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Oxygen-Free Production—From Vision to Application

Lienhard Wegewitz,* Wolfgang Maus-Friedrichs, René Gustus, Hans Jürgen Maier,
and Sebastian Herbst

1. Introduction

Considering their historical development, the production pro-
cesses of the metalworking industry were usually carried out
in the presence of oxygen, i.e., in ambient air atmosphere.
This causes oxidation of the metal surfaces, which results in
oxide layers of varying thickness depending on the process tem-
perature and the reactivity of the metal. Except for the positive
effect for application due to the built-up of thin, dense oxide
layers, so-called passivation layers, which offer corrosion protec-
tion and maintain this effect in the event of damage due to post-

oxidation (as is the case with high-alloy
CrNi steels),[1] oxidation predominantly
acts as a disturbing factor. Examples
include the inhibition of wetting in brazing
applications,[2] oxidation and during heat
treatments,[3] or the acceleration of crack
growth during material fatigue experi-
ments.[4] For some processes, especially
thermal ones, attempts are therefore made
to reduce the oxygen concentration in the
surrounding atmosphere by using inert
gases or by moving the process to a vacuum
chamber.[5–8] However, in conventional
high-quality (5.0) inert gas atmospheres,
oxygen concentrations in excess of 5 ppmv
are present. Even in technical high vacuum
(10�6 to 10�10 bar), component surfaces
are still hit by oxygen molecules at a rate
of well over one trillion (1012) impacts
per cm2 each second. Under such condi-
tions, metal surfaces are therefore quickly
covered with an oxide layer.[3,9] The known

possibilities of metal processing are thus considerably limited.
Even ultrahigh vacuum (UHV) is far from sufficient for main-
taining oxide layer-free metal surfaces for prolonged time-
spans.[10] Moreover, the technology for generating a UHV is
complicated and correspondingly expensive. Thus, an imple-
mentation in actual production processes is often considered
to be highly uneconomical, and thus rarely feasible on a large
scale.

The potential of the technical possibilities inhibited by the pres-
ence of oxygen, which has been taken for granted until today, and
the limits that exist in metal processing as a result affect almost all
production processes. It is reasonable to assume that production
processes in an atmosphere with oxygen partial pressures lowered
by several orders of magnitude compared to conventional technol-
ogies would be able to offer considerable technical, economic, and
resource-relevant advantages and provided that this atmosphere
can be implemented in a technically simple and inexpensive man-
ner. Completely new processes, which are so far unthinkable in
the presence of oxygen, and the associated oxide layers can emerge
utilizing such an atmosphere.

In order to use such an environment in actual technical
processes, economic aspects for creating such an environment
certainly play a key role. One promising approach to generating
a practically oxygen-free environment at ambient pressure at low
cost is the addition of small amounts of monosilane (SiH4,
hereinafter referred to as “silane”) to inert gas atmospheres
(argon, nitrogen, or, for special applications, helium).[11,12] By
adding monosilane, the residual oxygen content present in the
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industry, a truly oxygen-free production environment appears attractive in terms
of the resulting material and component properties. This overview summarizes
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such as initial deoxidation of the workpieces, their transport under conditions
that prevent reoxidation, and the tools needed to establish and control an oxygen-
free process environment are given, and the ramifications with respect to actual
applications are discussed.
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inert gas atmosphere (usually <20 ppmv) is completely removed
by conversion to SiO2, H2, and H2O. Since the silane concentra-
tion only needs to be as high as the concentration of residual
oxygen in the inert gas, even very small amounts of silane are
sufficient. Thus, it can then be supplied in an already highly
prediluted state, such that handling of the silane is not critical.
The reaction starts already at room temperature and reduces the
residual oxygen to below the detection limit. With regard to the
presence of oxygen molecules, atmospheres corresponding to an
extremely high vacuum (XHV) can thus be generated as depicted
in Figure 1.

In the present context, we define kinetically oxygen-free
atmospheres as atmospheres with oxygen partial pressures below
10�13 mbar as reoxidation is then negligible within typical proc-
essing times. This value is an approximation based on the oxide
coverage of less than one percent of a monolayer on a surface in
10 h assuming a sticking coefficient of 1 because the first mono-
layer determines most chemical and thermodynamical pro-
cesses. Of course, tolerable oxygen partial pressures depend
on process and material, and thus need to be calculated for each
application separately. For example, the reoxidation of the top-
most layer for titanium surfaces in ambient air atmosphere is
completed in several nanoseconds, whereas the time scale of cut-
ting processes such as milling is in the range of microseconds or
rather milliseconds.

Apart from high-temperature brazing processes, the approach
of relocating production processes or their active zones to

XHV-adequate oxygen-free atmospheres represents a compara-
tively young field of research. Many of the results described in
this work originate from the Collaborative Research Centre
(CRC) 1368 “oxygen-free production.” The CRC aims at applying
the inexpensive and technically simple oxygen-free atmosphere
to a wide range of production processes, starting with an under-
standing of the mechanisms in the active zone and working
toward process understanding and complete process chains in
oxygen-free atmosphere.

By applying the oxygen-free environment to a wide range of
production fields, several potentials can be exploited: 1) The
use of starting materials that are free of oxide layers and do
not reoxidize during the process leads to an improved material
bonding between these materials, and thus offers a wide range of
options in terms of their type and shape and in terms of the com-
ponents that can be manufactured with them. 2) Production of
semi-finished products and components with completely new
property profiles through the joining of previously not joinable
material systems and the application of new production
processes. 3) Use of novel tool material systems that cannot cur-
rently be used due to their high oxidation tendency, but which
have unique properties. This applies to both substrates and coat-
ings. 4) Increased energy and material efficiency of production
processes by eliminating tribooxidation as a wear mechanism
and reducing process forces required to break up oxide layers.
In addition, the reduction of process temperatures in thermal
joining and coating processes and the elimination of wetting-
promoting, scaling-preventing, and covering additives (fluxes,
welding slag powders) can be expected.

In order to produce oxide layer-free surfaces and compounds
or to avoid the incorporation of oxide layer-induced defects in
interfaces, depending on the process conditions, either the
absence of oxygen is already sufficient in thermal processes
and in the creation of new surfaces by machining or forming,
or active deoxidation must be added upstream of the respective
process. In the processes considered, the oxides are therefore
removed mechanically (e.g., by machining operations), thermally
(e.g., by laser or plasma arc) or plasma-chemically in a nonther-
mal plasma. Kinetically, the formation of new oxide layers in an
oxygen-free environment is excluded due to the extremely low
oxygen partial pressure (cf. Figure 1), even with long process
times.

2. Methods and Technology

2.1. Generation of Oxygen-Free Atmospheres

The idea of generating oxygen-free atmospheres using silane is
based on the high reactivity of silane, especially monosilane
(SiH4), toward molecular oxygen. According to Equation (1)
and (2), monosilane reacts with oxygen to form silicon dioxide
(SiO2) and hydrogen (H2), respectively, water (H2O)

SiH4ðgÞ þ O2ðgÞ ↔ SiO2ðsÞ þ 2H2ðgÞ (1)

SiH4ðgÞ þ 2O2ðgÞ ↔ SiO2ðsÞ þ 2H2OðgÞ (2)

The reaction between silane and oxygen is highly exothermic
and takes place already at room temperature. Silane is used

Figure 1. Extreme reduction of the oxygen concentration in a technical
nitrogen atmosphere (13.5 ppmv initial oxygen content) at room temper-
ature by silane doping. Adapted with permission[78] Copyright 2014,
Springer.
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particularly in the semiconductor industry as a precursor for the
preparation of silicon and silicon dioxide thin films. In
oxygen-free production, silane is used as an oxygen scavenger,
eliminating nearly all residual oxygen in the process atmosphere.
As an oxygen content of 10�17 ppm can be achieved. For compar-
ison, even commercially available inert gases like argon 5.0 or
nitrogen 5.0 still contain at least about 1-2 ppm oxygen as resid-
ual contamination. This amount of contamination is sufficient to
cover the surface with oxygen within milliseconds.

