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Master’s Thesis
Understanding process atmosphere interactions in Electron Beam Powder Bed Fu-
sion (EB-PBF) additive manufacturing.
An assessment of the low-pressure process atmosphere composition and its effect on
Ti-6Al-4V powder
OSKAR BURGMAN & CHRISTIAN LUNDBERG
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
The composition of the process atmosphere and its effect on the Ti-6Al-4V powder
during Electron Beam Melting with an Arcam Q20plus was studied. Oxygen concen-
tration and water vapour content were monitored in-situ in the build chamber and
in the gas exiting the chamber, using lambda sensors and a dew point meter. Com-
position changes were analysed in the process atmosphere using mass spectrometry
and in Ti-6Al-4V powder, using X-ray photoelectron spectroscopy, Inert Gas Fusion
Analysis, and Scanning Electron Microscopy. Results show that the low supply of
oxygen introduced from the process atmosphere result in the moderate increase in
oxygen content, measured in the powder. The powder used had a high initial oxygen
concentration, which could also explain the low oxygen pick-up seen in the study. A
limited increase in oxide layer thickness can be observed on the studied powder, in
agreement with the moderate increase in general oxygen content. The powder mor-
phology and overall visual appearance studied in scanning electron microscopy also
remained unchanged. The study also shows that residual air and water are notable
constituents of the process atmosphere as the process starts. These constituents are
gradually replaced by helium during the first few hours of the manufacturing process,
while preheating occurs, where the oxygen content stabilises to a partial pressure
below 0.1 ppm in the process. This is within the limit of oxygen contained in the
helium. No significant variations in the oxygen content in the atmosphere between
builds was registered. The gas flow exiting the Q20plus proved to be insufficient
for the extractive lambda sensor and the dew point meter, rendering them unusable
for this specific process. The mass spectrometry results potentially indicate minor
air leaks into the vacuum chamber, as the relative amounts of nitrogen remain stable.

Keywords: additive manufacturing, electron beam melting (EBM), Ti-6Al-4V,
powder, vacuum, oxygen uptake, mass-spectrometry, process gas monitoring
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Glossary

AM Additive Manufacturing. 1
APA Advanced Plasma Atomization; a method to produce powder for Powder Bed

Fusion . 9, 10

CAM 2 Centre for Additive Manufacturing � Metal. 2

DP A designation for the dew point meter manufactured by Vaisala. 17

EB-PBF Electron Beam Powder Bed Fusion. 1, 2
EBM Electron Beam Melting; a registered trademark of Arcam AB. 2
EBU Electron Beam Unit; the module containing the cathode among other com-

ponents. 17
EMF Electromotive force; di�erence in electric potential. 13

IGFA Inert Gas Fusion Analysis; a method for quantitatively establish oxygen and
nitrogen concentration in a sample. 2

metallisation Metallic coating; a deposition of aluminium that can be found inside
the EB-PBF printer after a print cycle. 2

MS Mass spectrometry; an analytical technique that is used to measure the mass-
to-charge ratio of ions which produces an isotopic signature of a sample. 26

ODE Ordinary di�erential equation. 23

POA A designation for the oxygen sensor trademarked as OXYSENSOR— POA
by Linde Gas AB. 17

PRS Powder Recovery System; a system to enable powder recovery of a build. 1,
8, 11, 19

SATP Standard Ambient Temperature and Pressure; used in conjunction with the
ideal gas law when standard conditions are present. De�ned as 298.15 K and
100 kPa. 23

SEM Scanning Electron Microscopy; a method to look at external morphology,
crystal orientation and chemical composition in conductive materials. 2

smoke A powder cloud formed inside the build chamber, caused by the repelling
forces from the built-up charge on the powder. 7

T90 A measurement of the response time of a gas detector. 14

VAC A designation for the vacuum adapted oxygen sensor trademarked as OXYSENSOR—

VAC by Linde Gas AB. 17
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Glossary

XPS X-ray Photoelectron Spectroscopy; a surface-sensitive method to analyse the
chemical composition of a material. 2
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1
Introduction

