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Abstract: Electron beam melting (EBM) technology is a novel additive manufacturing (AM) technique,
which uses computer controlled electron beams to create fully dense three-dimensional objects from
metal powder. It gives the ability to produce any complex parts directly from a computer aided
design (CAD) model without tools and dies, and with variety of materials. However, it is reported
that EBM has limitations in building overhang structures, due to the poor thermal conductivity for
the sintered powder particles under overhang surfaces. In the current study, 2D thermo-mechanical
finite element models (FEM) are developed to predict the stresses and deformation associated with
fabrication of overhang structures by EBM for Ti-6Al-4V alloy. Different support structure geometries
are modeled and evaluated. Finally, the numerical results are validated by experimental work.

Keywords: additive manufacturing; electron beam melting; finite element model; overhang structures

1. Introduction and Literature Review

Additive manufacturing (AM) is one of the latest approaches used for manufacturing products in
advanced applications. In AM, parts are fabricated by adding material as layers. This is the opposite
of the machining process, in which the material is removed or subtracted from a block to achieve the
shape of the desired object. Electron beam melting (EBM) is relatively new AM technology; it works
under the powder bed fusion process. It was developed in 1997 by Arcam AB Company (Sweden).
EBM is used to produce parts for high performance applications within the biomedical, aerospace,
and automotive industries. This technology is more effective with complex parts manufactured in low
volumes where machining and casting would require too much lead-time and wastage of material.
However, AM has some limitations too. The major problem is the distortion and warping associated
with the building of overhang structures. In EBM, the overhang surfaces are in contact with loose
powder, which is not sufficient to support the molten metal. In addition, the powder bed is not
efficient enough to take away the heat from the overhang surfaces because of poor thermal conductivity.
This leads to dross formation, distortions, and warping [1].

Vayre et al. [2] investigated some key manufacturing constraints while designing parts for EBM.
They studied the removal of unmelted powder and the needs for support structures for different
design configurations. The authors estimated powder depths that can be removed easily for a set of
geometric features using available powder recovery system. The authors also concluded that for the
developed test parts, support structures were only needed when they oriented approximately 90° to
the building axis.
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A similar study was done by Drescher et al. [3] to find out the relationship between depth of
powder removed and pore size for net-structured titanium parts using EBM. They performed powder
removal for several net-structured parts using the established powder blast system. They reported that
a linear relationship exists between the depth of powder removed and pore dimensions. To minimize
the porosity in the Ti-6Al-4V parts produced through selective laser melting (SLM), a combination
of optimized parameters and intensified intrinsic heat treatment was applied [4]. It incites extensive
martensite decomposition &’ to « + 3 along the building direction. This results in the creation of a
uniform, fine lamellar &« + 3 microstructure. For the regions that were highly affected by the intensified
intrinsic heat treatment, a 3D interconnected network of 3 was created.

Since a complex thermal processes is undergone by materials during metal AM, brittle martensitic
microstructures unsuitable for structural applications are usually obtained. Therefore,
post thermomechanical procedures are generally applied to these parts, however each process has its
own pros and cons. Barriobero-Vila et al. [5] aimed at altering Ti alloys to the metallurgical conditions of
AM by exploring metastability around peritectic and peritectoid reactions. Adding peritectic forming
elements showed positive results in terms of microstructure stability.

Vora et al. [6] utilized blended powders to develop residual stress free overhang parts in SLM and
EBM. Al-Si and Ti64-Cu alloy systems were used in SLM and EBM respectively. T-shaped parts were
designed with 2 mm thick surfaces with an overhang length of 5 mm. They were able to produce SLM
parts without any warping and achieved 88% reduction in warping compared to the benchmarking
EBM Ti-6Al-4V part. Tounsi and Vignat [7] proposed a methodology for designing and optimizing
support structures in the electron beam melting process. New support structures were used and their
efficiency was studied. The results showed an enhancement for reducing geometric defects.