In order to generate oxygen-free atmospheres, silane has only
to be added in the order of magnitude as oxygen is present, cf.
Equation (1). To minimize the silane required and the silica
formed during the reaction, it is reasonable to use inert gases
like argon or nitrogen as the starting atmosphere. As a conse-
quence, highly diluted, and thus harmless silane-doped inert
gas mixtures can be applied. In the CRC, the experiments on
oxygen-free production are primarily carried out in commercially
available glove boxes filled with argon 5.0 (purity: 99.999%). For
safety reasons, the silane is then added as an argon/silane mix-
ture with a silane content of only 1.5% (Linde GmbH). In order to
reduce the amount of silane required for eliminating the residual
oxygen, the glove boxes are flushed several times with pure argon
until the oxygen content in the atmosphere cannot be reduced
further. Due to the high volume and the large surfaces within
the glove boxes, the oxygen content in the glove box atmosphere
measured by an oxygen sensor is usually significantly higher
than for pure argon 5.0. However, multiple flushes can typically
reduce the oxygen content within the glove box to less than
100 ppm.

Considering a glove box with a volume of 1m3 and an oxygen
content of 100 ppm, this amounts to an oxygen partial volume of
1� 10�4 m3. From Equation (1), one silane molecule can elimi-
nate one oxygen molecule. In a first approximation, 1� 10�4m3

silane should be necessary to eliminate the residual oxygen con-
tent in the glove box atmosphere. Considering a silane supply of
1.5% silane in argon, this amounts to an argon/silane gas volume
of about 6.6� 10�3 m3 or 0.66% of the glove box volume. In sum-
mary, only 0.66% of the glove box volume needs to be exchanged
to eliminate 100 ppm residual oxygen. In general, the required
silane mixture can be calculated as follows

VArþSiH4
� 100%

xSiH4

⋅ pO2
⋅ 10�6 ⋅ Vglove box (3)

with VArþSiH4
is the volume of the argon/silane gas mixture in

m3, xSiH4
is the fraction of silane in the argon/silane gas mixture

in %, pO2
is the amount of residual oxygen in ppm, and Vglove box

is the volume of the glove box in m3.
In order to avoid adding more silane than is actually necessary

to eliminate the residual oxygen, the supply of silane should be
controlled. This can be done by adding silane via gas flow reg-
ulators. Figure 2 shows the oxygen content over time of the atmo-
sphere of a glove box (0.4 m� 0.4 m� 0.7 m, prefilled with
argon 5.0) to which small amounts of silane were continuously
added. The silane was supplied by mixing argon 5.0 with silane-
doped argon 5.0 (1.5% silane) using two independent gas flow
regulators. The mixing ratio was 400:3, which results in a silane
content of 112 ppm silane in argon. The silane/argon mixture

was introduced at a flow rate of approx. 0.4 Lmin�1. The initial
oxygen content within the glove box was about 400 ppm.

As Figure 2 shows, the continuous supply of silane initially
leads to a continuous decrease in oxygen content, leading to a
measured oxygen fraction of about 10�7 ppm after 150min.
In the next 210min, the oxygen content decreases slowly and
reaches a value of about 10�13 ppm. The rate of oxygen elimina-
tion depends primarily on the initial amount of oxygen present,
the flow rate, the amount of silane added, and the oxygen leakage
rates of the process chamber and feed lines. In addition, the size
and construction of the process chamber (resp. glove box) can
also influence the conversion rate. For instance, a circulating
air fan can be used to accelerate the oxygen elimination in large
and winding chambers. Care must be exercised to not use high
concentrations of silane or flooding a glovebox with gases con-
taining high oxygen partial pressures because these incidents
can lead to precipitation of particles consisting of silicon and sil-
icon dioxide.

2.2. Sensors for Monitoring Oxygen-Free Atmospheres

The determination of the oxygen partial pressure represents an
important step in the process of generating oxygen-free atmos-
pheres and oxygen-free production in general. By measuring the
oxygen partial pressure before the production process, the
amount of silane required to remove the residual oxygen can
be estimated. Thus, the supply of silane can be adjusted accord-
ing to the actual oxygen contamination. By measuring the oxygen
partial pressure during the production process, in contrast, the
oxygen-free conditions can be monitored and if necessary, coun-
termeasures can be initiated on time.

To monitor oxygen in the gas phase, different kinds of sensor
technologies are available. Depending on the measuring princi-
ple, common oxygen sensors can be divided in potentiometric,
amperometric, resistive/conductive, magnetic and optical

Figure 2. Oxygen content of an argon atmosphere as a function of time
during continuous supply of silane in a custom glove box prefilled with
argon 5.0[48]; the gray curve shows the first derivative of the oxygen content
as an indicator of the change in oxygen concentration.
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sensors.[13] In oxygen-free production, the oxygen sensor
must meet certain requirements. The sensor should have no
cross-sensitivities, should be low-maintenance, and fast enough
to monitor rapid changes in oxygen concentration. However, the
most important one concerns the required measuring range,
which must cover several orders of magnitude, at least from
103 to 10�13 ppm.

In the CRC, solid-state potentiometric gas sensors are used to
monitor the oxygen concentration. These sensors make use of
the high oxygen ion conductivity of a solid electrolyte like yttria
stabilized zirconia (YSZ) to measure the concentration difference
between a reference and a working electrode.[14–16] The solid elec-
trolyte is gas impermeable so that only oxygen ions can pass the
gas-separating electrolyte. The ion conductivity of YSZ becomes
significant at elevated temperatures and originates from oxide
vacancies, which are formed by doping zirconia with yttrium.
The electrodes of the sensor are usually made of porous plati-
num. Molecular oxygen adsorbed on the electrodes dissociates
into atomic oxygen, which are reduced to O2� ions at the
triple-phase boundary (Pt-YSZ-gas) by electron transfer from
the platinum electrode to the oxygen. In case of a concentration
difference in oxygen activity (partial pressure) between the refer-
ence and the working electrode, oxygen ions diffuse through the
solid electrolyte, creating a potential difference between the two
electrodes. A schematic diagram of a solid electrolyte oxygen sen-
sor based on YSZ is shown in Figure 3. The potential difference
can be measured and is given by the Nernst equation

U ¼ R
4F

⋅ ðT þ ToffsetÞ ⋅ ln
pr
pw

� �
þUoffset (4)

where U is the sensor voltage, R is the gas constant, T is the tem-
perature, F is the Faraday constant, pr is the partial pressure of
oxygen at the reference electrode, and pw is the partial pressure of
oxygen at the working electrode. According to Equation (4), the
sensitivity of the sensor depends, besides the oxygen partial pres-
sures, only on the temperature T. As reference, a gas with well-
known and constant concentration of oxygen should be used.
The most common way is to use air as reference, which has
an average oxygen concentration of 20.9 Vol% (depending on
the relative humidity).

Solid state oxygen gas sensors offer a number of advantages:
they are highly selective, offer long-term stability, and have a
short response time. In addition, these sensors have a wide

measurement range of several orders of magnitude, which make
them ideal for measuring the oxygen concentration in the pres-
ent case.

In the CRC, a solid-state oxygen sensor fromMESAMess- und
Regeltechnik Vertriebs- und Service GmbH is used. The sensors
are embedded in a metal housing with integrated temperature
regulation and two ports for gas inlet and outlet. Each sensor is
connected to a power supply unit containing a gas pump for gas
extraction and a high precision power supply for the regulation
and stabilization of the sensor heating. As reference for the
oxygen measurement, ambient air is used. The sensors
are heated up to 873 K during measurement and provide an
output voltage between 0 and 1300 mV, which corresponds
to an oxygen concentration range of 20.9 Vol% to about
10�26 Vol%.

