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Abstract 

Electron Beam Melting is an innovative process for the production of massive parts with minimum 

support structures and negligible residual stress. However, some geometries, such as overhang 

volumes, still pose a challenge to manufacture and can result in non-negligible geometrical defects 

such as “side loss”. Based on thermomechanical simulations, the aim of this work is to understand 

the reasons for the appearance of this defect and its evolution throughout successive layer 

depositions. Simulation results indicate that side loss is due to the repetitive force applied by the 

new layers on the previous ones due to the fast shrinkage in the top of the part. In addition, both 

simulation and experimental analysis show an increase in the defect amplitude with increasing 

thickness of the overhang volume and its stabilization after the first millimeters of the overhang 

volume.  

1. Introduction 

Electron Beam Melting (EBM) is a recent powder bed fusion process, relevant for manufacturing 

complex geometries. These manufactured parts have good mechanical properties with a relatively 

accurate geometry. The principle of this process is based on successive additions of powder layers on 

a base plate, and their selective melting by an electron beam. The nature of the process requires 

conductive materials to produce the parts [1]; the standard materials recommended by the 

manufacturer ARCAM AB are Titanium alloys Ti6Al4V (also known as TA6V), Ti6Al4V ELI or Titanium 

Grade 2. Other alloys are also used, like Cobalt-Chrome ASTM F75 or Inconel 718 [2].  

Whatever alloys are selected for production, the parts present different types of defects due to 

complex and coupled thermomechanical phenomena that occur during fabrication. For powder bed 

fusion processes, Malekipour and Elmounayri [3] have classified defects into four categories 

according to their observation scale: geometric and dimensional inaccuracies, defects related to 

surface quality, microstructure and mechanical properties. One of the main challenges to upscaling 

the EBM process from the laboratory to industrial applications requires predicting and improving the 

geometrical quality of the produced parts. This salient point corresponds to the main focus of the 

present paper. 

Geometrical defects can be located on different zones of the parts and mainly result from thermal 

deformations of the geometry coupled with the successive depositions of material. There are 
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empirical rules to guide the manufacturer in identifying the most suitable process parameters; 

however, in some cases it is difficult to limit geometrical defects, particularly in the case of overhang 

geometry. In such cases, one of the most commonly observed defects is “side loss” (Figure 1). This 

term was first introduced by Tounsi and Vignat [4] in their experimental study of geometrical defects 

in the EBM process. The authors reported that the side loss effect cannot be limited by adding classic 

support structures, unlike warping. Different authors [6, 7] have attributed this defect to 

inhomogeneous shrinkage between the subsequent layers; they argue that the contraction of the 

first layers is not inhibited [7], while the contraction of further layers is limited by the previous 

solidified layers. This leads to a difference in layer length between the first and subsequent layers, 

and is likely to result macroscopically in the side loss phenomenon. 

Another typical defect classically observed in additive manufacturing parts is warping, 

characterizing the curved shape of the first overhang layers. This defect has been investigated much 

more in the literature for different additive manufacturing processes [4]–[6], [8]–[10]. The different 

authors have attributed this defect to the lack of heat dissipation in the powder bed, which is less 

conductive than the solid material. Thus, during cooling of the upper layers of overhang volume, heat 

dissipation occurs more quickly on the upper layers than the lower ones, which results in 

compression of the upper layers [9] and traction of the lower layers. This bending state leads to the 

typical warping shape of the part. In the powder bed process (laser beam melting and electron beam 

processes), bending is more noticeable in the lower layers, while the lack of volume in the upper 

layers is compensated by the powder spread by the rake. Consequently, the bottom of the overhang 

volume is curved, while the top surface remains horizontal [7], [11] (Figure 1). 

 

Figure 1: Geometrical defects of overhang part 

In the present study, a thermomechanical model is developed in order to simulate side loss defect 

of overhang parts (schematized in Figure 1). The thermomechanical model represents the actual 

manufacturing conditions and parameters used to manufacture the parts. The simulated distortions 

are compared with the distortions of the fabricated parts in order to validate the thermomechanical 

model. In addition, a batch of overhang parts of different heights is manufactured in order to 

investigate the effect of overhang height on the side loss amplitude, and thus validate the simulation 

findings. 

2. Analysis of the dominant phenomena and modeling selection 

2.1. Description of dominant phenomena 

In the EBM process, a typical build starts by creating a vacuum in the building chamber. The 

electron beam is then used to heat the build plate to 750°C [12]. Powder layers are spread by a rake, 



preheated and then melted in particular areas until the complete part is built. The manufacturer 

ARCAM AB (purchased in 2016 by GE group) proposes various machine models (S12, A1, A2, Q10, 

etc.), with somewhat different characteristics.  In the present study, the samples are made using an 

ARCAM A1 and EBM control software 3.2. Therefore, the process parameters discussed below are 

suitable for this machine model. 