Ali et al. [8] suggested real time dynamic change in the build parameters to reduce residual
stresses in the selective laser melted Ti-6Al-4Vparts. They found that a temporary change in the layer
thickness during the build redistributed the stresses and overall residual stresses were reduced by 8.5%.
A support structure design methodology was developed by Kuo et al. [9] to minimize the deformation
using the least amount of support material in additive manufacturing processes. They proposed a
repulsion index which allowed easy removal of support structures and a weighting function which
estimated the cost by considering the time required to build the supports. A multi-objective topology
optimization method was adopted that included the proposed repulsion index and cost formulation.
Manufacturability of overhanging holes during EBM build of Ti-6Al-4V parts was analyzed by
Wadea et al. [10]. The parts were assessed based on geometrical accuracy, mechanical properties,
and microstructures. They concluded that overhanging holes up to a certain size could be built
successfully without the need for any support structures. Beyond the threshold value, suitable support
structures are needed and can be selected via trade-off between manufacturing time, cost, and accuracy.

Weifsimann et al. [11] developed single Ti-6Al-4V struts using SLM and EBM with different part
orientations. They showed that a functional correlation exists between the compressive strength and
slenderness ratio in addition to the equivalent diameter and height of the EBM and SLM fabricated parts.
In another study [12], cuboids were added to the conventional block support in overhanging structures
made by SLM. They utilized Taguchi method to see the effects of geometric design modifications
of support structures on surface roughness and deformation. It was found that these cuboids can
reduce the deformation, but their effects were less in comparison to the teeth structures. Oter et al. [13]
checked different support profiles for dimensional stability and surface quality in direct metal laser
sintering of maraging steel. They reported that overhang structures with weak supports profile had
low surface roughness and required less post processing at the expense of surface quality. The effect of
laser power on non-horizontal 316L stainless steel overhanging structures using SLM was studied by
Shi et al. [14]. They found that smaller laser power remelting should be utilized for better forming and
surface quality.

Z&h and Lutzmann [15] developed a thermo-physical finite element (FE) model using a single
scan vector to determine the effects of scan speed and beam power on melt pool geometries while
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developing stainless steel 316L parts by EBM. Higher length-to-width ratios of melt pool resulted
in several melt balls instead of solidifying as a smooth layer as reported in [16]. Using a parametric
simulation study, they concluded that a combination of beam scanning speed of 50 mm/s and beam
power of 150 W resulted in a minimum length-to-width ratio of approximately 1.3.

Shen and Chou [17] developed two thermo-mechanical FE models, one with single straight scan
path and the other with multi-layer cross scan path, in order to investigate the effects of different
scan patterns on residual stresses and deformation of Ti-6Al-4V parts produced by EBM. However,
they validated simulation results with electron beam welding of Inconel-706 due to lack of experimental
published results for EBM at that time. In another study [18] by the same authors, these FE models
were employed to find out the critical substrate thickness above which the preheating temperature
penetration would not be effected. The preheating temperature penetration was found out to be
0.5 mm with the critical substrate thickness of 10 mm. The reported results, however, were without
any experimental validation.

Cheng et al. [19] developed thermo-mechanical FE models to simulate warping associated with a
simple overhang structure. They concluded that slow heat dissipation around the overhang area due
to poor thermal conductivity of the powder resulted in higher temperatures that lead to warping and
distortions. It was also reported that lower powder porosity might reduce residual stresses associated
with overhang warping. No experiments were performed to validate the simulation results.

Cheng and Chou [20] developed 2D FE models to simulate EBM of Ti-6Al-4V structures to
evaluate the effects of process parameters, overhang and support configurations, and powder porosity.
They reported less deformation with an increase in beam scanning speed and spot diameter. It was
found that smaller tilt angles of overhang structures resulted in large deformations. In addition,
powder with a low porosity level was recommended to suppress the overhang deformations. Later,
a new method based on combined heat support and anchor design was proposed by Cheng and
Chou [21] to reduce the warping associated with overhang structures by developing 3D FE models.
They reported significant reduction in warping using the proposed methodology.