The probe voltage can be read out, for example, using a com-
mercially available multimeter. The actual oxygen content can
then be calculated using Equation (4). However, to ensure an
accurate measurement, the actual temperature of the sensor
must be known exactly, which may vary slightly from sensor
to sensor. Since the temperature cannot be measured directly,
a test gas with well-known oxygen content, for example, 0.1%
oxygen in argon, can be used to calculate the temperature offset
Toffset. An additional voltage offset Uoffset can be determined by
measuring the sensor voltage using ambient air as test gas.

2.3. Deoxidation of Samples and Workpieces

Oxygen influences materials and processes in two ways—first by
the oxygen content in the surrounding atmosphere and second
due to oxygen incorporated in oxide layers. The first influence
can be suppressed by the addition of silane to an inert gas atmo-
sphere, as described in Section 2.1. To address the second one,
the oxide layers have to be removed by a deoxidation process.
Conventionally, grinding, blasting, or chemical treatments like
the use of fluxes or acid cleaning are employed. For some appli-
cations, this is done in atmosphere or under protective gas,
which may lead to less brittle or thinner oxide layers with
changes in composition, but necessarily involves a certain degree
of reoxidation due to residual oxygen. A complete and lasting
removal of oxide layers is not possible under those circumstan-
ces. Examples of such applications are fluxes in brazing applica-
tions and metal inert gas or metal active gas welding. These have
in common that the influence oxygen has on the process is
strongly reduced but not excluded.

To get closer to an oxygen-free process environment, metal
and alloy surfaces are often thermally deoxidized in ultrahigh
vacuum (UHV), especially for research applications.[17,18]

Another example is the somewhat unorthodox deoxidation by
an electron beam, which is only productive for the deoxidation
of small substrates and structures.[19]

A different option is deoxidation in thermal or nonthermal
plasmas. For example, Behera et al. describe the thermal deoxi-
dation of iron ore in a thermal hydrogen plasma[20] and Rains
et al. the thermal plasma deoxidation of aluminum oxide par-
ticles.[21] In most cases where solid substrates are deoxidized
in a plasma, the process happens at lower gas temperatures
compared to the aforementioned thermal plasmas. Mostly,

Figure 3. Schematic diagram of a potentiometric oxygen sensor using
yttria stabilized zirconia (YSZ) as solid electrolyte.
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low-pressure plasmas are used for deoxidation. The process
atmospheres generally include one or several reducing gases like
hydrogen, carbon monoxide, or methane. Examples include the
deoxidation of AISI 316L steel in a microwave plasma at 1000 °C
and 40 Pa of hydrogen,[22] deoxidation of bronze alloys,[23] or alu-
minum oxide[24] in low-pressure radio frequency plasmas in
hydrogen or argon–hydrogen.

2.3.1. Deoxidation by Dielectric Barrier Discharges for Oxygen-Free
Production

All of the aforementioned methods exhibit certain disadvantages.
Thermal deoxidation or deoxidation in thermal plasmas at suffi-
cient temperatures changes the metallurgical properties of the
material beneath the oxide layer. Deoxidation by mechanical
means, e.g., grinding, changes the surface topography and
may lead to incorporation of foreign material. Chemical treat-
ments like acid cleaning or Ca vapor deoxidation may lead to
incorporation of hydrogen or other foreign materials.
Deoxidation in UHV environments is extraordinarily expensive
for production scale quantities. Using low pressure plasmas in
industrial applications leads to a low volume of production due to
their nature as these are typical batch processes.[25,26]

An attractive method for deoxidation of pure metals and alloys
is the use of dielectric barrier discharges (DBDs). This approach
provides several advantages like low energy input at the treated
surface, working at atmospheric pressure, and thus with rela-
tively simple and inexpensive equipment. DBDs are not limited
to batch processing but also allow continuous production. For a
description of principles, equipment and applications of DBDs
the reader is referred to.[27–30]

Until now, most research regarding deoxidation of metal
oxides by DBDs focuses on copper oxides.[31–34] A notable excep-
tion is the DBD deoxidation of NiO to Ni in argon–hydrogen for
catalysis.[35]

The amount of native copper oxide, for example, can be
reduced by 70% in a mixture of 2% hydrogen in argon within
about 2 s, while 96% reduction is achieved after 10 s.[36]

Mixtures of monosilane in argon are used by the majority of
the oxygen-free production processes described in Section 3.
Deoxidation of native copper oxide is achieved in a DBD in
silane-doped argon, but the reduction fraction does not reach
90% contrary to argon–hydrogen mixtures.[34]

The deoxidation of pure metal and alloy surfaces in DBDs is a
promising method for certain oxygen-free production processes,
but research regarding the deoxidation of a wider variety of mate-
rials is essential. While DBDs have many advantages offsetting
the problems of other deoxidation methods described earlier, the
treatment of complex surface geometries poses a challenge not to
be underestimated. Furthermore, reduction processes on the
basis of ion sputtering, which takes place in some low pressure
plasmas,[24] do not occur in DBDs. This may limit the deoxida-
tion of some metals and their alloys.

2.3.2. Deoxidation of Powders

Besides solid workpieces, metal powders are used in several pro-
duction processes like laser powder bed fusion (LPBF), thermal

spraying, or die pressing with subsequent sintering. Powders
consist of metal particles, which in general are covered by native
oxide layers or oxygen-containing organic layers. In certain appli-
cations like thermal spraying in silane-doped atmospheres, the
oxide layer is at least partially reduced in the process itself.
For other applications, deoxidized powders are necessary.

Oxide-free particles can either be directly produced, e.g., sili-
con particles in a microwave plasma in an argon/hydrogen/
silane atmosphere[37] or deoxidized by different methods. The
most common one is temperature programmed reduction in
hydrogen, which is applied for catalyst powders for example.[38]

A major part of the research regarding powder deoxidation is
related to titanium alloys and intermetallic compounds. One of
the reasons is the poor recyclability of Ti scrap due to oxygen impu-
rities. Deoxidation methods include elevated temperatures in pres-
ence of calcium and magnesium compounds,[39,40] electrochemical
deoxidation,[41] or radio frequency plasma deoxidation of Ti–6Al–4V
particles with calcium.[42] Hafnium oxide[43] or tantalum oxide and
niobium oxide[44] powders can be reduced by electro-deoxidation.

More complexity is added to the deoxidation process if pow-
ders are not treated in filling but rather in a gaseous bed, which
prevents agglomeration and blind spots. The thermal reduction
of iron oxides in a circulating fluidized bed in hydrogen is an
example.[45] A relatively new approach to powder deoxidation
is the combination of a fluidized bed reactor with a nonthermal
DBD plasma.

2.3.3. Deoxidation Methods in Oxygen-Free Production Processes

Several of the production processes in oxygen-free atmosphere
described in Section 3 use deoxidized samples or workpieces.
In some cases, like hot stamping, laser beam brazing, thermal
spraying, or cutting, oxide layers are removed during the process.
For others, e.g., compound casting, powder forming and sinter-
ing, cold roll bonding or adhesive joining, and deoxidation takes
place prior to the process. Typically, a form of mechanical deoxi-
dation is used like grinding or blasting in oxygen-free atmo-
sphere. For some processes, thermal deoxidation is suitable
depending on the material used. Chemical deoxidation is rarely
reported. A tangible example for deoxidation during a process is
laser beam brazing of aluminum alloys, where a pulsed laser
beam with 45 ns pulse duration is employed for deoxidation.[46]

At pulse energies of 60 μJ no deoxidation effect is observed. At
180 μJ, the existing oxide layer is reduced and the subsequent
laser beam brazing process is facilitated (see Section 3.2 for fur-
ther information). An emerging technique for deoxidation in the
context of oxygen-free production is the application of DBDs as
described a few sections earlier.

For future use, the method of deoxidation needs to be chosen
depending on production process, material, necessary degree of
reduction, and desired surface properties. Capital expenditure,
energy consumption, complexity of machinery, and operating
expenses should be considered.