The electron beam is generated by a tungsten filament [13] and then accelerated using an 

acceleration voltage of 60kV [14]–[16]. The beam position is controlled using a deflection coil [17], 

and its size varies as a consequence of the variation of the focus coil field [12]. During the preheat 

phase, the electron beam heats the powder bed using multiple passes with a high value of current 

(usually above 30mA [18] [19]) and fast scan rate (about 104 mm/s [18], [19]). In the melting phase, 

the current and the scan rate are reduced respectively to (5mA-20mA) and (100mm/s to 1000mm/s) 

[19]. The benefits of EBM technology over Laser Beam Melting (LBM), which is the most commonly 

used metallic powder bed process, include high productivity rate (about 60cm3/hour [20]), less 

residual stress and less post-processing. However, EBM remains more complex than laser technology 

[21], since it requires a vacuum environment and there are more process parameters to optimize 

[22]. Actually, the EBM process requires three different themes (preheat, support and melting) [11], 

[23], with each theme defined by several parameters (beam speed, focus offset, line offset, etc.) [11]. 

The preheat theme is not needed in laser technology, since the SLM powder bed is not preheated 

before melting, the energy density usually remains constant during the process, resulting in less 

complexity and fewer parameters to manage. 

The process involves several multi-physical interrelated phenomena. These have been classified 

according to Van Belle [24] into three categories:  

- Thermal phenomena: these include melting, solidification and heat dissipation. The heating of 

the powder bed by the electron beam melts the powder particles [14], [16]. Most of the energy 

applied by the electron beam is absorbed by the powder material (about 95% [17], [20]). The 

absorbed energy is then dissipated in the previously deposited dense material mainly by 

conduction [25] or radiation. The thermal energy in the EBM process results in high temperature 

gradients and a high cooling rate of approximately 103-105K/s [25] (obtained for TA6V in EBM) 

and is the primary source of the mechanical and metallurgical mechanisms discussed later. 

- Mechanical phenomena: these include the material constitutive law, stress and strain generated 

during the process. Generally, in additive manufacturing processes, residual stresses are mainly 

due to the non-uniform way that the thermal energy is applied to the powder bed [26] and 

hence the non-uniform expansion and contraction of the material [27]. One of the main 

advantages of EBM is the ability to produce parts with negligible residual stress, as argued by 

different authors. Edwards et al. [15] reported the residual stress measured in several EBM 

samples: the results showed near-zero residual stress in the part. These negligible values can be 

attributed to the high temperature in the build tank, which continuously relaxes the residual 

stress in the parts. 

- Metallurgical phenomena: these include material composition and crystallographic structure, 

which depend on the beam intensity [28], scan strategy [27] and build temperature [25] (the 

surrounding temperature in the build tank). 



2.2. Selection of modeling approach 

Depending on the modeling scale, material addition in additive manufacturing processes can be 

modeled using several techniques. Figure 2 sums up the main available techniques proposed in the 

literature. The selection of one or another technique mainly depends on the scale of the study, the 

physical phenomena to be modeled, the expected accuracy and the available computing resources. 

In our case, we use thermo-elastoplastic analysis to simulate the geometrical defects coupled to the 

“element birth technique” [21], [24], [29]–[31] for the addition of new layers in both thermal and 

mechanical models. In this technique, the mesh of the complete geometry is created and all 

elements are initially deactivated. They are then activated gradually during the simulation to 

represent the addition of the new material. Despite the high computational costs associated with this 

technique, it remains the most efficient for representing the addition of new layers correctly [24]. To 

model the phenomena at the melting pool scale, alternative methods use adaptive moving mesh 

(ALE) [32]–[34], volume of fluid or level set method.  At the part scale, commonly used approaches 

include inherent strain method [35]–[38] and inherent shrinkage technique [39]. These techniques 

are not detailed here because they are considered beyond the scope of this work.  

Side loss defect is mainly due to thermomechanical phenomena during the process; its magnitude 

varies significantly with the geometry and orientation of the produced parts. To point out and 

identify the main reasons for the appearance of this defect, in the present work we propose to study 

a cantilever geometry produced horizontally (as shown in Figure 1). With this particular geometry, 

side loss can be observed in different zones. First, we study the manufacturing defects 

experimentally through a batch of parts produced with the same configuration. Next, we set up 

numerical simulations in order to understand the physical phenomena occurring during the 

manufacturing process. Currently, the use of numerical models remains limited, mainly due to the 

computing time required; thus, there are very few thermomechanical simulations in the literature 

that model the actual size of EBM parts, and even fewer thermomechanical simulations compared to 

macroscopic geometrical defects. The numerical simulation developed here is based on the Abaqus 

commercial software through two simulation steps. First, a thermal model is developed in order to 

evaluate the temperature field during production. In this model, the estimated electron beam energy 

is gradually applied to the powder layers; the transient temperature is then calculated according to 

the passage of the electron beam across different layer elements. Temperature field is then used as 

an input for the mechanical model. The resulting geometrical distortion is then compared to parts 

produced with the same conditions. From this comparison, we propose to analyze and understand 

how these defects occur during the deposition of multiple layers. 