Additive manufacturing (AM) has, in recent years, emerged as a viable candidate for
the manufacturing of complex components with highly reduced weight and assem-
bly complexity. While regularly manufactured parts involve many di�erent process
steps and a �nal component assembly, additive manufacturing inherently o�ers part
complexity �for free� [1]. Some of the challenges faced when delving into additive
manufacturing include considering the process atmosphere. It is widespread in the
materials community that Ti-6Al-4V has a particular a�nity for oxygen. Previous
research has tracked the oxygen uptake and the powder's recyclability in the Elec-
tron Beam Melting process, but the process atmosphere interactions are not fully
understood. While quite well-studied in laser-based processes, which occur at near
atmospheric pressures, the e�ect of the process atmosphere in Electron Beam Pow-
der Bed Fusion (EB-PBF) has seen less research. The powder in an Electron Beam
Melting process experiences prolonged time at elevated temperatures, at a high vac-
uum, creating a complicated oxidation process during the print. The material and
electron beam interactions with the process atmosphere further complicate the pro-
cess and its results. Thus, it is of great interest to track the process atmosphere's
role in the process and how it a�ects the analysed powder.

1.1 Background

Due to its high surface area, metal powder possesses high reactivity and is prone
to oxidation and water accumulation when subject to an unprotected atmosphere.
Several studies show that Ti-6Al-4V powder degrades and oxidises after each EBM
process cycle [2][3]. These factors will also depend on the alloy composition, pow-
der handling, AM processing as well as re-use during AM processing [4]. Oxygen
pick-up will gradually change the material properties, leading to higher strength and
increased brittleness [2]. Furthermore, oxygen inclusions can have a detrimental ef-
fect on printed components' mechanical properties, especially fatigue. [2].

Previous research has shown that most of the oxygen pick-up occurs during the build
cycle [5]. The other stages related to the EBM-process e.g. powder handling during
PRS and loading, vacuuming of recovered powder, shown in �gure 1.1, do not entail
a signi�cant oxygen increase in the powder [5]. However, these stages can lead to
increased water content in the powder, which later disassociates during the printing
cycle forming hydrogen, hydroxyl groups and oxygen. The results also showed a
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1. Introduction

rather signi�cant amount of water vapour in the low-pressure atmosphere, which
is partially introduced from the powder. The same study shows that water is also
introduced in the vacuum chamber from air when it is under atmospheric pressure.
Metallisation covering the internal surfaces will also adsorb water from the air. The
metallisation is a product of metal vaporising due to melting in the low pressure
of the vacuum environment [3]. The main constituent of the metallisation layer is
aluminium when processing Ti-6Al-4V; since it has a vaporising rate of around two
to three magnitudes larger compared to titanium and vanadium [5]. The metalli-
sation layer can be removed while cleaning the vacuum chamber in-between prints
and during the machine's service.

Figure 1.1: EBM powder �owchart

A change in the powder chemistry due to the previously mentioned circumstances
will in�uence the quality and consistency of the process, which is not favourable for
a process that requires both. Thus, the scope of this thesis is to devise a method
and quantitatively establish the relationship between process atmosphere inside an
Arcam EB-PBF (hereafter referred to as EBM) print chamber and the degradation
of the powder. The thesis was conducted at the Department of Industrial and Mate-
rials Science at Chalmers University of Technology, which is hosting the competence
centre for additive manufacturing - metal (CAM2), in collaboration with Linde Gas
AB and Arcam (GE Additive).

1.2 Scope

The main objective was to quantitatively establish the relationship between the
powder's chemical composition and the process atmosphere inside an EBM print
chamber. This thesis investigates how the atmospheric composition behaves when
manufacturing with an Arcam Q20plus system. Oxygen concentration and water
content were monitored in-situ in the build chamber and the o� gas leaving the
chamber, using lambda sensors and a dew point meter. Composition changes were
analysed on the process atmosphere using mass spectrometry (MS) and on Ti-6Al-4V
powder samples, using X-ray photoelectron spectroscopy (XPS), Inert Gas Fusion
Analysis (IGFA), and Scanning Electron Microscopy (SEM).
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1. Introduction

1.3 Research questions

This thesis' research questions focus on the variation of the oxygen and the water
content present in the powder correlated with the process atmosphere.