2.4. Oxygen-Free Transport of Samples and Workpieces

Up to now, research in the field of oxygen-free production has
been limited to a few selected and isolated production
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techniques. However, the positive results obtained so far suggest
that in the future research in the field of oxygen-free production
will be extended to many other production techniques and, espe-
cially, to production chains. If the production of a workpiece
involves several processing steps and if the various production
techniques required to manufacture the workpiece are located
in separate process chambers, oxygen-free transport of workpie-
ces may become necessary.

Similar considerations apply when the surfaces and interfaces
of specimens manufactured in oxygen-free atmospheres need to
be analyzed. Since the field of oxygen-free production has been
largely unexplored so far, only little is known about the processes
occurring at the surfaces and interfaces. Therefore, surface and
interface analytical investigations play an important role in the
research of oxygen-free production. If reoxidation of the surfaces
prior to surface analysis needs to be prevented, oxygen-free trans-
port from the process chambers to the analyzer must be ensured.

The easiest and most efficient way to transfer workpieces
between separate process chambers is to use silane-doped argon
atmospheres as well. The workpieces are stored within the silane-
doped argon atmosphere of the process chamber in metal trans-
port containers and sealed using either rubber or metal gaskets.
To ensure oxygen-free conditions during transport, two factors
are of essential importance: 1) the oxygen emission rate of the
materials used and 2) the leakage rate of the sealing. In general,
the emission rate depends only on temperature while the leakage
rate furthermore increases with increasing pressure difference.
Therefore, materials and techniques applied in vacuum technol-
ogy must meet the highest requirements in terms of emission
and leakage rate and are therefore the best choice for oxygen-free
transport.

In vacuum technology, stainless steel (304, 316L) as well as
aluminum are the most commonly used metal materials.
They offer low outgassing and can be easily cleaned, for example,
by heating in vacuum at elevated temperatures (150–250 °C). As
sealings metal gaskets made of copper as well as rubber-elastic
gaskets are common. Copper gaskets provide the best sealing
effect. They are used in vacuum technology for ultrahigh vacuum
conditions (<10�10 mbar).

In the CRC, transport containers made of stainless steel are
used. The containers are sealed by Viton seals and KF clamps.
A sketch of such a transport container is depicted in Figure 4.

In order to evaluate the reliability of the transport containers,
extensive experiments using titanium as test samples were car-
ried out.[47] Titanium was used due to its high reactivity toward
molecular oxygen. Exposing freshly deoxidized titanium surfaces

to argon atmosphere for 10min resulted in an oxide layer of
2.3 nm. Conversely, 24 h exposure to silane-doped argon in a
transport container including the lock processes resulted in an
oxide layer thickness of 1.44 nm. The reoxidation in this case
can be most probably attributed to residual water in the transport
container.

2.5. Specialized Devices for Oxygen-Free Production

Research regarding production processes in oxygen-free environ-
ments is a young and evolving field. While working under
oxygen-free conditions has numerous advantages, suitable equip-
ment for each production process needs to be developed. For
most of the ongoing research gastight glove boxes, mostly filled
with silane doped argon, are employed. For some production pro-
cesses devices for oxygen-free production have already been
introduced, e.g., for resistance heating and simultaneous coating
of metal sheets in oxygen-free conditions,[48,49] a plastic sheath-
ing with gas inlet for the active area of milling and turning
machines,[50] or a lab scale machine for oxygen-free LPBF,
including the build chamber, powder management system,
and gas circulation unit.[51]

3. Oxygen-Free Production Processes

In the following sections, results of published studies on oxygen-
free production processes are described and discussed. Most of
the results were generated within the framework of the CRC
1368.

3.1. Thermal Spraying

In thermal spraying processes, molten or heated particles are
sprayed with high velocity onto a substrate. The processes are
capable of generating thick coatings (>0.1mm) with high depo-
sition rates compared to other coating processes like physical or
chemical vapor deposition. The resulting coatings are generally
applied to enhance a certain surface property like corrosion or
wear resistance. For these applications, strong adhesion of the
coating to the substrate and strong cohesion in the coating
are crucial. Porosity in the interface and between the coating that
can be controlled by a careful adjustment of particle velocity, size,
and temperature.[52] However, adhesion and cohesion strength
are dominated by oxide layers. Conventionally, substrate surface
preparation and the spraying process are carried out in air

Figure 4. Transport container used to transport samples under oxygen-free conditions between separate process chambers.
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atmosphere resulting in interfacial and interlamellar oxide layers
and impaired wetting behavior. These systematic defects limit
the adhesion strength and the functional properties of the coat-
ings. Established solutions to hinder oxide formation either limit
the range of coating material (cold gas spraying) or still produce
significant oxide layers due to comparatively high residual oxy-
gen levels in rough vacuum or inert gas despite having a need
for a more complex process technology (e.g., vacuum plasma
spraying, vacuum induction plasma spraying).

Rodriguez Diaz et al. employed an oxygen-free atmosphere
(silane in nitrogen, resulting in an oxygen content of
10�26 vol%) on a two-wire arc spraying (TWAS) process.
Specifically, a coating chamber was designed to exclude the coating
area from the surrounding air environment. The chamber was
flooded with either air, nitrogen, or a nitrogen–silane mixture. As
atomizer gas, these three alternatives were also investigated.[53]

Additionally, a corundum blasting system was integrated into
the chamber to enable a substrate surface preparation in the dif-
ferent atmospheres prior to the coating process.[54] Commercially
pure copper (>99.8 wt% Cu) was sprayed on steel discs (steel grade
S235JR, 1.0038). An overview showing the coating morphology
obtained with spraying processes carried out in air (with air as
atomizer gas) and in oxygen-free atmosphere (with silane in
nitrogen as atomizer gas) is depicted in Figure 5. The cross section
of the coating applied in oxygen-free atmosphere is free of inner
oxide layers and features a porosity that is reduced to one-third
compared to the reference produced in air .[20] Since the coatings
were producedwith the same process parameters and air and nitro-
gen feature similar properties in terms of arc duration and thermal
conductivities, these significant improvements can be attributed
primarily to the oxygen-free atmosphere.

It is already obvious from Figure 5 that the gaps between the
substrate and the coating were also significantly reduced.
This can be further improved by carrying out the corundum
blasting process in the oxygen-free atmosphere. Figure 6 shows
the effect of a blasting process carried out in different
atmospheres. When the blasting process is also carried out in
oxygen-free atmosphere, the wetting behavior of the impacting
particles is significantly improved in the subsequent spraying
process. Hence, additional bonding mechanisms between the
substrate and the coating can be activated compared to conven-
tional TWAS.[55]

This is also shown in the adhesive tensile strength (ATS) tests
carried out by Rodriguez Diaz et al. The tests were carried out in
accordance with the standard DIN EN ISO 14 916 (sample type
B) using Ultrabond 100 as the adhesive. Figure 7 depicts the
results of those tests. When blasting and coating were carried
out in air, cohesive coating failure leads to an ATS of
25.1� 0.4MPa (Figure 7 I). When the coating process was trans-
ferred to the oxygen-free atmosphere, an increase in ATS by 39%
(Figure 7 II) was observed, and the failure mechanism changed
to pure adhesive coating failure. The measured ATS for that pro-
cess combination is in good accordance to coatings produced in
nitrogen atmosphere.[56] Transferring the blasting process to the
oxygen-free atmosphere leads to an additional significant
increase in ATS to values between 46.8� 4.4MPa and
63.9� 3.0MPa (Figure 7 III to V). Compared to the conventional
process in air, this is an increase between 85% and 150%. High
variance between the sample sets III to V indicates that small
differences in the blasting and coating have a substantial impact.
However, the failure mode of the sample set V was solely the
failure of the employed Ultrabond 100 adhesive. Hence, even

Figure 5. Micrographs of cross sections of thermal sprayed copper coatings on steel substrate: a) sprayed in air, b) corresponding porosity analysis,
c) sprayed in oxygen-free atmosphere, d) corresponding porosity analysis. Reproduced with permission.[54] Copyright 2022, The Authors, published byMDPI.
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higher ATS might be possible for the material system when
employing the oxygen-free atmosphere. This shows the potential
to revolutionize the field of thermal spray coating by employing
the concept of oxygen-free production.