The main motivation here is to understand the thermo-mechanical phenomena leading to 

macroscopic distortions of overhang structures, and then to understand the reasons for the 

appearance and the causes of the geometrical defects observed experimentally on overhang EBM 

geometries. To do this, it was decided not to model metallurgical transformations at the microscopic 

scale. The thermal model setup includes the variation of thermal properties caused by state 

modifications (from powder, to liquid and solid states). The thermal effect of the state modification is 

modeled by a latent specific heat between solidus and liquidus. The electron heat input is deduced 

from current intensity, acceleration voltage, powder absorption coefficient and scan rate. Two heat 

loss sources are considered: i. conduction in the surrounding material, estimated by thermal 

resistance; ii. radiation using the emissivity of the material. In the mechanical model, it is assumed 



that the powder has a marginal effect on geometrical distortion due to the relatively low mechanical 

property (compared to the dense material). Mechanisms occurring on a smaller scale (capillary 

forces, Marangoni convection, chemical reactions, etc.) are not addressed in this study.  

 

Figure 2: Modeling approaches in additive manufacturing processes at different scales 

2.3. Geometrical observations on the produced parts 

The Titanium based alloy TA6V was used to produce several batches of overhang parts by EBM. All 

the produced parts present the side loss defect at the free end of the overhang volume. An example 

of a produced batch is shown in Figure 3 and is composed of 16 parts. Contour support is used to 

better sustain the overhang portion and avoid warpage. The offset between the parts and the build 

plate is 3mm and the scanning strategy used during production is shown in Figure 3. In this case, the 

16 parts are considered as individual parts. Thus, the electron beam scans along the length of each 

part (called scan vector) in the considered scan direction, before moving to the next scan vector.  

 

Figure 3: Batch of overhang parts (a) CAD file (b) Scanning strategy 

Several batches were manufactured under the same conditions. Contour supports were removed 

from the as-fabricated parts (Figure 4-b). All produced parts have the same shape and present the 

same geometrical defects. A representative sample is shown in Figure 4. Side loss can be observed on 

the left horizontal side of the part. At the bottom of the horizontal shape, there is a relatively small 

amplitude of warping. In addition, the side loss has a regular shape along the Y-axis of Figure 5. To 

define the amplitude of geometrical defects, measurements were performed by a 3D optical scanner 

(GOM Atos Core) and the measured geometry corresponds to a structured mesh of cloud of points. 
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The measured mesh is aligned with the CAD model through a least square association (based on 

reference planes of the geometry), then the geometrical distance between the measured mesh and 

the CAD model is calculated in order to quantify the deviations of the measured data. These 

geometrical deviations are shown in Figure 5 for a representative specimen of the produced batch. 

As can be seen in this figure, the green zones represent a good agreement between the CAD and the 

measured geometry. However, the negative deviations (blue zones) along the edges of the overhang 

volume represent the amplitude of side loss. 

 

Figure 4: (a) As-fabricated part (with support) (b) Overhang part without support 

The measurements confirm the previous global analysis concerning side loss and its regular shape 

all the way along the edges of the overhang volume ranging from -0.6mm to -0.8mm. Moreover, the 

same amplitude is observed on the left side of the part. This leads to the conclusion that the side loss 

is symmetrical and the massive vertical zone of the part (Figure 6-a) has a relatively small influence 

on the studied defect. 

 

Figure 5: Cartography of geometrical deviations of part No. 2 

From the previous geometrical analysis and the shape of the defects, it is considered that the 

problem is symmetrical and it is therefore sufficient to study half of the part. In fact, the vertical zone 

of the part seems to have no influence on the amplitude of this defect. The other simplification 

comes from the process sequence of the electron beam coupled to the part orientation, as shown in 

Figure 3. Since the electron beam follows the same route to weld the different layers of the part, it is 

proposed that only a vertical wall on the right half portion of the overhang volume is simulated. In 

Figure 6, the global geometry of the simulated wall is drawn. The dimensions are 17.5mm x 5mm x 

400 µm. The thickness of the wall corresponds to the electron beam diameter. 
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Figure 6: (a) Geometrical model; (b) simulated wall 

3. Modeling setup 

3.1. Thermal modeling setup  

The evolution of the transient temperature field is computed using Abaqus software. As argued in 

Section 2, the three thermal phenomena to be modeled are the melting of powder material, 

solidification and heat losses. To do this, the thermal simulation takes into account the following 

steps: 

- Preheating the build plate: the process starts by preheating the build plate, the evolution of the 

plate temperature during the process is given by the thermocouple located at the bottom of the 

build plate (Figure 7). The plate is preheated to a temperature of 750°C. This phase is not 

simulated in the present work and it is assumed that the temperature is 750°C at the beginning of 

the build. 