1. How will the oxygen content in the process atmosphere vary over an EBM
build cycle, and how does it a�ect the oxygen pick-up by the powder?

2. What is the relationship between the data gathered from the oxygen sensors,
the dew point meter and the mass spectrometer during processing atmosphere
monitoring? What new insights can be found from correlating this informa-
tion?

1.4 Delimitations

Oxidation state, chemical composition and contaminants were analysed on powder
samples and not printed components, the powder material is limited to Ti-6Al-4V.

The printing was conducted using a speci�c Arcam EBM Q20plus at GE Additive,
as to not introduce new machine variations.

Complications due to the ongoing covid-19 pandemic resulted in a postponed instal-
lation of the sensors, which resulted in a reduced time frame for measurements from
what was initially planned. The measurements started at the beginning of March
instead of the end of January like initially intended, limiting the number of trials
and hence the extent of the study and statistics.

3



1. Introduction

4



2
Theory

This chapter highlights and describes relevant theoretical background necessary for
description of experiments and discussions in this thesis.

2.1 Powder Bed Fusion

Powder Bed Fusion (PBF) is an additive manufacturing technique that uses a pow-
der stock in combination with an energy system to melt the powder selectively to
produce a component. PBF can utilise a wide range of materials such as polymers,
ceramics and metals as powder material. A common trait between all PBF-processes
is the utilisation of a rake, or a roller, to spread out the powder evenly across the
build volume in between layers. The energy systems most commonly associated with
PBF are laser-based (LB-PBF) and electron beam (EB-PBF) systems. Laser-based
systems are further subdivided into LB-PBF/p and LB-PBF/m, where the su�x
designates if it is a polymer or metal used in the process. The EB-PBF process
is restricted by the material's electrical conductivity making the technology more
suitable for metals, whereas polymers are generally dielectric and not compatible
with the technology.

Figure 2.1: Schematic of a generic PBF process. Illustrated by the authors
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2. Theory

2.2 Arcam EBM

EBM is an EB-PBF technology patented and developed by Arcam AB since 1993
[6]. The technology is described as melting electrically conductive powder layerwise
by an electron beam to produce three-dimensional bodies. EBM is used today for
the production of various metal components in the aerospace and medical industry
because of the materials available and complex structures possible [7]. Akin to a
scanning electron microscope (SEM), the electron beam is generated by a cathode
in the form of a tungsten �lament or a LaB6 crystal with an energy range of between
50 W to 6000 W. The generated electrons are accelerated with an energy of 60 keV
and collimated with magnetic lenses. Depending on the printed geometry, the beam
pro�le can be customised with regards to power and focus. These three magnetic
lenses located in the column correct the possible astigmatism of the electron beam
with the �rst lens, focusing the beam to a spot with a diameter between 0.1 mm to
2 mm with the second lens and de�ects the beam around the build area with the
third lens [1].

Figure 2.2: The various elements of an
EBM [1]. Adapted with permission.

The technology uses a vacuum system
designed to minimise the scattering of
the generated electron beam while also
controlling the reactivity of the process
atmosphere by introducing a controlled
amount of helium. Helium is mainly
supplied to decrease the evaporation of
alloying elements. These two aspects
become a trade-o� since a lower pres-
sure entail less scattering of the beam
while also increasing the evaporation
rate of the alloying elements from the
melt. The low pressure in the system
also enables excellent thermal insulation
of the build volume. In combination
with an atmosphere with low reactivity,
these aspects allow the EBM to oper-
ate favourably at an elevated tempera-
ture during the build phase. The high
temperature has several advantages to
the �nal product, such as no residual
stresses and material properties that are
better than cast and similar to wrought
counterparts [8]. The low pressure dur-
ing the build phase also makes the �nal
component to have excellent susceptibil-
ity to Hot Isostatic Pressing (HIP).

The de�ning trait of EBM, to use electrons as the energy carrier, brings limitations to

6



2. Theory

the technology, most prominently that the material must be electrically conductive
for the technique to work. On the other hand, it also provides exciting aspects such
as an e�cient energy delivery to the printed volume, which enables a relatively low
energy consumption [9].