3.2. Laser Beam Brazing

Laser beam brazing is a method widely used for joining metal
parts during the production of the outer shells of car bodies.
Presently, the industrial use of laser beam brazing is typically
restricted to joining galvanized steel.[57,58] Brazing of aluminum
alloys is more challenging and usually requires the use of corro-
sive fluxes, as the native oxide layer present on the aluminum
alloys prevents wetting and diffusion between the filler material
and the sheet metal during the joining process. While it has
been shown that laser pulses in the nanosecond regime can
break up the oxide layer of aluminum alloys,[59] the problem
of re-oxidation remained unaddressed.

Aman et al. illustrate that laser beam brazing of aluminum
alloys in an oxygen-free atmosphere efficiently prevents reoxida-
tion, while at the same time facilitating the removal of the oxide
layer, thereby making the use of flux obsolete.[60] In their work,

Aman et al. used a setup of two laser beam sources, a pulsed (pw)
laser beam source for removal of the oxide layer with pulses in
the nanosecond regime and a continuous wave (cw) laser beam
source for the brazing process. The process was performed
inside a glove box, which was filled with silane-doped argon
providing an oxygen-free atmosphere. As substrate the
aluminum alloy AlMgSi1 (EN AW-6082) was used, and AlSi12
(EN AB-44 100) was employed as the filler wire.

The first experiments with a cw spot diameter of 5 mm and
superimposed cw and pw laser beams showed promising
changes in wetting angle for oxygen-free conditions, cf.
Figure 8. At a laser beam power of pcw= 2.3 kW and a pulse
energy of Ep= 120 μJ, the wetting angle of the seam was over
70° for argon atmosphere, around 50° for flux (FL20) supported
brazing (without pw oxide removal) and approx. 40° for seams
brazed in silane-doped argon.[60] While flux brazed reference
seams exhibited a regular shape and their cross sections showed
no signs of melting of the substrate, this was not the case for
samples brazed in argon and silane-doped argon. This difference
is apparent in cross-sectional views where a slight melting of the
base material is visible for argon and a much more pronounced
melting occurs in argon silane. This effect is attributed to higher
energy absorption of the silicon dioxide particles that are present
on the sheet surface due to the reaction of the silane with the
residual oxygen present in the atmosphere. Brazing aims at
inducing only minor changes to the base material during the pro-
cess. The challenge for Aman et al. was to find parameters where
wetting and diffusion occur in oxygen-free atmosphere paired
with a negligible extent of base material melting.

Adjusting the spot diameter of the cw source to 2.9 mm and
deoxidizing with the pw beam prior to brazing with the cw beam
instead of using superimposed beams led to significantly less
melting of the base material in silane-doped argon atmosphere
but higher wetting angles.[46] Seams produced at various laser
beam powers pcw and pulse energies Ep of 120 μJ or 180 μJ fea-
ture sufficient wetting angles without critical melting of the base
material and exhibit a metallurgical bond as shown in Figure 8.
Experiments in argon at similar parameters did not produce a
seam even at pcw= 2.4 kW and Ep= 240 μJ. A visual comparison
of seams brazed in argon and silane-doped argon atmosphere,
respectively, is given in Figure 9.

Aman et al. tested this approach for aluminum alloys with
high magnesium content, e.g., AlMg3 (EN AW-5754), which

Figure 6. Difference in interfacial gaps between copper coatings and steel substrate: a) blasted and sprayed in air, b) blasted in air, sprayed in oxygen-free
atmosphere, c) blasted and sprayed in oxygen-free atmosphere. Reproduced with permission.[55] Copyright 2022, The Authors, published by MDPI.

Figure 7. Adhesive tensile strengths (ATS) of copper TWAS coatings on
steel substrates determined according to DIN EN ISO 14 916 standard. I:
blasted and coated in air, II: blasted in air, coated in oxygen-free atmo-
sphere, III–V: blasted and coated in oxygen-free atmosphere.
Reproduced with permission.[54] Copyright 2022, The Authors, published
by MDPI.
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are only brazeable with corrosive fluxes.[46] Melting of the base
material already occurred at low laser beam powers of around
1.4 kW, therefore the challenge to increase the seam quality
while reducing melting remains for those alloys. On the micro-
scopic scale, wetting angles of around 30° were achieved for
AlMgSi1, here the challenge is to achieve those angles on the
macroscopic scale as well.[60] Although those issues still
need to be addressed in future studies, laser beam brazing in
oxygen-free atmosphere is a promising route for joining alumi-
num alloys without fluxes.

3.3. Compound Casting

Compound casting of liquid aluminum onto a solid copper part
offers great potential to generate bonds with high thermal
conductivity between these two materials. Typical applications
of this material combination can be found in cooling solutions
for electric components when cost and specific weight reduction
are of interest as copper features the thermal conductivity and

aluminum low density and low cost.[61] However, typically these
metals are either joined mechanically (often with the use of ther-
mal paste to bridge the inevitable gap) or by soldering processes
that are oftentimes unable to join the complete interface.
Composite casting can overcome the limitations resulting from
the above processes in terms of the thermal conductivity of the
bonding. Oxide layers of the involved metals generally hinder the
diffusion process for the formation of a metallurgical bond in
compound casting, which is why direct compound casting with-
out further measures is usually not successful with the material
combination aluminum–copper.[62]

Fromm et al. investigated the effect of transferring the
compound casting process of aluminum on copper into an
oxygen-free atmosphere. For this, a gravity-casting set-up was
placed inside a glove box filled with the oxygen-free atmosphere
described in chapter 2.1. The aluminum was molten inside a
graphite crucible by induction heating, and the mold with the
copper inlay could be preheated by carefully placed resistance coil
heating elements.[61] The copper surfaces were cleared of their
natural oxide layer by grinding with 500 and then 1200 grit abra-
sive papers. Compound castings were carried out with a variety of
combinations of crucible and mold temperature. The tempera-
ture of the copper inlays can be approximated to be roughly equal
to the mold temperature. The compounds were then analyzed
regarding the thickness and the thermal conductivity of the over-
all compound zone. Additional analysis of the phases present in
the compound zone revealed a region with a eutectic structure of
α-Al with Al2Cu and layers of Al2Cu, AlCu, and Al4Cu9 interme-
tallic phases (in that order from Al to Cu).

In Figure 10, the total measured thickness of the compound
zones depending on crucible and mold temperature is depicted.
With mold temperatures of 300 °C, it was only possible to

Figure 8. Cross-sections of bead on plate seams brazed under silane-doped atmosphere on AlMgSi1 with a wire feed of 2.0 mmin�1. Reproduced with
permission[46] Copyright 2022, Elsevier.

Figure 9. a) Comparison of bead on plate seams brazed under pure argon
and b) silane-doped argon atmosphere with pcw= 2.4 kW and
EPuls= 240 μJ on AlMgSi1. Reproduced with permission[46] Copyright
2022, Elsevier.
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generate a full bond with the highest tested crucible temperature.
Obviously, the mold temperature had a much stronger influence
on the compound zone thickness than the crucible temperature
which was attributed to the high thermal conductivity of cop-
per.[62] Generally, it is possible to control the compound zone
thickness over a wide range by carefully adjusting the process
temperatures.

The influence of the overall compound zone thickness on
thermal conductivity showed—on one hand—that smaller com-
pound zones generally tend to feature a higher thermal conduc-
tivity. However, different casting parameters that resulted in a
similar compound zone thickness could also feature quite differ-
ent thermal conductivities, probably due to the thermal conduc-
tivities of the phases involved. Hence, special attention has to be
paid to the composition of the compound zone and the thickness
of the individual phases.