- Spreading the powder material between the build plate and the overhang volume: the model 

starts by gradually activating 20 layers of 50µm (thickness of a single layer) to represent the 

powder material separating the overhang volume from the build plate. Powder layers are 

activated with a temperature of 750°C respecting raking time (10s) and consolidation time (9s).  In 

all the steps of the simulation, the powder material is considered as continuous media with 

homogeneous properties. 

- Gradual melting of the powder elements: once the powder layers separating the build plate from 

the overhang part are activated, additional powder layers are gradually activated at preheating 

temperature. For these new activated layers, the electron beam energy is gradually applied to 

layer elements. The properties of elements change from powder to solid state according to the 

position of the electron beam (as shown in Figure 8). In the numerical simulation the activation 

procedure respects the actual parameters used by the ARCAM build theme, as depicted below.  

- Final cooling of the part: after the deposition of all layers, the elements are gradually cooled to 

room temperature (20°C). 

According to these main phases of the build process, it is proposed to simulate production at the 

end of the preheating phase and after the first consolidated powder deposition. It is then assumed 

that the first consolidated layers have no effect on the final geometrical defects (due to the low 

mechanical strength of the material). To introduce the effect of the temperature drop during 

production, the data recorded by the thermocouple sensor located at the bottom of the build plate 

(shown in Figure 7) are used directly as a boundary condition. This boundary temperature (referred 
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as build plate temperature in Figure 8) is updated during the activation of each new layer in order to 

represent correctly the change of build plate temperature during the fabrication. 

 

Figure 7: Build plate temperature during the build (experimental data from the manufactured batch). 

 

Figure 8: Schematic representation of thermal model 

The transient temperature is calculated according to the heat transfer equation (Eq 1) which takes 

into consideration temperature and state-dependent material properties: 

𝜌(𝑇, 𝛼) 𝐶𝑃 (𝑇, 𝛼)
𝜕𝑇

𝜕𝑡
− 𝑑𝑖𝑣 (𝑘 (𝑇, 𝛼) 𝑔𝑟𝑎𝑑 𝑇) − 𝑄 = 0 Eq 1 

Where 𝜌 is the material density, 𝐶𝑃 is the specific heat capacity and 𝑘 thermal conductivity.  

Eq 1 shows the dependence of these thermal properties on temperature T and state variable 𝛼 

(𝛼=0 for powder state, and 𝛼=1 for dense state). During activation of the entire powder layer, 

temperature T is equal to 750°C, corresponding to the preheating phase, while the state variable 𝛼 is 

equal to 0 to represent the powder state. During scanning, when the temperature of a scanned 

element exceeds the melting point, the new value of 𝛼 is set to 1, corresponding to the transition 

from powder to dense liquid state. During cooling, the temperature drops below the melting point. 

The thermal characteristics are then set as in solid state. The thermal properties 𝜌, 𝐶𝑃 , 𝑘 used in the 

numerical simulation are functions of the actual temperature, as shown in Figure 9. Thus, thermal 



properties such as density, conductivity, specific heat capacity and emissivity are plotted for solid, 

liquid and powder states for temperatures ranging from ambient to melting point of TA6V (1665°C 

[41], [42]). 

 

Figure 9: Temperature-dependent thermal properties of TA6V (a) Density [12], [41]; (b) Heat capacity 
[41]; (c) Conductivity [21]; (d) Emissivity [40] 

According to [43–47], the electron beam energy density, Q in Eq 1, is estimated as follows:  

 Q(𝐽/𝑚3) =  
𝜂 𝑈 𝐼(𝑙)  

 𝛷 𝑝 𝑉(𝑙, 𝑍) 
 

Eq 2 

Where 𝜂 = 70% is the efficiency coefficient representing the amount of energy absorbed by 

powder elements, U=60kV [1, 3, 16] is the accelerating voltage of the electron beam, 𝛷=400µm [14], 

[26] is the beam spot diameter, p=100µm is the penetration depth of the electron beam into the 

layers, l is the scan length and Z the height of the overhang layer. I(l) and V(l,Z) represent respectively 

the current and the scan speed of the electron beam. These two parameters are continuously 

changing in the EBM process, they can be determined using ARCAM functions: current 

compensation, speed function and thickness function. The beam current I depends on the scan 

length l, and is estimated using the current compensation function. The scan speed V depends on the 

scan length l and the height of overhang layer Z, and is estimated using speed function and thickness 

function. Details about the current compensation, speed function and thickness function can be 

found in [47]. 