2.2.1 Process description

A 3D model of the desired component is imported to a slicer program that interprets
and converts the 3D model into a build �le consisting of 2D layers (STL) with set
parameters that the EBM use to produce the component. The build �le contains
many parameters in a so-called print theme, which includes, e.g. support structure
type, scanning path geometry, energy input and so on. These themes are developed
and optimised in-house by Arcam.

Reloading the EBM starts with letting ambient air into the depressurised cham-
ber. The machine is then loaded with powder from a numbered batch of either
virgin powder or recycled powder, which can have its usage traced by data logged
on previous build cycles. The machine is cleaned before each new print cycle by
scraping metallisation from the internal components, removing any excess or spilt
powder, and replacing consumables such as the start plate, heat shields, protective
foils placed in the column, and the replaceable lead glass on the door. The process is
then started, and the vacuum is pumped with two di�erent initial partial pressures
of around 10� 5 mbar in the build chamber and10� 7 mbar in the column. When the
desired vacuum levels are reached, helium is introduced to the system. The helium
is then supplied continuously to maintain and provide a stable, inert atmosphere of
around 10� 3 mbar in the build chamber, 10� 6 mbar in the column, and help with
removing the static charge from the powder.

When the pressure is steady, the start plate is heated by a defocused scanning of
the electron beam to a uniform temperature of600°C - 750°C [1]. The preheating
temperature depends on the material used in the process. As previously mentioned,
the printing process is dependent on what print theme is applied to the build, where
the type of support structure and energy input, along with several other parame-
ters, can vary. In general, the print is achieved by �rst scanning each component's
contours present on that layer, followed by hatching, which scans the components'
bulk area. The build table is normally lowered between50µm and 100µm for each
layer, and a rake supplies a thin layer of powder in between scanning. The powder
surrounding the parts is heated to around80 %of the metals melting temperature.
The heating phase of the process slightly sinters the powder by creating necking con-
nections between the particles and also the ground; this helps to reduce the 'smoke'
that can occur during the build as the new connections between the particles and
the start plate increase the conductivity of the powder and removing the built up
charge. If the charge becomes too great, the resulting repulsive force can exceed the
frictional and gravitational forces, ejecting the powder into the process atmosphere
resulting in the phenomenon referred to as smoke [1].

7



2. Theory

Another positive aspect of this partial sintering is the increased structural integrity
of the surrounding powder bulk, which reduces the number of supports needed for
a print relative to other AM technologies and enables components to be built on
top of each other in a stacked fashion. The build �le needs to have been designed
to allow a smooth energy input along the z-axis to ensure an even heat distribution
throughout the build.

Figure 2.3: An Arcam EBM Q20plus
[10]

Once the printing cycle is �nished, the
system is cooled by supplying helium to
the build chamber; note that this is not
an obligatory step. As the built volume
needs an inert atmosphere while cooling,
and the vacuum provides minimal heat
dissipation, it could take several days for
the volume to cool down if helium was
not used. The cooling process utilises
a helium pressure of around0:4 bar as
it is a good compromise between cool-
ing rate and gas consumption. Once the
temperature is below80°C, the operator
can open the doors and remove the sin-
tered cake that encapsulates the printed
components manually or by removing
the entire build tank. The build is then
transferred by trolley to the PRS, where
the powder is removed for reuse, and the
�nal parts are extracted. The recycled
powder captured in the PRS can then
be reused in the EBM, creating a near-net-shape manufacturing process.

Whenever a machine is left for a substantial time, a mode called 'Powder protection'
can be used. The powder protection mode works by �rst pumping a high vacuum
to avoid contaminants in the system; a partial pressure of approximately10� 3 mbar
of helium is then introduced to protect the powder.

2.2.2 Arcam EBM Q20plus

In this thesis, an Arcam EBM Q20plus was used for experimentation. The Q20plus
is an EBM model developed and manufactured by GE Additives subsidiary Arcam.
The characteristic technical aspects of this particular model are presented below in
table 2.1.

8



2. Theory

Table 2.1: Arcam EBM Q20plus technical data [11].