Figure 11 depicts a comparison to the thermal conductivities
measured in earlier studies for processes currently employed in
the industry. Compound casting leads to much higher values
than mechanical connections with thermal paste and can reach
values of state of the art processes like soldering or compound
casting with intermediate layers.[62] Compared to soldering, com-
pound casting is capable to join much larger surfaces. Hence,
new products with high interfacial thermal conductivity might
be possible. The fact that no additional intermediate layer and
consequently no additional coating process is needed when com-
pound casting is carried out in an oxygen-free environment
offers potential for higher productivity and reduced production
costs.

3.4. Friction and Wear Behavior in Oxygen-Free Atmospheres

During production processes involving wear, titanium alloys fre-
quently exhibit rapid surface reoxidation in normal atmosphere.

This causes high wear in tribological systems. Raumel et al.
hypothesize the occurrence of different wear mechanisms in
oxygen-free atmosphere.[63] They assume that without an oxide
layer and no residual oxygen in the process atmosphere, the dif-
ferences in the chemical reactions, adhesion, diffusion, hardness
and lubricating effects change the wear behavior depending on
the composition of the alloy. To verify their claim, Raumel et al.
use an encapsulated universal high-temperature tribometer with
gas inlets to set different atmospheres and adjust the processing
temperature.[63] The parameters of their ball-on-disc experiments
with Ti–6Al–4V and copper discs are given in Table 1.

3.4.1. Wear Behavior of Ti–6Al–4V in Oxygen-Free Atmospheres

Ball-on-disc friction tests were performed in air, argon, and
silane-doped argon (oxygen-free) with Ti–6Al–4V discs and

Figure 10. Total compound zone thicknesses of specimens cast with dif-
ferent process temperatures. Reproduced with permission.[62] Copyright
2022, The Authors, published by Springer.

Figure 11. Comparison of the data obtained by Fromm et al.[62]

(orange and blue) in comparison to literature results from ref. [79,80].
Reproduced with permission.[62] Copyright 2022, The Authors, published
by Springer.

Table 1. Parameters for ball-on-disc experiments on Ti–6Al–4V and
copper discs. The parameters are extracted from ref. [63] for Ti–6Al–4V
and[64] for copper.

Parameter Ti–6Al–4V Copper

Ball material Tungsten carbide Copper

Ball diameter 2 mm 2mm

Normal force 7 N 2 N

Surface pressure 2.4 GPa 1.2 GPa

Reference contact area 0.02 mm2 0.0084mm2

Sliding distance 160 mm 160mm

Sliding speed 62.8 mmmin 62.8 mmmin

Temperature regime RT–1000 °C RT–800 °C
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tungsten carbide balls as friction partners.[63] Figure 12 shows
Ti–6Al–4V discs after friction tests in different atmospheres at
1000 °C. The discs show different visual impressions depending
on the atmosphere. Raumel et al. report a 10 μm-thick oxide layer
consisting mainly of TiO2 in rutile structure with an Al2O3-rich
top layer after ball-on-disc tests in air at 1000 °C.[63] In argon
atmosphere, the oxide layer thickness in similar tests amounts
to � 2 μm. While consisting mainly of TiO2 in rutile structure
with an Al2O3 rich top layer, small amounts of understoichiomet-
ric Ti3O are present. There is no distinct oxide layer, but rather a
thin layer containing silicon detectable by SEM after experiments
in silane-doped argon atmosphere. X-ray diffraction (XRD)
shows a distortion of the titanium lattice, which, according to
Raumel et al., is not caused by titanium hydrides. Silicon is
assumed to occupy interstitial defects thereby causing the lattice
distortion. For further information on the EDX or XRD analysis,
the reader is referred to ref. [63].

Roughness in the friction marks of the discs after ball-on-disc
testing and on the disc surfaces in general is the lowest for sam-
ples tested in silane-doped argon atmosphere. With increasing
temperature, the hardness of samples tested in oxygen-free atmo-
sphere increased from 5.6 to 9.6 GPa, while it decreased from 5.6
to 1.7 GPa in air.

In air, the friction coefficient rises with increasing tempera-
ture up to 0.6 at 1000 °C, while remaining nearly constant over
that temperature range in argon atmosphere.[63] The friction
coefficient in oxygen-free atmosphere exhibits a more complex
behavior, rising sharply from room temperature up to 200 °C,
decreasing up to 600 °C, and increasing again up to 0.5 at
1000 °C. According to Raumel et al., the increase up to 200 °C
is caused by a diminishing oxide layer due to mechanical abra-
sion and suppressed reoxidation in oxygen-free conditions. The
resulting adhesion causes the friction coefficient to rise. At
higher temperatures, the friction coefficient drops due to the for-
mation of a friction reducing layer of increasing hardness. Above
600 °C, this effect is superimposed by the increasing chemical
activity at high temperatures causing the friction coefficient to
rise again. The wear volume increases with rising temperature
in all atmospheres, but the magnitude depends drastically on
the particular atmosphere. While increasing by over 550% of

its room temperature value in air at 1000 °C, the increase of wear
volume in silane-doped argon amounts to about 20% at
1000 °C.[63]

3.4.2. Wear Behavior of Cu in Oxygen-Free Atmospheres

Ball-on-disc tests with copper were performed in different
atmospheres ranging from room temperature up to 800 °C.[64]

As in the case of the titanium alloy described earlier, the rough-
ness of the sample surface is significantly lower after the tests in
silane-doped argon atmosphere compared to air. The apparent
Young’s modulus as determined by nanoindentation increases
by about 56% with temperature rising from room temperature
to 800 °C in silane-doped argon atmosphere, while decreasing
66% and 69% in argon and air, respectively. The hardness
increases sharply starting at 600 °C in silane-doped argon, while
decreasing in air and showing only a minor increase in argon
atmosphere.

As in the case of Ti–6Al–4V, the wear volume in ball-on-disc
tests on copper increases in air, argon, and silane-doped argon
atmospheres with rising temperature.[64] Raumel et al. report a
room temperature value of 37 μm3 for all atmospheres, at 800 °C
this value increases by about 300% in air, more than 100% in
argon and 50% in silane-doped argon. As with the wear of
Ti–6Al–4V, the comparably small increase of wear volume under
oxygen-free conditions is attributed to suppressed tribochemical
wear. Friction coefficients are higher for silane-doped argon
compared to the other atmospheres, with the most pronounced
differences in the temperature range from 200 to 600 °C.

On the surface of the sample tested in air (30min, 800 °C) a
10 μm-thick oxide layer consisting of mainly of Cu2O and small
amounts of CuO had formed,[64] while samples tested in argon
exhibited an oxide layer with a thickness of 2 μm consisting
mainly of Cu2O. Samples tested in silane-doped argon did not
exhibit an oxide layer detectable with EDX. Two different zones
form as visible in Figure 13. XRD analysis reveals the formation
of η-Cu3Si in addition to the copper cubic matrix at point MP1.
The precipitations at MP2 consist mainly of η-Cu3Si with smaller
amounts of γ-Cu5Si and ε-Cu15Si4 as well as traces of SiO2 in
form of a thin film caused by sample transfer in air.

Figure 12. Ti–6Al–4V discs after ball-on-disc tests at 1000 °C in different atmospheres—from left to right—silane-doped argon, air, and argon
(Photograph provided by Selina Raumel).
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The suppression of reoxidation and the absence of brittle oxide
layers cause a significant reduction of tribochemical wear for
Ti–6Al–4V and Cu, resulting in a significant reduction of wear
volume in oxygen-free atmosphere compared to tests conducted
in air.[63,64] These results indicate a possible expansion of the
application range of Ti–6Al–4V beyond currently possible
operating temperatures, if wear is the dominating damage
mechanism.[63] For Cu no significant increase in contact
resistance even at 800 °C was detected in silane-doped argon
atmosphere, this may improve applicability in electronics.[64]

Copper silicides that emerge during processing in silane-doped
argon may protect Cu from further oxidation and corrosion and
offer advantages for the production of integrated circuits.

