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Abstract

This study investigates the vapor chemical composition, during the melting step of an Electron
Beam Powder Bed Fusion process using Ti-6Al-4V powder. A phenomenological model is
proposed to analyze and discuss the vapor composition. The model focus on the heat dissipation
of the molten powder. Vapor stream from the molten powder is compounded by vapor
saturation pressure and rapid boiling (ebullition) of the molten pool. The model is based on post
mortem results of condensed vapor (thin film), which were analyzed by X-ray Photoelectron
Spectroscopy and Glow Discharge Optical Emission Spectrometry, providing quantitative and
in-depth profile data. It was found that the ratio of [Al] to [Ti] in the vapor stream is influenced
by the melting conditions. As the e-beam current increases, the heat dissipation reaches the
ebullition domains, and the [Al]/[Ti] ratio tends to the molar ratio of the precursor powder (Ti-

6Al-4V), indicating the complete overheating of all the alloy elements.

Keywords: E-PBF; Vapor; Chemical Composition; Evaporation Model; Thin Film; Thermal

Regimes
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1. Introduction

Additive manufacturing has revolutionized the way parts are designed and produced,
offering innovative solutions and unique designs [1-3]. Among various additive manufacturing
processes, Electron Beam Powder Bed Fusion (E-PBF) is widely favored for its speed and its
ability to minimize residual stress in printed parts [3]. E-PBF involves a four-step process:
lowering the build plate, spreading the powder to form a bed, pre-heating the powder (pre-
sintering), and selectively melting the powder at specific locations according to the design. Fig.
1 illustrates the schematic of the E-PBF process. The precise adjustment of the parameters
during the melting step directly influences the part’s mechanical properties and the quality of
the microstructure between consecutive layers. However, inadequate power delivery can result

in porosity and voids in the final part.

< (b)

Figure 1. A schematic diagram of the four-step process in E-PBF, illustrating (a) melting the powder, (b) lowering the
build plate, (c) spreading the powder to form a bed, and (d) pre-heating the powder.

Regarding the melting process, the volumetric energy density (VED) and hatching strategy

play a crucial role in determining the characteristics of the heat-affected zone, molten pool, and

depression zone [3—11]. The VED « g , where P is the beam power and v the scan speed [5].
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Properly tuning the VED determines whether the thermal regime is conduction or the keyhole
regime, which greatly impacts the success of the melting process [5]. The shape of the molten
pool, which is crossed along the e-beam scan axis, depends on how heat is dissipated [5]. Figure
2Fig. 2 depicts the schematic shape of the molten pool. In the conduction regime, the heat
dissipation results in a shallow depression zone and well-distributed VED in the heat-affected
zone [12]. This leads to selective evaporation of volatile elements in the powder alloy, resulting
in less content of these elements in the built part [13—16]. The vapor pressure is the evaporation
stream produced by a hot surface below its boiling point [17]. In the keyhole regime, the molten
pool has a chalice shape, and the depression zone takes on a needle-like shape filled with vapor
[12, 18]. The ebullition of the molten pool in the depression zone preserves the alloy

stoichiometry in the vapor chemical composition.
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Figure 2. A schematic representation of the shapes of the molten pool and depression zone as a function of the assessed
thermal regime, typically distinguishing between the heat conduction and keyhole.

The depression zone, where the e-beam interacts with the molten pool, shows the spatial
inhomogeneity of vapor production in the heat-affected zone. The recoil pressure of the vapor
affects the shape of depression zone [14, 16, 19]. Notably, ebullition creates a vapor stream
(vapor plume), which combines with the vapor pressure from the molten pool to form the total
vapor [17]. The contribution of ebullition and vapor pressure to the total vapor varies with VED
and the hatching strategy. Therefore, the chemical composition of the vapor is closely related
to how the heat was dissipated in the alloy powder. It is important to note that the operating
pressure during this study was maintained at 0.2 Pa of helium, enabling the released vapor to

travel with minimal dispersion from depression zone to the heat shield walls.

The vapor released from heated Ti-6Al-4V alloy has garnered interest from numerous
researches groups [20-30]. This interest arises primarily because printed parts tend to lack Al
[20, 21, 23, 28], which is attributed to the lower melting point of Al compared to the other alloy

elements [20, 22, 29]. Consequently, the process understanding requires addressing both



external operation parameters and the chemical composition of the vapor. Advancements in this
understanding comprehension are crucial for developing technological innovations that

enhance the quality of printed parts and the overall reliability of the process.