Max. beam power 3 kW
Max. build volume 350 mm x 380 mm (? x H)
Cathode type Single crystalline
Min. beam diameter 140µm
Max. EB translation speed 8000 m/s
Active cooling Water-cooled heat sink
Min. chamber pressure 5 � 10� 4 mBar
Typical build pressure 4 � 10� 3 mBar (partial pressure of He)
He consumption, build process 4 l/h
He consumption, ventilation 100 - 150 l/build
Power supply 3 x 400 V, 32 A, 7 kW
Size approx. 2,400 mm x 1,300 mm x 2,945 mm (W x D x H)
Weight 2,900 kg
CAD interface STL
Available materials Arcam EBM Ti6Al4V Grade 5

Arcam EBM Ti6Al4V Grade 23

2.2.3 LogStudio

The software 'LogStudio' is a software developed by Arcam and can be found in-
stalled on the terminals of the Arcam EBM printers. It is a software used to measure
and log a myriad of parameters related to the printing process and the machine in
general. The software has been vital when referencing timestamps to events per-
taining to all the di�erent sensors used in this thesis.

2.3 Titanium

The element titanium is a silvery grey refractory metal with a myriad of excellent
properties and a wide range of practical applications. Titanium was �rst isolated
into its pure form in 1910 by the metallurgist Matthew Hunter, who through the
Hunter process managed to reduce titanium tetrachloride (TiCL4) with sodium (Na)
in an airtight cylinder [12]. Often seen alloyed with aluminium and vanadium, the
resulting alloy incorporates both remarkable mechanical properties and chemical sta-
bility. These properties make it popular in various engineering applications where
high performance is vital in a demanding environment. Another valuable aspect of
titanium is the inherent biocompatibility of the metal [13].

The powder used in Arcam's process is manufactured by AP&C, another company
in the GE group. The manufacturing process used is Advanced Plasma Atomization
(APA) which produces a powder with martensitic � 0-phase microstructure. The
� 0-phase is metastable and transforms into the stable two-phase equilibrium state;
� + � , as the powder is used [2]. The� -phase is Al-lean and V-rich and has a higher
oxygen content than the lath-shaped� -phase [2].

9



2. Theory

Table 2.2: Standard speci�cation for the composition of Additive Manufacturing
Ti-6Al-4V with Powder Bed Fusion (ASTM F2924-14) [14].

Element min % max %
Aluminium 5.50 6.75
Vanadium 3.50 4.50
Iron - 0.30
Oxygen - 0.20
Carbon - 0.08
Nitrogen - 0.05
Hydrogen - 0.015
Yttrium - 0.005
Other elements, each 0.10
Other elements, total 0.40
Titanium balance

2.4 Reuse of powder

Improving the reusability of the powder is not only interesting from an economic
viewpoint; but also from decreasing the overall consumption of the material, which
would enhance the sustainability of the process from both aspects. The alloy inves-
tigated in this thesis is relatively energy-intensive to produce from the raw material,
with an embodied energy of 655 MJ/kg - 722 MJ/kg [15]. That number is before the
powder manufacturing using APA process, which would increase the energy demand
even further.

During a print cycle, most of the powder is subject to an elevated temperature that
increases the material's reactivity and, in turn, progress the powder's degradation.
A powder batch that has been subjected to multiple process cycles will show a
variation in the chemical composition compared to a virgin batch. This variation
is due to the evaporation of alloying elements and di�usion of elements from the
process environment; this can be problematic as the mechanical properties will vary
accordingly to the current composition. Some of the alloying elements such as
nitrogen, vanadium and iron stay more or less consistent between cycles [16]. In
contrast, hydrogen, carbon, oxygen and aluminium has the most noticeable variation
between these cycles [16]. The e�ect on the material properties can be subtle for
some elements, but oxygen in particular has a relatively dramatic e�ect on the
alloy; which is re�ected in the stringent maximum content of the element according
to ASTM standards, see table 2.2. The prominent hardening e�ect of oxygen in
titanium makes it extra essential to have control, or at least attention, to the oxygen
content in the �nal product or mechanical performance is not guaranteed.

2.4.1 Reusing procedure

After a build cycle has been completed, the reloading sequence goes according to
�gure 1.1. As it can be seen in the �gure mentioned in the previous chapter, the
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