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Abstract

Engineering under protective atmospheres or in vacuum allows the production of materials and components, where the absence
of oxygen is an essential requirement for a successful processing. Ideally, joining or coating of (and with) metallic materials
needs oxide free material surfaces, in order to achieve durable joints or coatings. Using the established technology of brazing in
controlled atmosphere, fundamental physical mechanisms for deoxidation of metal surfaces are presented and the role of oxygen
and water residue in the process atmosphere is analyzed. Furthermore, the doping of gases with monosilane for generating virtu-
ally oxygen-free process atmospheres is introduced and its advantages for an oxygen-free production are discussed.
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Abbreviations
M,0O,, Metal oxide (stoichiometric indices x and 2y)
AG° Standard free enthalpy of formation referred to
2 mol O
Gas constant (8.3144 mol J7' K1)
a; Activity of component i

M, Molar mass of component i
Pi Density of component i
Dg Diffusion coefficient of oxygen

X; Substance concentration of component i

w; Mass fraction of component i

K, Equilibrium constant referred to activities of
reactants

N, Number of oxygen atoms per unit volume

Ny Avogadro constant (6.022 X 10 mol™")

Jo Mass flow of oxygen

d Thickness of oxide layer

1 Introduction

The vast majority of processes in the metal-working is per-
formed in the presence of oxygen and humidity. As a result,
a rapid oxidation of the metal surfaces takes place. The
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actual thickness of the oxide layer formed depends on the
process temperature and the reactivity of the metal. While
passivating oxide layers usually have a positive effect on the
performance of the finished work pieces due to the resulting
corrosion protection, they are a disruptive factor in numer-
ous important production processes like welding, brazing
or coating in all their facets. Therefore, extensive efforts are
necessary to remove the oxide layers directly before or dur-
ing these processes. Depending on the actual process, this is
typically performed by a mechanical (grinding, grit blasting
etc.) and/or chemical treatment (acid cleaning, use of flux
etc.). In terms of both environmental impact and work safety
both approaches are critical. Especially the use of chemicals
for such cleaning procedures is increasingly restricted by
stringent rules and regulations.

In demanding (elevated temperature) processes, the oxy-
gen (and humidity) concentration in the surrounding process
atmosphere is drastically reduced by the use of inert gases or
by transferring the process into a vacuum chamber. The heat
treatment of workpieces in furnaces (conveyor belt furnace,
vacuum furnace), e.g. for brazing or sintering, is a well-known
example. However, the conditions in these processes are in
fact not “oxygen-free”’. Conventional protective gases used for
typical processes have oxygen (and water) residues of about
5 ppm and even in an excellent high vacuum furnace with a
residual pressure of 10~ mbar, component surfaces are still
bombarded by oxygen molecules in the order of well over 102
wall collisions per square centimeter each second.
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In order to understand the consequences of the contamina-
tion with oxygen or water vapour for the different processes, a
careful analysis of the physicochemical reactions between the
metallic surfaces and the protective atmospheres containing
small amounts of oxygen is paramount. In this context, flux-
free brazing processes in controlled atmosphere provide for a
good reference. This type of “oxygen-free” production is well
established and a multitude of structural materials have been
joined successfully by brazing in furnaces.

Initially, the material features a native oxide layer, and
thus, deoxidation is a key step in a brazing process. Vari-
ous theories have been proposed in literature to explain the
removal of oxide layers from the surface during brazing in
absence of reducing atmosphere or a flux [1]. Especially
for high-vacuum brazing processes it has been assumed,
that thermal decomposition of oxide layers may take place
or the oxide simply evaporates without prior decompos-
ing. Another explanation is, that the mismatch of thermal
expansion between the oxide and its metallic substrate leads
to cracks in the oxide layer upon heating. Subsequently,
the cracks are infiltrated by molten filler metal, which is
assumed to lead to a delamination of the oxide layer. Fur-
thermore, in the case of steel alloys it may be possible, that
carbon as an inevitable residue even in stainless steel may
serve as an internal reducing agent for the oxide (releasing
carbon monoxide then), a theory which is at least thermo-
dynamically reasonable [2]. However, none of these theo-
ries have been verified (or falsified) experimentally so far,
as measuring the various nano-scaled physical or chemical
effects stated is extremely difficult especially under brazing
process conditions.

In the following, a physical model is introduced, describ-
ing a diffusion controlled mechanism of surface deoxida-
tion when brazing stainless steel. Based on the analysis,
requirements and limits for successful brazing processes
are derived. Furthermore, the use of monosilane-doped inert
gases as an alternative to conventional hydrogen as a process
gas with extremely low oxygen activity is presented. It is
shown, that the idea of an oxygen-free environment can be
realised almost perfectly using small amounts of monosilane
as an additive to the process gas. Finally, the advantages
of using monosilane-doped process gases instead of hydro-
gen are discussed with view on an environmental friendly
production.