To enhance real-time monitoring, researchers have investigated the chemical
composition of the vapor released during parts manufacturing in an industrial E-PBF machine
[22, 31-33]. The principle is that changes in the powder melting affect the chemical
composition and rate of vapor production. When the formed vapor reaches the inner walls of
the experimental chamber, it forms a thin film, which serves as a thermal memory of the
powder’s melting process. Therefore, the focus of the study is on the post mortem chemical
analysis of the condensed vapor. The objective is to propose a model for the vapor’s chemical
composition and support it with experimental analyses, while establishing its relationship with
the thermal melting regime of the powder. The model has the potential to monitor the melting
process, enabling real-time adjustment of external process parameters among consecutive
layers or revealing the thermal history of the melting process through post-mortem analysis of

the condensed vapor.

2. Experimental Details

The ARCAM Al machine (GE Additive) was operated under two conditions labeled
‘constant’ (non-optimized) and ‘optimized’. In the ‘optimized’ condition, the ARCAM Al
software controlled the scan speed, hatching, and e-beam current. In the non-optimized
procedure, the beam current, hatching strategy (snake-like hatching without contour), and scan
speed were fixed, see Table 1. The e-beam profile of the optimized and non-optimized are
display in Fig. 3. All samples were produced using the same operation conditions: an
acceleration voltage of 60 kV, a spot size of approximately 250 pm diameter, and a powder
layer thickness of 50 pm. No supports were used, and the parts were built directly on the

stainless-steel build plate.

Fig. 3 (a) depicts the different e-beam current sequences, including pre-heat and melt
phases. During the pre-heat phase, a high current of 35 to 40 mA and a defocused e-beam were
used to pre-sinter the powder, maintaining the powder temperature at 850°C. The melting phase

utilized a focused e-beam with a higher current density. Fig. 3 (b) compares the melting e-beam



profiles, showing variations in e-beam current among different samples. The nominal average

current for the optimized sample was 8.7 mA (O8), while constant e-beam current samples had

values of 2, 3, and 5 mA, respectively labeled as C2, C3, and C5.
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Fig. 3 (a)E-beam current sequences versus time during the part building. (b) E-beam profile during the melting stage for
different e-beam currents

Table 1 summarizes the data of Fig. 3, displaying the nominal e-beam current, beam power,

and scan speed. The Ti-6Al1-4V alloy powder used had a statistical diameter distribution ranging

from 45 to 106 um (Arcam Titanium Ti6Al4V ELI, GE). For each experiment, four cubes with

15 mm edges were printed, each centered 7 cm away from the build plate corners along the

diagonal. The chamber base pressure was 10 Pa, and the working pressure was 0.2 Pa of He.

Table 1. Sample's identification, e-beam current, e-beam power, and VED. The C2, C3, and C5 denote constant e-beam
currents at 2, 3, and 5 mA, respectively. O8 denotes the optimized (Arcam) melting sequence with a nominate e-beam

current of 8.7 mA

Sample Parameters Primary E- E-beam Power Scan Speed
P Optimization beam (mA) (W) (m/s)
C2 No 2 100 0,12
C3 No 3 150 0.22




Cs No 5 300 0.35

08 Yes 8.7 522 0.15

Thin films were grown on a substrate placed 40 cm above the powder bed, on the top of the
heat shield, Fig. 4 (a). Two substrates were used: copper foil (50 pm thick and 99.999% of
purity) and Si (mono-crystalline, <100>, B doped with 1 - 5 Qcm of resistivity), attempting to
investigate if the substrate could influence the chemical composition of the condensed vapor.
Nevertheless, no differences were observed between the samples on the two substrates used in
the study. The chemical composition of the thin films was analyzed in-depth using Glow
Discharge Optical Emission Spectrometry, GDOES (GD-Profiler 2™, HORIBA), and the
quantitative analysis of the surface by X-Ray Photoelectron Spectroscopy, XPS (Theta 300,
ThermoFisher). The deposition rate was measured using Quartz Crystal Micro Balance (STM-
2, INFICON). The thickness of the thin film was measured using a 3D optical profilometer
(ContourX-200, Bruker).