For production, the manufacturing parameters are stored in a typical log file. Based on the  

ARCAM functions [47] and the log file data, it is possible to determine the volumetric energy to apply 

to every element according to the number of layers. Figure 10 shows the evolution of the energy 

level as a function of the layer number. It can be observed that the energy levels change during the 

first layers, due to the particular strategy of ARCAM to adjust the energy according to the thickness 

of the part and in this way limit any over-heating phenomena. After the application of the beam 

energy for a given layer, there is a pause of 50 seconds before the activation of the next layer in 

(a) (b) 

(c) (d) 



order to represent the required time to melt the other parts. The accumulated heat is then 

dissipated by conduction and radiation. The bottom nodes of consolidated powder are maintained at 

the build plate temperature following the curve seen in Figure 7. Thus, by conduction, the new 

elements exchange heat through previous solid layers and then through consolidated powder layers. 

The conduction through the surrounding dense material is modeled by a convective coefficient h, 

assuming equivalence between the conductive and convective thermal resistance (Eq 3). 

𝑅𝑡ℎ
𝑐𝑜𝑛𝑑 =

𝑒

𝜆
= 𝑅𝑡ℎ

𝑐𝑜𝑛𝑣 =
1

ℎ
 

Eq 3 

Where e is equal to 10mm (width of half of the part (Figure 6-a)) and 𝜆 thermal conductivity of 

dense material at 550°C. 

The energy radiation 𝑄𝑟𝑎𝑑  is calculated by Eq 4. This heat quantity is temperature-dependent and 

becomes more significant with high temperature values. 

𝑄𝑟𝑎𝑑 = 𝜀(𝑇)𝜎 (𝑇4 − 𝑇𝑏𝑐 
4 ) Eq 4 

Where 𝜀(𝑇) represents the emissivity of dense material, 𝜎 the Stephan-Boltzmann constant and 

Tbc the build tank temperature. 

 

Figure 10: Schematic representation of energy density as a function of layer number 

3.2. Mechanical modeling setup 

After calculation of thermal history in the thermal model, temperature field is applied successively 

as an input in the mechanical model following the same activation technique. The activated elements 

appear in the same order and at the same scan speed as in the thermal model. The powder state is 

not modeled because of its low mechanical properties compared to solid material. Thus, for each 

new layer, the elements are successively activated at the temperature imported from the thermal 

results (usually higher than the melting point). When the temperature drops below the melting 

point, the elements take on solid material properties and interact mechanically with other elements. 

Each element is activated without initial displacement, strain or stress. During the activation, the free 

nodes of elements appear at their initial position (defined by the initial mesh) since the effective 

position of the solid part is governed by the actual position of the electron beam and not by the 

deformation of the previous cooling element of the layer. Consequently, the real length of the 

activated element is different from the initial length of mesh (cumulating the decrease in length of 

the previously deposited cooling element of the layer). 



The mechanical properties used in the model are thermally dependent (i.e. Young modulus and 

thermal expansion coefficient). According to Shwarnakar et al. [48], a linear dependency can be 

observed between the Young modulus and the temperature ranging from 20°C to 1000°C. For 

temperatures over 1000°C, an extrapolation of the previous data is assumed (mainly motivated by 

the lack of data). The corresponding curve is shown in Figure 11. The thermal expansion coefficient 

data is considered from ambient to melting temperature based on the previous works of [Vastola et 

al., 2016] [49]. 

Figure 11: Temperature-dependent mechanical properties of TA6V 

It is assumed that the plasticity of the material is governed by a classical Johnson-Cook 

constitutive law (Eq 5) entirely suitable to represent the thermo-plastic behavior of TA6V alloy [50]. 

𝜎 = (𝐴 + 𝐵 𝜀𝑛)(1 + 𝐶 ln 𝜀̇𝑛) (1 − 𝑇∗𝑚) Eq 5 

The set of parameters used in the model are: A=724.7MPa, B=683.1MPa, C=0.035, m=1, n=0.47. 

These phenomenological parameters are taken from the work of Lee and Lin [50] for temperatures 

ranging from 25°C to 1100°C with fixed strain rate of 2x103 s-1. It has been shown that there is good 

agreement between measured and calculated strain-stress values for working temperatures up to 

1100°C.  