Han et al. [22] developed overhanging structures for AlSi10Mg alloy using the laser powder bed
fusion process. They concluded that the utilization of support structures improved the manufacturability
and structural integrity of the overhanging structures. They developed half and full circle overhanging
structures and reported that the influence of support was found to be more beneficial for circularity of
overhanging holes. Cheng et al. [23] utilized topology optimization to design support structures in laser
powder bed metal additive manufacturing. Instead of performing temperature displacement analysis,
an inherent strain method was adopted to reduce computational time for predicting residual stresses.
The optimization problem was formulated to minimize the mass of sacrificial support structures under
stress constraint. They showed that optimized structures achieved a weight reduction of around 60%.
Lu et al. [24] developed a 3D thermo-mechanical model in laser solid forming of Ti-6Al-4V parts.
They simulated 40 layers of metal deposition using different scanning strategies. By performing the
sensitivity analysis, they showed that the thermal expansion coefficient and the elastic stiffness of the
material had significant effects on mechanical behavior of the build parts.

It is evident from the literature review that model validation using in-house experimental results
is lacking in most simulation studies. In this work, 2D finite element models have been developed
assuming plane strain formulations to model the effects of different support structures in EBM.
The deformation associated with these models are compared with the in-house fabricated EBM
parts. In addition, residual stresses and temperatures associated with these models are also analyzed
and discussed.

2. Experimental Setup

In order to investigate the effects of different support structures on overhang warping, five models
(model A to model E) were designed and build using the electron beam melting (EBM) process as
shown in Figure 1. Model A was a reference part without any support structure, whereas model
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B and C were designed with straight column support as shown in Figure 1. Models D and E were
designed using Y-shaped supports with a different middle column as illustrated in Figure 1. For all
models the thickness of the support columns was 0.6 mm, which is the minimum wall thickness that
can be produced using the available EBM technology [25]. The computer-aided design (CAD) models
were converted to stereolithography (STL) format and imported to Magics software for adjusting the
orientation and fixing the STL model’s errors. Titanium powder alloy (Ti-6Al-4V) with particle sizes
ranging between 53-107 um with a mean of around 75 um was used in the current study as shown in
Figure 2.
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Figure 1. Model dimensions and different support configurations for electron beam melting (EBM)
build parts.

~= A
ped v
100pm CEREM

15.0kV SEI M

Figure 2. Scanning electron microscope image of Ti-6Al-4V powder particles.

ARCAM (Sweden) EBM A2 technology was utilized for fabricating the specimens with default
preheat and melting parameters set as shown in Figure 3. The electrons were emitted from a filament,
which was heated at above 2500 °C. These high-energy electrons were accelerated through the anode.

The magnetic field of the lenses brought the beam into focus and the scanning was carried out
electromagnetically. When the high-energy electrons hit the titanium powder, the kinetic energy was
transformed into heat. The titanium powder was fed by gravity from cassettes and raked into layers
across the table. The built specimen was lowered on the built table with each layer melt cycle. The heat
melted the metal powder and the powder was controlled by altering the current of the beam. All the
process was performed under vacuum, which eliminates impurities and yields high strength properties
of the material. The material can incorporate a controlled porosity lattice structure and scaffold which
helps in bone growth and reduces the number of process steps. The machine was kept in high vacuum
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and the electron beam melted the titanium metal powder consecutively layer upon layer. Each layer
was 0.05 mm in thickness. Once the build was finished, the parts were left for some hours for cooling.
Table 1 presents the parameters used in current study.
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Figure 3. ARCAM A2 machine diagram.
Table 1. Default EBM process parameters.
Parameters Values
Beam current, I (mA) 15
Scan speed, vs (mm/s) 4530
Line offset (mm) 0.1
Acceleration voltage, V (kV) 60
Electron beam diameter, d (um) 200
Powder layer thickness (mm) 0.05
Beam penetration depth, D (mm) 1.5 layer
Solidus temperature (K) 1878
Liquidus temperature (K) 1928
Preheat temperature, Tipjtial (K) 1003

The fabricated specimens were cleaned from the un-melted powder by sandblasting.
The specimens were detached from the base plate by applying a very low force at the parting
line using a sharp tool. In order to evaluate the overhang deformation, the coordinate measuring
machine (CMM) was employed as shown in Figure 4. The lower left corner of the solid support was
used as a reference point for measuring the coordinates of overhang warping. The total deformation at
the extreme point of the overhang area was calculated using the difference between coordinates of
the build part and the CAD model. The reference and measuring points are marked as ‘O” and ‘P’ in
Figure 1. Each measurement was performed three times using a highly accurate touch-trigger probe
mounted on the CMM and the average value was calculated.