3.5. Cutting of Titanium Alloys in Oxygen-Free Atmosphere

Cutting of titanium alloys is correlated with high temperatures at
the interface of tool and workpiece.[65,66] This can foster a fast
build-up of adhesion on tools and consequently leads to high
adhesive wear and increased susceptibility to diffusion and
tribochemical reactions. Maier et al. state that tribooxidation is
causing excessive wear when dry milling titanium alloys.[50]

They suggest the elimination or reduction of tribooxidation in
oxygen-free atmospheres formed, e.g., by silane-doped argon.
Conventional protective gas atmospheres are not sufficient
due to traces of oxygen especially with the high oxygen affinity
of titanium alloys.

During dry milling of Ti–6Al–4V in oxygen-free atmosphere
Maier et al. observe far less adhesion of the titanium alloy form-
ing a built-up edge on flank and rake faces compared with dry
milling in air (cf. Figure 14).[50] Feed forces were about 70%
lower in silane-doped argon atmosphere compared with air.
The authors explain this effect by the change in edge micro
geometry due to profound adhesion in air. A rounding of the
edge generally leads to higher cutting and feed forces with the
latter reacting more sensitively to rounding.[67]

Furthermore differences in chip formation occur, the chip
curl radius after milling in silane-doped argon is increased by
16% with respect to milling in air.[50] The curl radius depends
on thermal properties of the workpiece material and the friction
behavior between workpiece and tool.[68,69] The chips forming in
oxygen-free atmosphere are longer. More pronounced chip seg-
mentation is observed in air.[50] Increased chip segmentation is a
sign of higher temperature in the deformation zone of the chip,
thus indicating lower effect zone temperature when dry milling
in silane-doped argon.

Denkena et al. investigated the tribochemical wear resistance
of TiN, TiAlN, and CrAlN coated carbide tools in different
atmospheres during turning of Ti–6Al–4V. The tool life of
TiN- and TiAlN-coated carbide tools was much shorter with
respect to uncoated tools due to tribochemical wear regardless
of process atmosphere.[70]

CrAlN on the other hand shows high wear resistance and is a
promising coating for high-temperature cutting applications.[71]

Figure 13. Copper sample treated under argon-silane atmosphere showing two different surface areas: MP1—metallic pure copper and a) MP2—pitting
zone; b) SEM and c) EDS analysis of the Si deposits on the Cu sample. Reproduced with permission.[64] Copyright 2023, The Authors, published by
Springer.

Figure 14. EDX elemental mappings showing the distribution of titanium on the tool in green after milling in a) laboratory air and b) an XHV-adequate
environment (red: tungsten; blue: carbon). Reproduced with permission.[50] Copyright 2020, The Authors, published by MDPI.
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However, oxidation of the coating at high temperatures poses a
problem for these applications. Removing oxygen from the
process atmosphere resulted in increased tool life by
60%.[70] The tool life in argon atmosphere is between that of
air and oxygen-free atmosphere. Denkena et al. attribute the
increase in tool life to decreasing tribochemical wear. Notch
wear is observed for turning in air and mostly flank wear in
argon and silane-doped argon. Uncoated tungsten carbide tools
exhibit an increase in tool life with decreasing oxygen content
of the processing atmosphere, albeit the effect is not as
pronounced as in the case of CrAlN.[70] In absolute values,
uncoated tungsten carbide shows slightly longer tool life com-
pared to CrAlN-coated tools.

Schaper et al. compare turning of Ti–6Al–4V with different
tool materials and vary the oxygen content of the processing
atmosphere. A slight effect of increasing tool life with decreasing
oxygen content is observed for tungsten carbide.[72] The authors
assume that the reason for this is suppressed scale formation in
silane-doped argon. Other cutting materials, e.g., polycrystalline
diamond (PCD) or cubic boron nitride (cBN) behave differently
in this context ranging from no effect at all to decreased tool life.
While binder materials that contain titanium and a change in
friction and wear behavior are assumed to have an influence,
the causes are still subject of ongoing research.

Contrary to the study on dry milling titanium alloys in oxygen-
free atmosphere,[50] Schaper et al. report increased adhesion
during turning in oxygen-free atmosphere.[72] While the cause
remains to be determined, lower temperature during milling,
lower cutting speed during milling, or the use of cBN in the turn-
ing process might be the reason.

Prasanthan et al. analyzed chip formation and surface
properties of Ti–6Al–4V components machined by longitudinal
turning at a cutting speed of 60mmin�1.[73] They found
lengthened strip chips in air and curled chips in oxygen-free envi-
ronment. The approximately 15% smaller chip thickness in air
hints toward a change in chip formation mechanism. The core
roughness of machined specimens determined from Abbott
curves is reduced by around 25% and residual stress fluctuations
in circumferential direction of a longitudinally turned specimen
seem to be reduced in oxygen-free atmosphere compared to
air.[73]

In general, cutting in oxygen-free atmosphere has a strong
influence on process, component behavior, and component sur-
face properties of Ti–6Al–4V.

3.6. Resistance Heating with Simultaneous Coating for
Hot-Stamping Applications

Hot stamping is a forming technology typically applied in the
production of automotive body components requiring high
tensile strength. Sheets of manganese boron steel (typically
22MnB5) are heated up above austenite finish temperature in
a gas-powered roller hearth furnace and are subsequently formed
and quenched in a cooled forming tool to induce a martensitic
phase transformation. The martensitic microstructure that
emerges during cooling is responsible for high tensile strength.
However, steel surfaces exposed to oxygen and elevated temper-
atures exhibit scale formation. During conventional hot

stamping, this is prevented by precoating the sheet metals with
AlSi coatings.

Significant problems of hot stamping processes are high
energy needs and long processing times during heating of the
sheets in the roller hearth furnaces. A possible solution could
be rapid resistance heating.[49] However, for resistance heating,
conventional AlSi coatings cannot be employed as long holding
times at elevated temperatures are required for the formation of
the necessary intermetallic Fe–Al phases. Thus, without an
appropriate coating, scale formation occurs during resistance
heating (primary scale formation) and upon workpiece transport
to the forming tool (secondary scale formation).

Behrens et al. developed a new approach to hot stamping of
22MnB5 where they combined resistance heating without AlSi
protection in oxygen-free atmospheres with simultaneous coat-
ing .[14,41] The oxygen-free atmosphere prevents primary scale
formation during heating. The application of suitable coatings
also prevents the formation of secondary scale. 22MnB5 steel
sheets were simultaneously heated and coated in a custom-built
chamber under silane-doped nitrogen atmosphere.[49,74] The
sheets were precoated with Ni700 by applying an organically
bound powder before resistance heating.

Figure 15 shows a component after resistance heating and
coating in oxygen-free atmosphere as well as subsequent hot
stamping. The middle section of the component is coated with
Ni700 and does not exhibit scale formation. On both sides of the
coated area, regions with minor secondary scale formation are
visible. These areas were not precoated with Ni700 but were
included in the sealed oxygen-free chamber during heating.
The outermost parts of the component were exposed to ambient
atmosphere during heating, and thus exhibit the most pro-
nounced scale formation.

Behrens et al. found defect-free bonding of the Ni700 coating
to the base material over large surface areas at process temper-
atures between 900 and 980 °C, while no scale formation
occurred.[49] Subsequent hot stamping did smooth out the sur-
face of the coating, and no cracks reaching the base material

Figure 15. Workpiece after resistance heating, simultaneous coating in
oxygen-free atmosphere and subsequent hot stamping (photograph
provided by Lorenz Albracht).
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occurred at low degrees of forming.[49] However, at high forming
degrees, cracks were observed in the base material.[74]

While future challenges, e.g., the development of crack-free
coatings of homogeneous thickness remains to be addressed,
the works show that resistance heating in oxygen-free atmo-
sphere is a promising approach to prevent scale formation. In
addition, this approach can enable significant energy savings
in hot-stamping processes.