2 Mechanism of Steel Deoxidation During
High Temperature Brazing in Inert Process
Atmospheres

Flux-free brazing of steel components under shielding gas

or in high vacuum furnaces are widely used industrial exam-
ples, where the absence of oxygen is essential for successful
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Fig.1 Oxygen mass flows in a flux free brazing process under protec-
tive gas

joining. Prerequisites are carefully controlled process atmos-
pheres and elevated brazing temperatures, in order to initiate
physico-chemical processes, which yield oxide-free metal
surfaces suitable to be wetted with the braze metal [3]. Espe-
cially in absence of an oxide reducing agent like hydrogen
the level of oxygen and water residue in the process gas has
to be extremely low, in order to avoid re-oxidation of the sur-
faces. In this case the degradation of oxide layers is possible
only by thermally activated diffusion processes, which are
mainly governed by the type of material (parent metal and
braze alloy) and the temperature—time-regime of the brazing
process. Figure 1 illustrates the oxygen mass flows, which
occur during brazing and—if balanced in the right way—can
lead to the degradation of native oxide layers in inert gases
with minimal oxygen residue. In the case of a vacuum fur-
nace the oxygen content (equivalent to the partial oxygen
pressure) affecting the materials’ surfaces is governed by
the vacuum level (typically 10~> mbar to 10~* mbar) in the
vacuum chamber.

In the present paper, two different scenarios are con-
sidered in order to simulate the conditions for oxide layer
decomposition during brazing: (1) the oxidised surface
is already covered with braze metal and no contact to the
process atmosphere takes place. (2) the oxidised surface
is exposed in the process atmosphere and a further oxygen
uptake by chemisorption of gaseous oxygen (or water vapor)
is possible.

(i) Oxide layer covered with braze metal

In this case three thermodynamic subsystems exist, i.e. the
parent metal, its oxide layer and the contacting (liquid) braze
metal. Through the common system boundaries (interfaces)
an exchange of heat and material is possible, such that the
whole system is able to reach thermodynamic equilibrium in
principle. The subsystems seek to equal different chemical
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potentials and thermodynamic activities, respectively, of each
chemical component by interdiffusion. In the current context,
the diffusion of oxygen from the oxide layer into the metallic
substrate is of special interest, and it is assumed that this is
the rate controlling step of the oxide layer degradation.

In order to analyze the oxygen diffusion, it is necessary to
know the resulting concentration of oxygen in the metal at the
phase boundary to the oxide. The thermodynamic activity of
oxygen in a metal oxide layer can evaluated using the reaction:

X 1
;M +20 & ;MXOZy. (D

The equilibrium constant of this reaction with respect to
the activities is given by

1

[aMxozy] ' . @)

x

K, (T) = +—
lay] laoP?

By definition, activities of pure condensed phases in a
reaction system are equal to 1, i.e.

am.0, = 9u = L. 3
The equilibrium constant in Eq. (2) is correlated with

the standard free enthalpy AfG(T)O of the oxide formation
(Eq. 1) by

Angdx 0, () = —RTInK(T). )

From this the oxygen activity in a metal oxide is obtained
as:

0
AfGMXOzy(T)

a, = exp T . (®)]

Assuming thermodynamic equilibrium at the phase
boundary this measure is identical to the oxygen activity in
the contacting metals (braze melts and parent metal, respec-
tively) at the interfaces. The activity a; and concentration X;
of a component i in a given mixture is:

a; = X; Xy(T,X,). (6)

Here, the activity coefficient y, is again a mixture-specific
function of temperature and concentration. Knowing the
oxygen concentration at a given oxygen activity (Eq. 5) in
the metal at the interface from Eq. (6), Fick’s 2nd law can be

applied to evaluate the oxygen diffusion rate from the oxide
layer into the metal substrate:

N () = A X N[ 1 —erf| —= . 7
eermsenoalgi]) o

In Eq. (7) D, is the oxygen diffusion coefficient in the
metal and ' N, is number of oxygen atoms per volume at the
phase boundary, calculated from

1N0 — XO X Pmetal NA’ (8)
metal
using the density as well as the molar mass of the metal and
the Avogadro constant N, (6022 X 10 mol™1).
Differentiating Eq. (7) with respect to x at x=0 gives
the actual concentration gradient of oxygen at the interface.
Multiplying this with the diffusion coefficient D, results—
according to Fick’s 1st law—in the corresponding oxygen
mass flow per unit area A from the oxide layer into the metal
substrate:

1 dN /D,
Jo.ausion = 3 75 = ~'No — ©)

Finally, integration of Eq. (9) with respect to the time ¢
yields the amount of oxygen per unit area diffused from the
oxide layer into the metal:

ANO,diﬁusion(t) ! D,t
—x  - {JO,difﬁtsion([)d[ =-2'N, 70- (10)

The amount of oxygen transported is related to the oxide
layer degradation rate, Ad, via its chemical stoichiometry
(M, 0,,), molar mass My, o, and density Pu,0,;

ANO,diﬂusinn (t) MM/\ 0y
A 2pr,x02yNA '

Ad(t) = (11)

The physical relations used above are applicable provided
that the necessary thermodynamic and kinetic data (free
enthalpies of oxide formation, oxygen activities and diffu-
sion coefficients) of the materials considered are available.
In the case of steel and simple braze metals like pure copper
or binary silver copper alloys the corresponding data can be
extracted from literature.