Metals 2019, 9, 806 6 of 15

MM probe ——— T / Specimen

e

Fixture

_

Figure 4. The coordinate measuring machine (CMM).
3. Finite Element Models

The temperature distribution during the EBM process can be obtained from the general equation

of heat conduction with the moving heat flux and it is given by [16]:
op 8 _1(9T  JT
VT = (at T

Pl 1)

where T represents the temperature, g is the rate of heat absorption, k is the thermal conductivity,
a is the thermal diffusivity, and v; is the speed of the moving heat flux in the x-direction. The phase
transformation has been modeled considering the volumetric fraction of liquid (v f) and latent heat of

fusion (L f). Thus, the enthalpy h(T) of the material at any temperature T is defined as:

h(T) :deT-f—Lfo 2)

where c is the specific heat and v/ is dependent on solidus (Ts) and liquidus (T1.) temperatures and
given by:

0 T<Ts,
vf= 7 T.<T<T, 3)
1 T>T

Heat distribution due to the movement of the electron beam is modeled using a volumetric heat
source having Gaussian distribution along the material surface and it is given by [20]:

) Hs %1
§=nx—p— )
where 5
_ 1 ] ,5s(Y y }
= { 225 (S) +15% 4075 5)
2VI 2(x - x5)°
Hs = —5 exp {- 7 (6)
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where 7 is absorption coefficient, D is the penetration depth, V is the applied voltage, I is the beam
current, and d is the beam spot diameter.

Temperature dependent mechanical and thermal properties of Ti-6Al-4V were utilized in FE
models. They were collected from various sources [26-28] and are shown in Table 2. The thermal
conductivities of solid Ti-6Al-4V alloy and sintered powder with 50% porosity are very much

different [29]. For example at 25 °C, the thermal conductivity of solid alloy is ten times higher than the
thermal conductivity of sintered powder.

Table 2. Temperature dependent material properties of Ti-6Al-4V.

Temperature ~ Thermal Conductivity (W/m.K)

Specific Heat  Density  Yield Stress Young's Expansion
Range (°C) Solid Powder (J/Kg-k) (Kg/m®) (MPa) Modulus (GPa)  Coefficient (1076/C°)
0 6 0.5 547 4400 982 120 8.8
400 8.56 1.28 627 4349 694 112 9.8
800 1091 1.76 718 4294 529 102 10.6
1200 12.85 2 680 4236 364 64 11.53
1600 15.38 2.36 748 4186 64 26 12.27
2000 - - - 4094 - - -
2400 - 4003 - - -
2800 - - - 3905 - - -
3200 - - - 3811 - - -

Coupled temperature displacement analysis were performed with 2D models using
ABAQUS/Standard to simulate deformation and warping associated with models built using the
EBM process. The simulation study considered the deposition of 20 layers each having a thickness of
0.05 mm totaling 1 mm thickness for the overhang layer. The same dimensions were used both for the

experiment and for simulation. The finite element mesh with the boundary conditions for model A
described earlier is shown in Figure 5.

Electron Beam Flux

Solid Base Powder Base

Fully Constrained
Bottom |

Model A

10 15 4

Figure 5. Model A, 2D finite element (FE) model for electron beam melting study of overhang structure
(all dimensions are in mm).

The model initial temperature was set to the preheat temperature of the powder. The temperature
boundary condition for the bottom layer of solid and powder base was also set to the preheat temperature
of the powder. The transformation of a single powder layer into solid layer was accomplished in
two steps. First, there was a heating step corresponding to electron beam movement on the layer in
x-direction. The electron beam source was modeled using the DFLUX subroutine, which is based
on the mathematical model described earlier. The phase transformation of the powder layer into
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liquid and then solid was modeled using the UMATHT subroutine and the thermal properties of the
phase were changed accordingly. In the second step the layer was allowed to cool to the preheat
temperature and since the fabrication took place in a vacuum, any convection heat transfer was ignored
and the cooling was supposed to take place by radiation mode only. The Stefan Boltzmann constant
was used for radiation heat transfer with consideration of emissivity of the material, i.e., 0.7 [25].
All the layers above the target layer were deactivated using *MODEL CHANGE command available in
ABAQUS/STANDARD and the corresponding elements were removed from the particular steps.