3.7. Other Production Processes in Oxygen-Free Atmosphere

Several other production processes were performed under
oxygen-free conditions in the past years as well, which demon-
strated that oxygen-free environments can be employed to
improve a wide range of production processes. However, the full
potential could not be exploited in all cases yet. In addition, there
are other production processes, which may benefit from oxygen-
free conditions but have not yet been under investigation, some
hints are given in Section 4.

3.7.1. Inert Gas Brazing in Silane-Doped Atmosphere

Several researchers describe adding monosilane to the atmos-
pheres used in high-temperature brazing processes in order to
improve brazed joint quality.[11,12,75] Processes can be separated
into furnace processes in silane-doped atmosphere[12] or silane
addition to a shielding gas flow.[11]

Reisgen et al. correlated monosilane addition during TIG arc
brazing with shielding gas to properties of the brazed joints.
They observed a decrease of the wetting angle of CuAl7 on
S235JR to 36° with increasing silane addition to the shielding
gas flow up to 0.6 Lmin�1 of 1% silane in argon.[11]

Holländer et al. describe the successful joining of stainless steel
with a Cu braze in silane-doped argon, a process which usually
requires a hydrogen atmosphere in the furnace as well as joining
titanium and WC/Co hard metal with Ag72Cu28 braze in silane-
doped argon, normally requiring high-vacuum conditions.[12]

3.7.2. Roll Bonding

Roll bonding is a process for producing material composites
based on an adhesive bond between two or more joining part-
ners. However, the possible material combinations are so far
severely limited. Even minor impurities and thin oxide layers
in the contact area of the joining partners reduce the surface
energy and consequently make it difficult to form a uniform
and stable joint zone. By transferring the surface preparation
(deoxidation) and roll bonding process into an oxygen-free atmo-
sphere, the formation of new passivating oxide layers is inhibited
and bonding during rolling is facilitated. First results for alumi-
num-copper bondings show a decrease in the minimum degree
of deformation needed for the formation of a solid bond by up to
35%.[76]

3.7.3. Additive Manufacturing by Laser Powder Bed Fusion

During LPBF, the residual oxygen content in the processing
atmosphere leads to the fast formation of oxide layers and

problems like “balling” and embrittlement due to oxygen incor-
poration, especially for materials with high oxygen affinity. This
decreases the quality of the produced components.

Emminghaus et al. observed changes in density, porosity, and
microstructure of LPBF-built Ti–6Al–4V components as well as
changes in the LPBF process itself, such as different wetting
behavior and spatter formation when processing in oxygen-free
atmosphere.[51] They developed a lab scale LPBF system where all
process steps can be carried out in oxygen-free atmosphere.
Results of complete LPBF-manufacturing in oxygen-free atmo-
sphere are not yet published. But the influence of silicon dioxide
particles, which form during processing of powders in silane-
doped argon on properties of LPBF-built Ti–6Al–4V compo-
nents, was investigated. While no effects of SiO2 particles on
roughness, porosity or hardness of the produced components
was detected, the flowability of the powders was improved.[77]

3.7.4. Grinding Tool Wear

Grinding of Ti–6Al–4V by bronze-bonded tools results in high
tribooxidation. An oxygen-free atmosphere may therefore
increase tool life. Unpublished results by Denkena,
Bergmann, and Hansen show a substantial decrease of tool wear
for cubic boron nitride (Cbn) grinding tools compared to grind-
ing in air, thus increasing the tool life in oxygen-free atmosphere.
In contrast, tool life of diamond tools did not differ significantly
between grinding in air- or oxygen-free atmosphere.

3.7.5. Adhesive Bonding

Many adhesives need certain constituents of the process atmo-
sphere like oxygen or water to initiate or facilitate the curing pro-
cess. Changing the amounts of those constituents allows for
control of the curing process. In adhesive application, pot lives
that are either too short or too long are detrimental to process
efficiency. Cyanoacrylate cures due to the residual water content
in atmospheric air within seconds. Unpublished results by
Gerland, Moritz and others show a comparison of cyanoacrylate
adhesive joints of aluminum processed in air, argon, and
silane-doped argon. Cyanoacrylate joints in argon atmosphere
show slower curing and significantly lower tensile strength after
72 h compared with atmospheric air. Joints in silane-doped argon
did cure slower, while their tensile strength was similar to those
processed in atmospheric air.

4. Conclusions and Outlook

The previous sections substantiate the claim that oxygen-free
conditions in production processes generate a huge variety of
effects, many of them beneficial. The long-term aim is ultimately
to achieve a cross-material and cross-process understanding of
the possibilities and mechanisms of oxygen-free production.

Most of the presently published research is focused on the
interaction zone (e.g., contact zone during joining, tool engage-
ment during cutting) of the processes. Either the interaction zone
is kept free of oxygen bymeans of providing an oxygen-free atmo-
sphere or the space around the interaction zone is encapsulated
and consist of an oxygen-free atmosphere. The present range of
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materials processed and/or deoxidized in oxygen-free atmo-
sphere includes many pure metals and some hard to process
alloys such as Ti–6Al–4V. The former facilitate the understand-
ing of effects taking place in oxygen-free conditions, while the
latter are expected to show radically different behavior under
such conditions. Since new behavior is to be expected at the inter-
action zone in many production processes due to the absence of
oxygen and deoxidized surfaces, a fundamental understanding of
the processes and mechanisms involved in the contact of oxide
layer-free (metal) surfaces must be established regarding advan-
tageous effects as well as detrimental ones. For some of the
described processes in Section 3, an understanding is already
established, while other effects lack a fundamental explanation
up to now. Suitable models need to be investigated in the future
to fulfill the overarching aim of cross-material and cross-process
insights.

As several of the researchers involved in oxygen-free produc-
tion state in their publications, the range of materials considered
should and will be expanded in future research. The knowledge
gained from effects on pure metal surfaces will in many cases be
transferred to alloys relevant in industrial use. Furthermore, an
expansion to different classes of materials is conceivable, e.g.,
ceramic materials and plastics. Besides expanding the variety
of materials, the effective area under consideration should be
increased in the future to transfer the effects investigated in
the interaction zone to entire processes. Implementing
oxygen-free atmosphere for complete process chains is the
long-term vision. If oxygen-free production processes are to
become industrial practice, not only feasibility and technical
implementation but also economic viability of the process chains
needs to be addressed. So far only a fraction of possible produc-
tion processes is under investigation for potential benefits due to
oxygen-free production, this number may increase in the future.
For example, while some coating techniques like thermal spray-
ing already give astounding results in oxygen-free atmosphere,
the effects of such an atmosphere on a host of other coating tech-
niques are not explored yet.

Creating oxygen-free and oxide-free conditions requires a cer-
tain effort. Whether oxygen-free production will ever become
reality is a legitimate question. Most probably oxygen-free con-
ditions are not suitable for every production process, only certain
production chains will benefit. Oxygen-free production can
1) enable processes that were impossible before or 2) result in
processes that are better by orders of magnitude regarding cost
or quality compared to their conventional counterparts.
Processes exhibiting small improvements by working in
oxygen-free atmosphere may be constrained by the necessary
efforts to create the atmosphere. A good example for 1) is wire
arc spraying of high-quality functional titanium layers, which was
previously unfeasible and there is reason to assume similar
breakthroughs in other areas.

The ongoing research on oxygen-free production opens up an
interesting perspective, the use of oxygen-free atmospheres in
other fields of research, not only for altering production pro-
cesses. A good example is the field of electrochemistry, where
a lot of deposition processes take place in oxygen and water sen-
sitive electrolytes, e.g., certain ionic liquids. State of the art is the
use of inert gases, which contain residual amounts of oxygen,
whose influence on the deposition process as well as surface

oxidation of the deposited film can be eliminated by using an
oxygen-free atmosphere. Other possible areas include replacing
UHV, analytical methods like atomic force microscopy in
oxygen-free atmosphere, or the generation of oxygen-free mate-
rials in the first place.
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