Firstly, the oxygen activities of the relevant oxides for
stainless steel are evaluated according to Eq. (5) using
parameters from [4], listed in Table 1.

According to [5] the thermodynamic activity coefficient
of oxygen in liquid copper is related to its concentration by
the numerical equation:

10g 7o,cu = <_4T3/$ + 2.399) + <_1T3/$ + 5.59>X0,Cu.

12)

The necessary data for liquid silver are not available.
Because of the chemical similarity to copper and similar
binary phase diagrams (Cu—O and Ag-O) it is assumed
therefore, that the concentration and temperature dependence
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Table 1 Parameter for evaluating the free enthalpies of oxide forma-
tion

Table2 Materials data of relevant metal oxides for oxide layer on
steel corresponding to Eq. (11)

Reaction AGH , (D) =a+pT

alJ PII/K
Fe+0,=2FeO — 518,986 125.042
6FeO + O0,=2Fe;0, — 624,122 250.084
4/3Cr+ 0,=2/3Cr,0; — 746,487 171.88

of oxygen activity in silver at low oxygen concentrations
is similar to that of copper, so that Eq. (12) can be also
used, for extrapolating the activity coefficients to tempera-
tures lower than 1084 °C for liquid Ag—Cu alloys. For y-Fe,
numerous experimentally determined oxygen activities are
available and the data can be described by Eq. (13) from
Ref. [6]:

(5%)
Wo.y—sieat/ Wt — % = 8511 X 107* X 10\ 7K Jay, 0y (13)

Here the resulting oxygen mass concentration is related
to its substance ratio by

1
1 4 2¥0smsea My, © 1

w(),y—xlecl MU

XO,y—‘vteel =

In addition the temperature dependent diffusion coeffi-
cients of oxygen in the various metals are needed for the
physical modelling, see Eq. (10). For numerical evaluation
the following Arrhenius relations were used for Cu and Ag
[7] as well as y-steel [8]:

Dy, = 69 10—7m2/sxexp<_w) (15)
, RT

DOAg:Z.Sx10_7m2/sxexp<—w> (16)

Do,y sea = 1.3 % 1074 m? /s x exp(—%)- a7

The oxygen diffusion coefficients in the eutectic AgCu
brazing alloy (28 wt% Cu: X, =0.401) can be determined
using the linear interpolation

Do agrrcuzs = XcuDo,cu + (1- XCu)DAg’ (18)

Finally, the relation between the oxygen rate diffusing
from the oxide layer into the bulk and the rate of layer deg-
radation, given by Eq. (11), can be assessed using the data
from Table 2.

Exemplary results of such calculations for brazing chro-
mium containing austenitic steels with eutectic 72Ag-28Cu
braze and pure Cu, respectively, are shown in Fig. 2. The
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M,0,, My o, 2y prozi My 0,,
g/mol glem 2yPp,09,Na
CI'n3
Cr,0; 152 3 5.22 1.61x 1072
FeO 71.9 1 6.0 2.00 x 1072
Fe;0, 231.5 4 52 1.85x 1073
Densities of oxides from [10]
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Fig.2 Modelled oxide layer degradation rate as a function of dwell
time at different temperatures; data shown are for different oxides
and braze metals: Ag;,Cu,g for 800-1000 °C and Cu for 1100 °C and
1200 °C

diagram displays the modelled oxide layer degradation
rate with the time for various types of oxides (FeO, Fe;O,,
Cr,0;) and brazing temperatures between 800 and 1200 °C.
The model accounts for both, the oxygen diffusion into the
liquid braze metal as well as into the solid steel. Here, oxy-
gen diffusion into the braze metal amounts to typically 80%
of the degradation of the oxide layer. The degradation rates
do increase drastically with the decrease of the thermody-
namic oxide stability in the sequence Cr,05, FeO, Fe;0,.
Native oxide layers on chromium steels are complex mix-
tures of all three oxides with a chromium oxide content of
typically 30% and layer thickness of only 5 nm [9].
According to Fig. 2, a complete degradation of the iron
oxides in such layers is expected already at 900 °C and 5 min
dwell time, while the chromium oxide will remain essentially
unchanged under this condition. Even at 1200 °C the degrada-
tion rate of chromium oxide is still very low (0.4 nm in 5 min),
which implies that in typical brazing processes the elimination
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of such a stable oxide does not happen completely without
additional processes that assist deoxidation (e.g. oxide reduc-
ing agents like hydrogen in the process, see below). Actually
for a successful brazing, it is unclear so far, to what extend a
native oxide layer on stainless steel must be removed on an
atomic scale, before a wetting with the braze takes place, see
also discussion below.

(i1) Oxide layer exposed to the process atmosphere

In order to ensure a spreading of the braze metal over the
substrate surface (e.g. to realise a capillary flow into a join-
ing gap), the condition of the parent metal surface exposed
to the process atmosphere has to be considered. With respect
to the oxide layer, the diffusion of oxygen into the substrate
as described above is still valid. In addition, transport of oxy-
gen from the gas phase to the surface must now be taken into
account as well. This results in an adsorbed oxygen layer on
the surface, giving rise to further oxidation of the metal sur-
face. The corresponding mass flow can be estimated using the
kinetic theory of gases. The number of collisions per unit time
and area, z;, with a surface exposed to a gas is given by

PilNa

5= —,
' \2zMRT (19)

where M, is the molar mass of the gas particle i, p; is its pres-
sure and R is the gas constant.