In this way, the model contains 40 steps for the deposition of 20 layers. The last step allowed the
model to cool to room temperature and took approximately 17 min. Continuum plane strain elements
with temperature degree of freedom (CPE4T) were used in coupled temperature displacement analysis.
A very fine mesh was used for the deposited layers to account for steep temperature gradients across
the deposited layers. A variable size mesh was used for the solid and powder substrate and it got
finer close to the deposited layers as shown in Figure 5. In the same fashion, FE mesh for models with
support structures, i.e., models B to E, were developed as shown in Figure 6. Contact between the
layers and the powder-base was modeled using SURFACE-TO-SURAFACE CONTACT available in
ABAQUS/STANDARD. On the other hand, the layers were attached to the solid-supports using mesh
based TIE-CONSTRAINT. The models were run on a Dell Precision T1650 Workstation and required
approximately 29 h of computational time for the deposition of 20 layers.

Figure 6. FE models with different support structures.

4. Results and Discussions

The fabricated model without support structure (model A) using EBM is shown in Figure 7.
The warping effect at the extreme point on the overhang edge can be clearly observed in the fabricated
model. Figure 8 shows models fabricated with support structures. As depicted, the warping effect was
very much suppressed due to support columns and these models have comparable deformations.

Figure 9 shows a comparison for maximum total deformations obtained using experiments and
simulations for all models. For all models, simulation results underestimated the deformations and
the errors were around 22% approximately. The difference was mainly due to the assumption of
simplified plane strain formulation (2D models), i.e., no deformation was assumed in the lateral
direction. The errors could also be due to deviation in material properties and neglecting deformations
in the base part prior to the deposition of top layers. However, it can be realized that these models
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are able to capture the correct trend with respect to the deformation change due to different support
structures as shown in Figure 9.

Figure 7. Model without support structure (model A) fabricated using EBM.

Figure 8. Models with support structures (models B to E) fabricated using EBM.

0.3500
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0.2500
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Figure 9. Maximum total deformations (mm) obtained using experiments and simulations.

Max. Total Deformation (mm)

Total deformations obtained after the final cooling step are shown in Figure 10. As expected,
deformations associated with model A were high and warping was clearly shown along the overhang
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area, i.e., the surface profile obtained using simulation was very much similar to the EBM fabricated
part as shown in Figure 8. Models B to E showed low and comparable deformations due to their
support structures. Model C with four straight column supports showed the least deformation whereas
model D with Y-shaped supports had high deformation among other support structures. However,
the differences were minor, i.e., around 3-4% and the choice of support structure depended on tradeoff
between material utilization and structural rigidity.

Figure 10. Total deformation (mm) in FE models with final build-up.

In the EBM process, the building time involves the time for the spreading of powder on the build
platform, preheating time, powder-melting time, and the time for lowering the build platform by one
layer of thickness. Melting time is very short in comparison to the total cycle time. Adding the support
structures within the part height slightly increased the build time. In the current study, the models
with support structures took around 3.20 to 3.23 h, whereas the model without any support structure
took 3.1 h to build.
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As EBM is a thermal process, stresses and deformations associated with the build part are largely
dependent on temperature gradient between the layers. Each layer is formed with a heating step
with an electron beam followed by a cooling step on account of radiation. In other words, each layer
undergoes both expansion and contraction and these effects are further amplified by slow heat transfer
due to poor thermal conductivity of the powder material. Thus, analysis of the temperature profile
during the buildup of layers is crucial in order to minimize distortion and warping associated with the
overhang structures.

Figure 11 shows the temperatures generated during electron beam scanning of the third layer
for model A and model B. It was found that higher temperatures were generated at the overhang
area during the formation of initial layers. As the part build proceeds, temperature reduced a bit and
became steady. This can be accounted for by the thermal conductivity difference between the powder
and solid titanium alloy.
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Figure 11. Temperature distributions (K) during 3rd layer build.