3. Phenomenological model for the vapor origin in E-PBF

The present model draws inspiration from studies on e-beam evaporation [17, 28, 34],
e-beam welding [18, 35], Laser Powder Bed Fusion (L-PBF) [5, 8, 9, 20, 29, 36, 37], E-PBF
[14, 19, 21, 38, 39] and Ti-6Al-4V material [9, 20, 21, 23-25, 28, 29].

Two physical phenomena contribute to the production of metal vapors in E-PBF
process: molten pool evaporation, also known as vapor pressure (liquid — A, Fig. 4 (b)) together
with race track evaporation (solid — A’, Fig. 4 (b)), as well as ebullition in the depression zone
(B, Fig. 4 (b)). Indeed, the second phenomenon takes place once the boiling temperature of the

molten pool is locally reached, or passed in the overheated cases.

The characteristics of the vapor streams, such as evaporation rates and chemical
composition, are determined by their respective sources (Fig. 4 (b)). The molten pool has two
solid-liquid interfaces, one in contact with the solidified trace behind the energetic beam and

the other touching the powder, mostly a head of the energetic beam (Limit I — Fig. 4 (b)). These



interfaces are defined by the melting point (in case of Ti ~1923 K at atmospheric pressure) [9,
40]. The depression zone is defined by the liquid-gas interface and is formed and maintained
over a complex group of forces through interactions between the gas and liquid phases [35]
(Limit IT - Fig. 4 b). The boiling temperature of the Ti-6Al-4V alloy is at 3133 K at atmospheric
pressure and 1949 K at 0.2 Pa [20, 29]. Works have shown that the molten pool overheated in
vicinity of depression zone, reaching 3300 K [41, 42]. The exposed surface of the molten pool
to the chamber has a temperature gradient from the race track towards depression zone. The
vapor stream is influenced by the local temperature, with the maximum concentration occurring

at the depression zone[37].

The stream of the vapor pressure from the race track (process A’, hot solid metal) is
negligible compared to the vapor pressure from the molten pool (process A) and ebullition in
the depression zone (process B). Thus, we have discarded the vapor pressure contribution from

race track from the model.

Heat shield
Placed - / Total vapor

substrates
y

Vapor pressure
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Peoweer
bed
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Fig. 4 a) Sketch illustrating of the E-PBF melting process. Topmost square region (green) indicates where the deposited
vapor was collected. b) Vapor pressure (equilibrium) at interfaces: A’ - solid race track / gas; A - molten pool/gas, and B -
ebullition liquid/gas (latent heat). The limit-1 of the solid-liquid plus liquid-gas determines molten pool and limit-11 liquid-

gas at depression zone

The vapor pressure of a pure material can be described by Clausius-Clapyeron equation,

AHg
p = poe RT, which assumes a constant the evaporation enthalpy (AH,) [43], perfect gas

constant (R), temperature (7) and pre-factor (py) [17]. Adding corrections for molar fraction
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AHL
(X) and activity coefficient (y) [20], the equation can be written as p; = y; X, L-poie_R_Te (Raoult’s

law) where i is an element composing the alloy [17]. Each alloy element will have a specific
vapor pressure, with the vapor pressure of Ti-6Al-4V being p,; > pri > py. The high cooling
rates of E-PBF (10° to 10° K/s [1]) discard the effect of changing alloy molar fraction during
the melting stage. Moreover, the vapor stream from ebullition preserves the molar ratio of the

alloy composing the powder in the vapor phase.

Fig. 5 represents the partial pressure ratio of Al and Ti (M) as a function of melted Ti-

pPri

6Al-4V, showing the transition and changes in element predominance in the vapor phase along
the molten pool. The temperature gradient depict in the figure extends from 1920 K to 1960 K
[20]. The vapor pressure ratio calculate by Raoult’s law is represented in-dash gray, and, in-
dash light blue, the molar fraction of Al with respect to Ti in Ti-6Al-4V powder (~0.067). The
transition between two curves is not analytical, it was supposed to be continue and center at the
boiling point at 0.2 Pa. The depth of the molten pool, d, should be at least two times the bed
layer thickness, A, in order to build a part.

Pressure Ratio

3 Vapor Pressure
10" —— Ratio

Powder
4 =
10 [ ___]| Mole Ratio .