The mesh used for the mechanical model is the same as that used for the thermal study in order 

to avoid compatibility problems when thermal fields are imported. Thus, the 8-node continuum 

elements type C3D8 are used. The mechanical boundary conditions in the model are as shown in 

Figure 12:  

- The bottom of the simulated wall is constrained along the Z direction to model the presence of 

the support structure under the overhang portion of the part. 

- The back side is constrained along the Y direction to represent the solid portion of the part 

already built. 

- The left side is blocked along the X direction considering the symmetry of the overhang portion 

of the part. 



Figure 12: Mechanical boundary conditions  

4. Results and discussion  

4.1. Thermal results 

 Figure 13 results from a numerical simulation of temperature history of a particular element in 

the 30th deposited layer. After activation of the element at 750°C, a rapid rise in temperature can be 

observed when the beam energy is applied (close to 1750°C). Next, the electron beam moves to 

neighboring elements (of the same layer), the element temperature decreases gradually until 

reaching an equilibrium temperature around the build plate temperature. 

When beam energy is applied to the element of the next layers (located on the apex of the first 

studied element), the temperature peak is less than the initial one (close to the fusion temperature). 

During the next layer depositions, the temperature gradually decreases towards an asymptotic value 

close to the bottom plate temperature (550°C). 

Figure 13: Example of temperature history 

According to the numerical simulation, the melting pool dimensions vary depending on the height 

of the deposited layer. They are very localized between the 1st layer (0.05mm of overhang height) 

and the 20th layer (1mm of overhang height). For example, after deposition of 10 layers the length 

and width of the melting pool are about 1.2mm and 50µm respectively (Figure 14), increasing to 

3.6mm and 70µm after the 50th layer (about 2.5mm of overhang). This phenomenon could be 

explained by the energy adjustment for the first deposited layer and when the number of layers is 

large enough; since the energy range remains at the same level and exchange conditions are similar, 

the melting process has a similar influence on the heat-affected area. In the present work, the 
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along X (Ux=0) 

Back side constrained 

along Y (Uy=0) 

  

Bottom side 

constrained along Z 

(Uz=0) 

Position of the 

studied element 



thermal results are used as an input for mechanical simulation and are not the main concern of this 

study. For this reason, the analysis of the effect of ARCAM functions on thermal analysis is not 

detailed. Moreover, the experimental validation of thermal results is not addressed here, and will be 

the subject of further studies. 

 

Figure 14: Magnification of heat affected area after deposition of 10 layers (a) and 50 layers (b) 

4.2. Mechanical results 

The fast thermal cycles in the part result in non-negligible geometric distortions. These distortions 

take place gradually during the successive energy depositions and cooling of elements for the 

successive layers (corresponding to steps in the numerical simulation). Figure 15 shows the 

displacement history of the last activated element of the 1st, 20th, 40th, 60th, and 80th layers. The initial 

position of the mesh is taken as a reference to calculate element displacement (Figure 15 (a)). Since 

the elements are activated at their maximum temperature, and without any strain or stress, the 

initial value of displacement is zero at activation (Figure 15 (b)). All the curves decrease as a function 

of time (i.e. negative values of displacements) and periodic peaks could be observed (every 50s) 

corresponding to the energy deposition and cooling phase on the particular element (Figure 15 (b)). 

For the first element of the first layer, the initial position is 0mm, meaning that, at the activation 

time, the temperature is higher than the melting point. Then, during the 50s after this activation 

time, the position of this element decreases until it reaches -0.1mm due to shrinkage. With the next 

energy deposition, the position increases to -0.08mm (assuming a drop in temperature close to the 

melting point and expansion phenomena). The next cooling phase moves the position of the element 

close to -0.16mm. The same process and phase is achieved for all cycles of production (melting 

material and cooling phase). Finally, the displacement range of this first element starts from 0mm 

and reaches -0.77mm at the end of the simulation.   

We draw the displacements as the function of the simulation time of the last elements of the 1st, 

20th, 40th, 60th and 80th layers, respectively designated by 𝑈1
𝑚𝑎𝑥, 𝑈20

𝑚𝑎𝑥, 𝑈40
𝑚𝑎𝑥, 𝑈60

𝑚𝑎𝑥 and 𝑈80
𝑚𝑎𝑥 

(Figure 15 (b)). From these displacement curves, the final displacement of the part is due to the local 

shrinkage of every layer amplified by the shrinkage of the layers above. This phenomenon is 

explained by the two main stages repeated every 50s: activation at a temperature higher than the 

melting point and the cooling stage. During activation of the elements, the local temperature rise 

leads to thermal expansion of the zone and to a tensile stress state in the previous solid layers. 

During the cooling stage, the shrinkage of the last layer leads to a compressive stress state in the 

previous solid layers and in turn, to a decrease in position.  