In the case discussed here a gas mixture has to be consid-
ered, which mainly consist of an inert gas (e.g. Ar) with the
pressure p 4, (approx. 100 kPa in an inert gas furnace) contain-
ing oxygen residues of p,, <10 Pa (equal to 100 ppm residue).
Few oxygen molecules compete therefore with many argon
atoms for adsorption places on the surface. The probability
for oxygen molecules finding a free place is given by the ratio
r of oxygen particle collisions to all particle collisions with
the surface:

Zw,axygen Zw,oxygen

r= = . (20)

Zw,oxygen + Zw,arg(m Zw,argon

Consequently, the mass flow of successfully adsorbed

atomic oxygen on a metal surface is the product 2z,,,,,,,,w as
one O, molecule gives 2 O atoms, yielding

2

2zoxygen

JO,gasphuse =

ZAr

2
2]7 oxygenNA 2D

Mgz
Pa\/ 27 7, RT

Note that the number of adsorbed oxygen atoms per unit
area and time is proportional to the square of the oxygen
partial pressure. Again, the mass flow is a function of the
temperature, but in contrast to the mass flow via diffusion
into the bulk (Eq. 9) it is constant with respect to time. Thus,
the amount of oxygen atoms per unit area transported to the
surface after a certain time ¢ is simply

AN, (t)u sorbe
% = JO,gasphaset' (22)

With respect to oxide layer degradation the sum of trans-
ported oxygen from the gas phase (Eq. 22) and the oxygen
loss due to diffusion into the substrate (Eq. 10) is important:

AN, over (0 /D t
O’Tvea” = ‘]O,gasphaset - 21N0 70 (23)

If this oxygen flow balance is negative a degradation of
the oxide layer takes place. In the case of a positive value a
further growth of the oxide layer can be expected.

In Figs. 3 and 4 computations of the oxygen flow balance
according to Eq. (23) are summarised for FeO and Cr,0;
layers at temperatures from 800 to 1200 °C. In the calcula-
tion residual oxygen contents in the gas from 0.1 to 10 ppm
were assumed. The value of 10 ppm corresponds to the typi-
cal value that can be realized in industrial furnace processes
using inert gas. The lower contents (1 ppm in case of FeO
and 0.1 ppm for Cr,0;) are hardly reached in industrial fur-
nace processes due to the limited purity of industrial gases.

Note that for an appropriate scaling of the strongly differ-
ing curves two different y-axes where chosen in the diagrams
in Figs. 3 and 4. For each curve, the arrows indicate the cor-
responding y-axis. According to Eq. (11) a negative (posi-
tive) oxygen flow balance of 10'® atoms/m? corresponds to a
hypothetical oxide layer degradation (growth) of about 4 nm.
The calculated curves for FeO indicate that the necessary
conditions for a deoxidation of iron oxide layers are only
achieved in process gases with 1 ppm oxygen residue, when
the process temperatures are at least 1000 °C, whereas with
10 ppm always a further growth of oxide layer with a rate of
roughly 1 nm/min is expected.

In the case of chromium oxide layer, even at high tem-
perature (1200 °C) and very low oxygen residue (0.1 ppm)
in the process gas no significant oxide degradation can be
achieved, i.e. only — 2.8 X 10~ atoms/m? in 500 s, equiv-
alent to a nominal thickness reduction of 0.01 nm. With
10 ppm O, residue a further growth of chromium oxide on
the surface with similar rates as on iron takes place at tem-
peratures between 800 and 1200 °C, which clearly leads to
wetting problems when brazing.

Therefore, reducing the oxygen residue level to very low
values prevents rather from a further formation of Cr,0;,
than leads to a significant decomposition of already existing

@ Springer KE;E
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Fig.3 Calculated oxygen flow balance curves for FeO as function
of time for oxide layers on steel exposed to argon with two different
residual oxygen contents (1 ppm, 10 ppm) at 800 °C, 1000 °C and
1200 °C; arrows indicate to which y-axis the curves are related to

chromium oxide in the form of a native layer. Again, native
oxide layers on stainless steel are nano-scaled mixtures of
various iron oxides and Cr,0O;, where at least the iron oxides
could degrade by heat treatment according to the results pre-
sented. It is unclear what happens then with the remaining
Cr,0;. In the case of discrete nano-crystallites, remaining on
an otherwise deoxidated steel surface, a wetting with braze
metal is certainly possible. While this is a total different
mechanism of oxide layer degradation, the resulting effect
would be similar to the idea of thermally initiated cracks in
the oxide layer as a starting point for a penetration and oxide
layer detachment by molten braze metal.