1920 1930 1940 1950.
Vapor Temperature

1960

Fig. 5 The phenomenological model for the vapor composition along the molten pool. The graph represents the relative
partial pressure of Al to Ti versus temperature. The melting (green) and boiling (blue) points are highlighted



Consequently, the total vapor results from the sum of molten pool evaporation (vapor

pressure) and depression zone (ebullition). When considering the ratio of partial pressure in the

par

total vapor, if ( ) > 1, indicating that the vapor is rich in Al, the vapor pressure plays a

Dri
significant role. In this scenario, the conduction thermal regime dominates the heat dissipation

Par

in the molten pool. Conversely, if (p ) < 1, it signifies that ebullition has a major impact on

Ti

total vapor production, which is induced by the keyhole thermal regime.

4. Chemical composition of condensed vapor

The vapor in the E-PBF machine reaches the inner walls of the heat shield and main
chamber, where it condenses and forms a thin film. The atoms in the vapor may undergo
thermalization along their path, resulting in their energy being close to the temperature of the
main chamber. However, in the vicinity of the depression zone, the vapor temperature can reach
up to 6000 K [37]. Empirically, it has been observed that the top of the heat shield reaches a
temperature of approximately 400 K after nearly 7h of printing. Therefore, we can disregard
the desorption of the condensed vapor and any chemical selectivity along the path of the vapor.
Furthermore, it is only during the melting step that the vapor produces a thin film. During the
pre-heat phase, the vapor stream maintains a very low rate, thus not significantly contributing

to the growth of the thin film.

The chemical composition of the samples, as determined by XPS, is presented in Table
2. It provides the relative atomic concentration of titanium (Ti), aluminum (Al), vanadium (V),
and contaminants such as carbon (C), oxygen (O), silicon (Si), and copper (Cu). These atomic
concentrations correspond to the elements present on the surface of the sample. Despite the

contamination and the effects of packing and transportation, what should be likely the cause of
such a high [O] and [C], the concentration ratio of Al and Ti (%) remains unchanged. Fig. 6

. . . . l .
illustrates the concentration ratio of the components of the thin films % as a function of the e-

beam current. The deposition rate of the thin films is also reported as well in the last column of

Table 2.



Table 2. Relative Atomic Concentration and deposition rate of the thin films grown during the part build with the e-beam
current presented in Fig. 3

Relative Atomic Concentration (%) Deposition

Samples rate (A/s) £
[Ti] (Al vl IC] [O] [Si] [Cu] 0.1
C2 3.0 6.9 <0.1 404 393 10.4 -- <0.2
C3 5.4 7.8 <0.1 47.6 38.9 -- 0.3 0.2
C5 2.4 2.5 <0.1  40.7 38.9 15.5 -- 0.7
08 4.3 5.0 <0.1 428 40.0 7.9 -- 1.9

7 L 1 T T
6 _— \Tap_or_pre_ss;re ___________ i
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S5f ® C3 7
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E 4} e 08 .
<
3t J
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1 = é Q é -
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2 4 6 8

E-beam (mA)

Fig. 6 Ratio of [Al] and [Ti] as a function of the e-beam current. The dashed lines depict the expected [Al] over [Ti] ratio
if due to pure vapor pressure (top) or pure ebullition (bottom)

Fig. 6 highlights two domains: vapor pressure and ebullition. The dashed bottom line

represents the powder molar fraction ratio, % ~0.067 , assuming that ebullition does not affect
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the alloy composition in the gas phase. The top dashed line at % ~6.5 corresponds to the ratio

of the vapor pressure at the boiling point of Al calculated using Raoult’s corrected law.

Regarding the molten pool depth (d), it must be larger, or at least equal, to two powder
bed layers (24) to join them in building a part. Nevertheless, electron absorption occurs in less
than one layer (A = 50 um) [44, 45]. Therefore, overheating of the molten pool is necessary to
increase d, which leads to an increased contribution of the ebullition in heat dissipation. It worth
noting that the Fig. 6 evidence the contribution of the e-beam power and hatching strategy to

the ebullition.

Disregarding the O8 sample, as the e-beam current increases, the [Al]/[Ti] ratio shifts
drastically, especially when the molten pool temperature approaches the Al ebullition point,
indicating a much higher contribution of the depression zone in the total vapor stream.
Additionally, the deposition rate also increases with the e-beam current, Table 2. Moreover, the
impact of the hatching strategy becomes evident when comparing the optimized process (O8)
with non-optimized process at higher e-beam current (C5). Despite O8 having higher average
current than C5, its [Al]/[Ti] ratio remains slightly higher than C5, suggesting lesser ebullition
contribution in the total vapor. This is due to the hatching strategy’s influence on the
overheating of the molten pool, signifying that the chemical composition of the condensed

vapor retains a memory of the melting conditions.