The displacement curves in Figure 15 (b) show a difference in displacement histories for the 

different layers. This difference illustrates the influence of the overhang height (or number of layers) 

on the final distortion of the part. For example, the displacement at the end of the first layer U1
max 

shows a more significant decrease during activation of the first 60 layers (during the first 3000s of the 

build), this can be explained by the large number of solidified layers (after the 60th layer) which are 

harder to compress during the shrinkage of the last layers. Accordingly, after 60 layers, displacement 

at the end of the first layer 𝑈1
𝑚𝑎𝑥 decreases slightly and stabilizes around -0.7mm. 

After deposition of the next layers, the displacement histories 𝑈20
𝑚𝑎𝑥, 𝑈40

𝑚𝑎𝑥, 𝑈60
𝑚𝑎𝑥 and 𝑈80

𝑚𝑎𝑥 have 

the same trend as 𝑈1
𝑚𝑎𝑥. In Figure 15 (a), it can be observed that the displacement of the right side 

of the part has an asymptotic behavior since the number of solidified layers (hence, their rigidity) 

limits the displacement and results in less deformation along the layers. 

 

Figure 15: Displacement history at the end of the deposition of different layers 

Consequently, the side loss defect results from the successive shrinkage of elements and the 

accumulated residual stress state of the different layers. Mechanical results show a gradual evolution 

of side loss from the first layer to the last; the amplitude of the side loss is characterized by the 

displacement at the end of the deposition of the first layer, referred to as 𝑈1
𝑚𝑎𝑥 in Figure 16. For 

example, the side loss amplitude after the deposition of the first layer is 𝑈1
𝑚𝑎𝑥=-0.13mm, this value 

continues to increase after the deposition of the next layers, reaching -0.57m after the 20th layer, -

0.68mm after the 40th layer, and stabilizing around -0.7mm after the deposition of the 60th layer. 
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After the deposition of the first layer, the shrinkage of elements results in a small displacement 

value (𝑈1
𝑚𝑎𝑥=-0.16mm). As the next layers cool, they apply a compressive stress on the first layer, 

which leads to a gradual increase in the defect amplitude as the number of layers increases. Also, the 

tensile stress applied by the first layers on the later ones inhibits shrinkage in the last millimeters and 

causes a stabilization of the defect after 3mm of height (60th layer). This stabilization can be seen in 

the simulation results from the vertical shape of the part after 3mm of height, as well as the 

stabilization of the amplitude at around -0.7mm after this height. 

 

Figure 16: Evolution of cumulated displacement  

According to the previous results, the following two findings must be pointed out:  

(a) The defect amplitude increases significantly in the first millimeters, and stabilizes after 

approximately 3mm of height. 

(b) The amplitude of side loss depends on the thickness of the overhang volume. Thus, the 

thicker the overhang volume, the higher the amplitude of the defect. 

4.3. Experimental validation  

a. Comparison with measured defects 

In order to validate the results presented previously, the 16 parts presented in Section 3 were 

measured using an optical scanner (GOM ATOS Core) and then compared to the numerical results. 

The 16 produced parts show geometrical defects of similar shape. Side loss varies from –0.6mm to -

0.8mm for all 16 parts, against a simulated value of -0.77mm. Generally, the difference in side loss 

amplitude in EBM processes can be related to the position of the parts in the build plate, as shown in 

the work of Ghaoui et al. [51] for a similar part geometry. The parts at the border of the build plate 



present defects with higher amplitudes than the parts located in the middle of the build plate. This is 

probably due to the modification of the thermal conditions according to the part position. These 

phenomena are not considered in the present numerical modeling.  

Figure 17 shows a comparison between a measured profile and the shape obtained by the 

numerical simulation. The superposition of the two profiles shows good agreement between the 

actual and simulated side loss defects. The global shape of the defect is captured. It should be noted 

that in the simulation, the bottom of the negative surface is constrained along the Z-axis in order to 

reduce model complexity. This hypothesis avoids the round shape (called thickness variation) of the 

profile. It can be seen that in both the simulated and experimental profiles the upper side of the part 

remains in the horizontal position (for Z=0) with no warping. 

 

Figure 17: Comparison with experimental data (a) Complete 2D profile (b) Magnification of side loss  

b. Influence of part thickness 

To experimentally investigate the influence of part height on the side loss phenomenon, 8 parts of 

different heights were produced using the same process parameters as for the previous 16 parts 

(EBM parameters). The purpose of carrying out this experiment is to verify the dependency of side 

loss amplitude as a function of part height (the asymptotic behavior of this defect) and thus test the 

accuracy of the global numerical simulation in terms of defect predictions since for the first layers, 

the temperature and the manufacturing process change drastically. Figure 18 shows the produced 

parts with the same dimensions as the previous produced parts (length and width) and different 

heights of overhang volume (0.5mm, 1mm, 1.5mm, 2mm, 2.5mm, 3mm, 4mm and 5mm). TA6V alloy 

is used for the parts with the same scanning strategy and support structure as described in Section 2. 