Although the presented physical approach, i.e. modelling
oxide layer degradation based on thermodynamic stability
and basic transport mechanism of oxygen in the different
phases involved in the brazing process, is straightforward,
the requirements and the limiting conditions for a success-
ful wetting process are described quantitatively for the first
time. The results obtained agree quite well with practical
experiences from brazing steels in furnaces. For instance,
the wettability of austenitic CrNi steel with AgCu brazes
is sufficient for reliable capillary gap filling only at tem-
peratures > 1000 °C and appropriate process atmospheres
(under vacuum with < 10™* mbar or under inert gas with
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Fig.4 Calculated oxygen flow balance curves for Cr,0O; as function
of time for oxide layers on steel exposed in argon with two different
oxygen residues (0.1 ppm, 10 ppm) at 800 °C, 1000 °C and 1200 °C;
arrows indicate to which y-axis the curves are related to

extremely low oxygen residue), while ferritic Cr steels need
even higher temperatures (approx. + 100 °C) and lower
oxygen (resp. water) residues in the process atmosphere.
The latter can be also explained by the physical model. The
temperature dependent solubility of oxygen is smaller in the
bece lattice of a ferritic steel (a-Fe) than in the austenitic
fcc lattice (y-Fe) at the same temperature. In [6] numerical
equations for the maximum solubility of oxygen in bee- and
fce-Fe (in equilibrium with FeO) are given as a function of
temperature, cf. Egs. (24) and (25).

1og(Wo_max) = —4700/T +0.3  (y — Fe) (24)

10g(Wp_max) = —7140/T +2.05 (a — Fe) (25)

At 1000 °C, for example, a maximum O-concentration in
y-Fe of 4.1 x 10~ wt% is obtained, while in a-Fe the oxygen
solubility is computed to be 30% lower (2.7 x 10™* wt%) at
the same temperature. The lower solubility of oxygen in the
ferritic steel leads to a stronger increase of the oxygen activ-
ity compared to the austenitic steel and oxygen absorption
reaches its limit faster in the ferritic steel. Therefore, oxygen
transport into steel by diffusion is reduced in a ferritic steel,
which in turn must be compensated by higher process tem-
peratures. Arithmetically, the solubility of oxygen in a-Fe
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is at 1050 °C the same as in y-Fe at 1000 °C according to
Egs. (24) and (25).

Furthermore it is well-known, that when brazing unal-
loyed steels, the demands on process atmosphere quality
are distinctly lower due to the absence of chromium (and
chromium oxide in the oxide layer) and a good spreading
of AgCu braze can already be achieved at 900 °C [11]. In
contrast, aluminium containing ferritic Cr-steels are said to
be non-brazeable, since the aluminium oxide in the oxide
layer is thermodynamically extremely stable [12]. Therefore,
it does not decompose in the form described by the physi-
cal model (see Eq. 1 and following) at typical brazing tem-
peratures, even if the oxygen partial pressure in the furnace
atmosphere is extremely low.

Despite of the empirical knowledge on brazeability,
experimental analyses and a detailed understanding of the
mechanism of metal surface deoxidation and wetting on the
atomic scale are still missing, although this is essential for
the advancement of brazing technology and other industrial
processes, where metallurgical interactions between con-
tacting metallic surfaces play a key role. In this context,
welding, thermal coating, sintering or the new, rapidly grow-
ing technology of additive manufacturing are prominent
examples.

3 Surface Deoxidation Under Hydrogen

Reducing hydrogen as the process gas is widely used in fur-
nace brazing to promote oxide layer decomposition [13].
In principle, the reduction of a metal oxide by hydrogen is
possible according to

2yH,(g) + M, 0,,(s) = 2yH,0(g) + xM(s). (26)

provided that the necessary thermodynamic conditions for
this reaction are fulfilled. The thermodynamic stability of
the oxide is determined by its free enthalpy of formation.
According to Eq. (5), the free enthalpy of formation is con-
nected with the oxygen activity of the oxide. For modelling
the oxide layer degradation, the oxygen activity has to be
related to its gaseous molecular state, and thus, the factor 2
in the exponential term of Eq. (5) must be cancelled only to
use this relation for the evaluation of the activity of molecu-
lar oxygen.

In Fig. 5, the gaseous oxygen activities are plotted as a
function of temperature for a variety of metal oxides repre-
senting the oxide layers of typical metallic structural materi-
als. The low oxygen activities of the different metal oxides
indicate, that a thermal decomposition of most of these
oxides do not take place under the conditions of a brazing
process in a vacuum furnace. Only the copper oxide (Cu,0)
and the nickel oxide (NiO) could decompose, whereupon
in the case of NiO a temperature of at least 1100 °C and a

good vacuum level (107> mbar) are necessary. The curves
(continuous lines) show two important properties: first with
decreasing noble character of the metal, the corresponding
oxide becomes increasingly more stable. This is reflected
in the decreasing oxygen activities in the order Cu, Ni, Fe,
Zn, Cr, Mn, Si, Ti and Al, which vary over many orders
of magnitude. In addition, the oxygen activity in each case
increases with temperature, and thus, the stability of each
oxide decreases at elevated temperatures. Analogous to the
metal oxides the oxygen activity in the presence of water,
ie.