Fig. 7 highlights the effect of the thermal memory on the vapor deposited as a thin film.
%, recorded by Glow Discharge Optical Emission Spectroscopy
Ti

(GDOEYS), is shown in-depth profile. The depth was normalized with the thickness of the thin

The emission intensity ratio

films, with the z—axis ranging from the surface (z = 0) to the interface between the thin film and

the substrate (z=1).
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Fig. 7 The GDOES renormalized depth profiles of the emission line intensity ratio of % for several thin films. Conditions
Ti

are given in Table 2

I . o
Iﬂ decreases with the e-beam current, and it is higher at the surface of
Ti

The intensity of
the thin film (z=0) due to the melting of the very last layer of the metallic powder. However, it
diminishes at the interface between the thin film and the substrate, indicating a drastic change

in the molten bath thermodynamics at the start and end of the printing process.

At the end of the printing process, z = 0, the surface reflects the cooling of the printed
part along with the heated affected zone. As Fig. 5 shows, the released vapor from the last
(upper) molten layer increases the content of Al in the deposited layer. During the cooling
process, the temperature reduction of the free (upper) surface propitiates more Al vapor

compared to Ti. Consequently, the film is aluminum rich at extreme surface. In the inner layers,

I . . C
z=0.2toz=0.8, the % ratio remains constant due to the quasi-stationary total vapor stream
Ti

composition. Then, the system remained in constant melting conditions, leading to a plateau of

the ;A;l ratio. However, at the beginning of the melting (z > 0.8), deviations in the jﬂ trend are
Ti Ti

observed, potentially due to the properties of a compound formed from the mixture of powder
and build plate materials. At that moment, the build plate has been melted together with the
powder. After several layers, the thickness of the melted part increases leaving the system to a

quasi-stationary generation of total vapor stream.
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The diffusion of film constituents, particularly Al, towards the surface is facilitated by

the energy brought by the evaporated species, resulting in a higher i‘il ratio in thinner films,
Ti

which is the case of condition C3, see Table 2. This inter-element diffusion is also visible on

the iron (Fe), recorded as traces in the deposited film (Fig. 8).
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Fig. 8 The GDOES depth profiles of the intensity ratio Ir./Iri for thin film obtained in different
conditions reported in Table 2

Fig. 8 shows the Fe signature across the film’s thickness. As expected, the Fe dominates
near the thin film-substrate interface. This suggest that Fe was evaporated at the beginning of
the printing process when the first layers were melted. The presence of Fe can be easily
explained since the build plate is made of stainless steel and the melting penetration depth, d,

is higher than one powder bed thickness ().

As demonstrate above, the chemical composition of the vapor carries a signature of the
melting process, which is particularly useful for understanding the depression zone and
keyholing. Therefore, the chemical composition of the vapor can be utilized for real-time
monitoring of the melting process using techniques such as mass spectrometry or light

absorption [22]. This allows the controller to adjust the e-beam parameters in real-time. Another

13



possibility is to conduct a post-mortem analysis, as discussed in this study, where the thermal

history of the melting process is preserved as a thin film.

5. Conclusions

A phenomenological model, derived from the analysis of systematic experiments on the
vapor chemical composition in the E-PBF process, has been proposed in this study. The model
suggest that the appearance of the vapor stream is influenced by the vapor pressure and
ebullition. The vapor pressure is present in the race track and molten pool, while ebullition
occurs in the depression zone. The size and characteristics of these regions are directly
dependent on the melting parameters, particularly the beam power. Therefore, the vapor
released from these heated regions retains information about the melting process, resulting in a

unique chemical composition in the condensed vapor.

The concentration ratio of [Al] to [Ti] in the vapor is found to be highly sensitive to the e-
beam current. This ratio can be used to qualitatively compare the contribution of the ebullition
and vapor pressure in the thin films, allowing for an evaluation of the balance between the
volume of the depression zone and the liquid metal area. Additionally, the chemical
composition of the collected thin film can help identify the thermal regimes achieved during

the process, such as conduction and keyhole, as well as the thermal history of the molten layers.
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