It was evident that temperatures were lower in model B in contrast to model A. This is
again emphasizing increased heat transfer due to higher thermal conductivity of solid supports
and consequently higher deformation/warping was expected with model A upon final cooling.
Similar findings are reported by other researchers during EBM build of Ti-6Al-4V parts [15-17].
After electron beam scanning, each layer was allowed to cool to preheat temperature by radiation
and there existed a low temperature gradient after the end of cooling step as shown in Figure 12.
Considering the solidus and liquidus temperatures of the alloy and the current temperature
distributions, the phase transformation from powder to liquid and liquid to solid alloy could be
predicted. Similarly, the temperature contours were also helpful in determining the size and shape of
the melt pool during each layer build-up. As discussed earlier, a higher aspect ratio for the melt pool
results non-uniform solidification and results in melt balls instead of solid layers [14]. Consequently,
these temperature predictions would be helpful in predicting these defects and EBM parameters could
be optimized accordingly.
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Figure 12. Temperature distributions (K) after the end of cooling steps for the 10th layer.

The residual stresses in the electron beam scanning direction after the final cooling step are
shown in Figure 13. It is clear from the figure that the residual stresses pattern for the model without
support was very much different from the models with support structures. For model A around the
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overhang area, the outer layers were under tensile residual stresses while the inner layers were under
compressive residual stresses. This distribution is typical and associated with warping/distortion
areas. In contrast, the residual stress pattern was tensile and fairly uniform for the layers over the
solid support area and compressive residual stresses were visualized around the solid support-layers
interface area.
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Figure 13. Residual stress distributions (MPa) when cooled down to room temperatures.

Residual stress contours for models B to E were very much similar. Uniform tensile residual
stresses were seen for the layer overhang areas. These were balanced by the compressive residual
stresses inside the solid supports as shown in Figure 9. Higher tensile and residual stresses were found
with models B and C in comparison to models D and E as they were providing stronger support due to
straight columns connected to the base plate. The residual stress patterns for the EBM build parts were
very much similar to the work reported in [19,30]. The difference in the residual stresses pattern for the
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supported and unsupported models is illustrated by plotting some of the values for the deposited
layers for model A and B as shown in Figure 14.

49 _
Model A Model B

Figure 14. Residual stress distributions (MPa) in the deposited layers around the overhang area.

The following are the limitations of this study:

e  Plane strain formulation was considered, i.e., lateral distortions can’t be predicted.

e  Due to unavailability of data, mechanical properties of solid and powder alloys were considered
the same.

e Simulation of a complete part was not considered due to the requirement of huge computational
time. So, deformations present in the base part prior to the deposition of the top 20 layers
was ignored.

5. Conclusions

In the current study, 2D FE models with plane strain formulations showed promising results to
predict the effects of different overhang structures on deformation and warping associated with the
EBM build of Ti-6Al-4V parts. As the coupled temperature displacements analysis are computationally
expensive, the models were developed to simulate the building of the top 20 layers only with 2D
plane strain elements having temperature degrees of freedom. Analysis of experimental results
showed that deformation and warping associated with the EBM parts were influenced by the choice of
support structure. From FE analysis, it was concluded that the 2D plane strain models are capable of
predicting these variations and the results and in agreement with the experimental work. In addition,
the temperature contours during the part building gave insights regarding phase transformation and
melt pool geometry which in turn were helpful in predictions of metallurgical defects. The residual
stresses inside the built part were also predicted after allowing the model to cool down to room
temperature. In summary, the following conclusions can be drawn from this work:

1. From the above analysis, it can be concluded that 2D FE models based on plane strain formulations
are useful in predicting the overhang deformations for EBM built parts.

2. The FE models underestimate the deformations in all cases and the errors are around 22%.
However, the models are able to predict the effects of different support structures on overhang
warping up to a reasonable degree of accuracy.

3. The temperature predictions during each layer build-up could be useful in determining the phase
transformation from powder to liquid and liquid to solid alloy.

4. These FE models are also useful in determining the size and duration of the melt pool during
each layer build-up.

5. Residual stress patterns for the deposited layers are found to be very much different from the
un-supported model and the overhang areas show fluctuating stresses from tensile to compressive.

6.  The deposited layers for the models with support structures show uniform tensile stresses,
which are balanced by the compressive stresses inside the support columns.
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