2H)(8) + 0,(8) < 2H,0(g), (7

can be evaluated in the same way. The equilibrium constant
for Eq. (27) is:

[aH20]2

K,(T) = (28)

[aHZ] 2[aoz] '

In contrast to the metal/metal oxide systems all reactants
form a gaseous mixture now. Since the activity of a gas at
moderate pressure is equal to its partial pressure divided
by the standard pressure (101,325 Pa), inserting Eq. (28) in
Eq. (4) gives the equilibrium oxygen activity in a hydrogen
atmosphere as a function of temperature and water content:

2 0

» AG? (T)

agp, = H20> exp <% ) (29)
PH,

In Fig. 5 the dashed lines show the resulting oxygen
activities for different water contents. Here the curve
denoted with “H,/H,O” represents the special case
Pu,0 = P, Where a direct comparison of the oxygen affin-
ity of hydrogen to those of the various metals is possible.
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Fig.5 Oxygen activities of metal oxides (continuous lines) and those
in hydrogen with different water content (dashed lines) as calculated
from their free enthalpies of formation; thermodynamic data are from
Ref. [3]
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In fact, this affinity is close to the one of metallic iron,
cf. Fig. 5. Much lower oxygen activities and therefore
higher oxygen affinities can be reached by substantially
lowering the water content, which is usually defined
by the dew point of the hydrogen. Typical dew points
in (continuous) furnace processes are between — 30 °C
(=300 ppm water vapour residue) and — 50 °C (40 ppm).
Currently, the technical limit for the hydrogen dew point
in such processes is governed by the purity of the process
gas used and is about — 70 °C (2 ppm). The correspond-
ing curves for this dew points are also plotted in Fig. 5.
The hydrogen curves have a shape similar to those of the
metals, but their slope at higher temperatures tends to be
significantly lower.

The interpretation of the data with respect to the chemical
reducibility of the metal oxides by hydrogen is straightfor-
ward. For a given “hydrogen curve” at a fixed temperature
all metal oxides can be reduced, if their oxygen activities
are higher at this temperature, while the other metal oxides
remain unchanged. Furthermore, metals with lower oxygen
activities of their oxide than that of the hydrogen atmos-
phere used are even oxidised by the given water residue (dew
point) of the gas.

In the case of a chromium oxide layer on a metal surface,
a temperature of at least 1050 °C is necessary for its reduc-
tion, when the process is performed under hydrogen with a
dew point of — 30 °C. At lower temperature, further growth
of the chromium oxide takes place, since the water residue
acts as an oxidising agent with considerable oxide growth
rates due to its high concentration of 300 ppm. By contrast,
the point of inflection between growth and reduction of
chromium oxides is already at about 800 °C in hydrogen
with a dew point of — 50 °C (40 ppm water residue). Obvi-
ously, high brazing temperatures (up to 1200 °C) and low
dew points are favourable for brazing high chromium steels
under hydrogen. This is even more so, as these steel qualities
often contain low concentrations of still more oxygen affine
elements like Mn, Mo, Si or Ti. Furthermore, it becomes
clear from the thermodynamic analysis that generally it is
not possible to reduce oxide layers on light metal alloys
based on titan, aluminium or magnesium, using a hydrogen
atmosphere.

Although the use of hydrogen for industrial furnace pro-
cesses is state-of-the-art, there are significant disadvantages
related to this technology. Storage, distribution and handling
of hydrogen requires high safety precautions. Especially in
continuous working conveyor belt furnaces with their open-
ings a controlled flare of the exiting process gas must be
insured, in order to avoid explosive air-hydrogen mixtures
outside the furnace. In fact, an ordinary conveyor belt fur-
nace for brazing stainless steel components has an annual
hydrogen consumption of 150,000 cubic meters, which is
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not used energetically in any way. This amount corresponds
to a calorific value of approx. 50,000 I of fuel oil.

4 SiH,-Doped Inert Gases for Oxygen-Free
Processes

An attractive alternative to hydrogen is the use of monosi-
lane-doped inert process gases (argon or nitrogen) in furnace
brazing [14]. Monosilane (SiH,) is a metastable gas, which
has almost the same oxygen affinity than (solid) silicon (Si).
Figure 6 reveals the high potential of this gas. Especially at
lower temperature silicon has a very much lower oxygen
activity than hydrogen with dew point of — 70 °C. Further-
more, monosilane is highly reactive to oxygen and unre-
stricted gaseous reactions with oxygen and water take place
already at room temperature [15]. Consequently, mixing
monosilane to an inert gas leads to a quantitative elimination
of all oxygen and water residues according to the reactions

SiH(g) +20,(g) = SiOy(s) + 2H,0(g) (30)

SiH,(8) + 2H,0(g) — SiOy(s) + 4H(g). (31

In detail these gas reactions are radical chain reactions,
where a large number of intermediate products are involved
[16]. Therefore, a thermodynamic analysis of a monosilane-
doped inert gas with respect to the resulting oxygen activi-
ties was done by numerical methods. Using the commercial
software FACTSAGE® (GTT Technologies, Herzogenrath,
Germany) the thermodynamic equilibrium conditions in
Argon with defined initial oxygen residues where calculated
at different temperatures, after adding increasing amounts of
monosilane to the gas. For this a data base was employed,
where the temperature dependent free enthalpies of forma-
tion of all hypothetical reaction products formed from Si,

’
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Fig.6 Calculated decrease of oxygen activity with increasing admix-
ture of SiH, or H, to an inert gas with defined initial O, residues
(25 ppm, 50 ppm) at 800 °C and 1200 °C
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O, and/or H are filed as a function of temperature. In the
calculation the amount of each product in the gas mixture is
adjusted such that the sum of the free enthalpies of forma-
tion is minimal, which defines the condition for thermody-
namic equilibrium in a multi-component system.

