.
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6. Conclusions

An empirical methodology to determine characteristic inherent strains for a given scanning strategy is detailed. This
result is used as input data for a linear-elastic analyses in order to obtain distortion and residual stress field caused by LPBF
processes. Moreover, when the scanning strategy is periodic, the equivalent inherent strains can be assumed as in-plane
isotropic, simplifying the implementation of the numerical model.

The development and validation of the methodology have been carried out by manufacturing twin-cantilever coupons
following different scanning strategies. Thus, suitability of this methodology is proved at coupon level.

The following practical conclusions can be drawn:

e The distortion is clearly influenced by the chosen scanning strategy and the geometry of the structure. For the twin-
cantilever geometry, longitudinal pattern leads to the largest distortions whereas the transversal pattern to the lowest.
Finally, 45° pattern and 90° rotating stripes are in-between.

e Inherent strain tensor can be assumed as orthogonal. This result should be checked for other more complex
geometries.

e Periodic scanning strategies lead to in-plane isotropic inherent strains.
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