The distance between the parts is 3mm and the distance from the build plate is 3mm.  

The 8 parts are measured with the 3D optical scanner and are aligned with their respective CAD 

models, for a better comparison between the measured profiles. Figure 19 shows the different 

profiles. By comparing side loss in the 8 profiles, it can be seen that thicker parts present defects with 

higher amplitudes compared to thin parts. The parts with heights less than 3mm have side loss with 

an inclined shape. Thus, the asymptotic behavior of the side loss is not easy to observe. For other 

parts (thicknesses of 4mm and 5mm), the defect seems to stabilize in the last layers. Regarding the 

different heights of the parts, the power of the electron beam is adjusted automatically by the 

Side loss 

(a) (b) 



machine to compensate for the difference in scan lengths. Consequently, a refinement of simulation 

parameters is required for a quantitative comparison. On this basis, the actual comparisons remain 

quantitative to validate the global tendency of the side loss and to have a better understanding of 

the appearance conditions and its evolution during the process. 

Figure 18: Manufactured parts with different overhang volume heights (h)  

 

Figure 19: 2D measured profiles of parts with different overhang heights 

5. Conclusion 

Side loss is a geometrical defect that occurs in overhang structures in additive manufacturing 

processes. This kind of geometrical defect limits the use of such processes to fabricate large volumes 

of net-shaped parts with complex geometries without any additional manufacturing finishing 

operations. In the present paper, we investigate the electron beam melting process with TA6V alloy 

to understand the mechanisms of the appearance of this defect. Two main approaches are followed 

based on experimental studies and thermo-mechanical simulations in different manufacturing 

conditions.  

For this purpose, the raking, melting and cooling of powder layers are simulated in a thermal 

model representing the actual parameters of the process. The temperature evolution is used as input 

conditions for the mechanical model to simulate the “side loss” defect caused directly by thermo-

mechanical phenomena. Optical scanning was used for the experimental measurements of the 

h=2mm 
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produced parts. The profiles of the real and simulated parts are compared directly and the shapes of 

the overhang geometry are found to be quite similar.  

First results of this analysis show that side loss is due to shrinkage of deposited layers and this 

effect is amplified by intra-layer interactions since the compression of the new layers during cooling 

increases the defect amplitude; the tensile stress state in the previously deposited layers inhibits the 

upper shrinkage and results in the stabilization of the defect after a few millimeters of height. The 

influence of part height is limited, and after 3mm side loss has an asymptotic behavior. To confirm 

the assumption on the influence of layer shrinkage, parts were built using the same manufacturing 

conditions, with different overhang heights. The thermomechanical model developed here can be 

used to predict the side loss defect for other sizes of overhang volume. These results can then be 

used to pre-compensate the STL-file, in order to avoid defect formation, and therefore produce parts 

with better geometrical quality. The  STL file can be pre-compensated by scaling up the first layers 

progressively, according to the simulation results.  

This original work gives an understanding of the phenomena responsible for side loss, however, 

there are some limitations. The first concerns the exact identification of the energy deposition. 

According to the ARCAM manual, functions are used to adjust the energy level according to scan 

length, part thickness, etc. These complex and usually correlated functions make it more difficult to 

clearly identify the final temperature of the melting material. For this purpose, an in-depth analysis 

of the functions used is in progress. Also, we will equip the ARCAM machine with thermocouples to 

confirm the way the energy is applied throughout the fabrication process. 

The second limitation directly concerns the boundary conditions of the simulation. To obtain a 

good balance between computing time and simulation accuracy, an equivalent value of the 

resistance interface is introduced. From this assumption, it is only possible to manage a wall of 

elements representative of the produced part. Even if the assumption on the boundary conditions is 

used in the traditional way, this is accurate for steady conditions but not for dynamic phenomena. 

Some additional simulations should be run to identify the influence of this assumption on the final 

part shape computed by the numerical simulation. 

Finally, during the entire production process, the material is maintained at a high temperature 

(for TA6V, close to 750°C). Under these thermal conditions, the residual stress state, responsible for 

the geometrical defects, should decrease in a short time and this corresponds to a classical thermal 

annealing process. According to the literature, for this alloy and these thermal conditions, the 

annealing process is performed in a few minutes. This could lead to some difference in the final 

simulated shape of the defects. These next improvements are in progress and will complement these 

first major results on the global defects produced in manufactured parts.  
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