The resulting oxygen activities for different system condi-
tions (gas temperature: 25 °C, 800 °C, 1200 °C; initial oxygen
residue: 25 ppm, 50 ppm) are plotted in Fig. 6. In addition, the
admixture of hydrogen instead of monosilane for eliminating
the oxygen (see Eq. 27) is included for comparison. Look-
ing at the results for doping with monosilane, the two step
reaction of SiH, with O, according to Eqs. (30) and (31) are
clearly visible. When the admixed SiH, concentration is half
of the initial O, concentration there is a first abrupt decrease
of oxygen activity over about 10 orders of magnitude indicat-
ing the quantitative reduction of O, to SiO, and H,O (Eq. 30).
A second stepwise drop of the curves take place at stoichio-
metrical equality (initial O, concentration equal to admixed
SiH, concentration), where the formed H,O is eliminated
quantitatively according to Eq. (31), resulting in extremely
low oxygen activities (< 10732 at 800 °C and < 1072! at
1200 °C) of the doped inert gas.

In view of Fig. 5, doping conventional inert process gases
(e.g. Ar or N, with O, residues of 10-50 ppm) with only lit-
tle amounts of monosilane (< 100 ppm) yields oxygen activi-
ties, which are much lower than the values in pure hydrogen
especially at moderate process temperatures. Specifically, a
doping with H, yields much higher oxygen activities after
quantitative reduction of all O, to H,O according to Eq. (27),
when the H, admixture exceed twice the initial O, concen-
tration. According to Fig. 6 the values reached are of the
order of 107" and 10~'® at 800 °C and 1200 °C, respectively.
Of course, these are very close to the corresponding values
of the H,/H,O curve in Fig. 5, since the thermodynamic
conditions considered in both cases are quite similar.

5 Application of SiH,-Doped Process Gases
for Brazing in Controlled Atmosphere

Process gas conditioning with monosilane was experimen-
tally tested in a conveyor belt furnace, which was equipped
for brazing processes up to 1200 °C under nitrogen, argon
and/or hydrogen. The system had been upgraded with an
additional gas flow controller, which allowed the precise
addition of monosilane (pre-diluted in argon) to the process
gas used, in order to realize monosilane concentrations in the
gas between 1 and 100 ppm. When operating the furnace,
a permanent control of the oxygen residues was realized by
continuous sampling process gas from the heating zone and
analysing it with a calibrated lambda oxygen sensor, allow-
ing the reproducible detection of thermodynamic oxygen
activities down to 10722,

In Fig. 7 the evolution of the oxygen activity in the fur-
nace with a stepwise increase of monosilane admixture (in
nitrogen as process gas) over a period of about 5 h is plotted.
Between every step of increase, the system was allowed to
reach stationary conditions, i.e. the measuring signal did not
change significantly anymore (typically after 15-30 min).
The gas temperature in the furnace was 600 °C, which was
identical with the working temperature of the oxygen sensor.
As predicted by the thermodynamic modelling, an abrupt
decrease of oxygen activity was observed, when half of the
initial oxygen residue (in this case 13.5 ppm O,) was added
to the nitrogen, reaching an oxygen activity of about 102!,
A further increase of monosilane led to a further decrease of
measured oxygen activity. However, the second drop of the
curve—as predicted at equal stoichiometry of added SiH,
and initial O, content—was not measureable. This is due
to the principal physical limitations of measuring such low
oxygen activities in a gas.

Brazing experiments with numerous parent materials and
braze metals—covering the spectrum of industrial relevant
furnace brazing applications—where performed using mon-
osilane doped process gases Two examples are illustrated
in the following. In the first case, Fig. 8, a typical assembly
made from stainless steel, which is usually brazed with Cu
braze in a conveyor belt furnace under pure hydrogen, was
successfully processed in the furnace under SiH,-doped
nitrogen.

The second example, Fig. 9, represents an assembly made
of titanium and WC/Co-hard metal, a material combination,
which is usually brazed with an AgCu braze alloy in a high
vacuum furnace. Due to the extremely high oxygen affinity
especially of the titanium, a vacuum level of 10~ mbar is
essential for a successful brazing. Using SiH,-doped argon
such a brazing operation is now possible in a continuous
working belt furnace. Note that even monosilane is not able
to reduce titanium oxide. However, it effectively prevents
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Fig.7 Evolution of thermodynamic oxygen activity in a conveyor
belt furnace under nitrogen with increasing admixture of monosilane;
dashed line: measured thermodynamic oxygen activity (left y-axis),
continuous line: monosilane concentration (right y-axis)
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Fig.8 Stainless steel components joint with copper braze at 1100 °C
in a conveyor belt furnace under SiH,-doped nitrogen. Right: optical
microscopy image of a cross section from a joint
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Fig.9 Metallographically prepared titanium/hard metal (WC/Co)
component, joint with Ag;,Cu brazing alloy at 820 °C in a conveyor
belt furnace under SiH,-doped argon; detail to the right: optical
microscopy image of a cross section from the joint

titanium from further oxidation upon heating. Thus, the
native titanium oxide layer can be decomposed by oxygen
diffusion into the bulk material, since titanium has a high
solubility for oxygen at elevated temperature. The Ag;,Cu,g
braze used features a melting point of 780 °C and can wet
the titanium. Next, titanium is solved in the liquid braze
forming “in situ” an active braze, which in turn wets the
hard metal excellently.

A variety of other material combinations, which can be
brazed without flux under SiH,-doped nitrogen especially
at moderate temperatures (< 850 °C) are described in [17].

The use of monosilane-doped inert gases instead of pure
hydrogen or high vacuum offers substantial economical and
resource-saving potentials for furnace brazing and similar
heat treatment processes. Nevertheless, operational safety
requirements of this technology have to be considered as
well. With the elimination of oxygen and water by monosi-
lane the formation of solid SiO, results (Eqs. 30 and 31). At
stoichiometric admixture of SiH, the amount of formed SiO,
in gram per hour is given by
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Fig. 10 SEM image of amorphous SiO, dust sampled at the input
opening of the conveyor belt furnace after operating the furnace
under SiH,-doped nitrogen

Vgas < XO2

+
m3 -h~' \ ppm
as a function of the consumed inert gas volume per hour
and its oxygen and water residues that are to be eliminated
by monosilane. The conveyor belt furnace described above
consumes 10 m?/h inert gas. Assuming the measured initial
oxygen residue of 13.5 ppm (and no initial water content)
roughly 0.4 g SiO, per hour are generated, which is emitted
with the exiting process gas. It is important to note, that the
generated SiO, is pyrophoric, forming dust from agglom-
erated amorphous silicon oxide spheres of approx. 50 nm
diameter, cf. Fig. 10. In contrast to crystalline silica, the
amorphous species is quite uncritical and is, due to its nota-
ble solubility in water, metabolizable to a certain extent,
when inhaled [18]. Still, the emission must meet general
boundary values for respirable dust. The threshold limit
value in ambient air for such fine dust (class PM2.5) is
1.25 mg/m? [19]. Thus, the furnace used was equipped with
an exhaust system with 1000 m*/h capacity, which ensures
an effective cleaning of the air around the furnace openings

and a sufficient dilution of the sucked process gas with air
before releasing it to the environment.

Msio,
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6 Discussion

For flux-free brazing, the degradation rate of the oxide
layer is key to success of the joining process. In absence
of a reducing agent, this rate is governed by the thermally
activated diffusion of oxygen and is restricted at the same
time by the thermodynamic stability of the oxide species
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to be removed. An additional disruptive factor is the re-
oxidation of the metal surface during heat treatment due
to oxygen residues present in the inert gas. The rate of re-
oxidation, estimated by a gas-kinetic approach, is propor-
tional to the square of the residual oxygen concentration
in the gas. Balancing the arising oxygen mass flows as a
function of the process parameters (temperature, dwell-
time, oxygen residue) for the materials (metal/oxide sys-
tems) to be processed, appropriate process parameters and
limiting factors for oxide layer degradation can be found.
For instance, to avoid a significant oxidation of chromium
containing steel, oxygen residues < 1 ppm should be aimed
at, when brazing under inert gas.

Furthermore, the thermodynamic conditions for oxide
layer decomposition in reducing hydrogen atmosphere and
the role of its water content (dew point) has been analyzed.
It is demonstrated that especially at moderate temperatures
the reducing effect of hydrogen is quite limited even at low
dew points. In addition, at low temperatures the reactivity
of hydrogen is generally low, which is mirrored by its high
autoignition temperatures (> 500 °C) under different reac-
tion conditions [20]. Therefore, hydrogen is generally inap-
plicable as a reducing agent for moderate temperatures, even
at low dew point. In fact, dew points lower than — 50 °C
(equal to 40 ppm H,O residue) can hardly be reached in con-
ventional hydrogen furnaces. Exceeding of the water content
above the thermodynamic limit for an oxide layer reduction,
leads in turn to a drastic oxidation of the metal considered,
since not only oxygen but also water vapor is a good oxi-
dant for most structural metals especially at elevated tem-
peratures. In fact, brazing under reducing hydrogen with a
poor dew point is inevitable worse than using inert gas, e.g.
nitrogen or argon, with low oxygen residue.

With respect to safety and in terms of a sustainable
production, the use of hydrogen as the process gas has
disadvantages: The transport, storage and handling of
hydrogen calls for special safety measures, which makes
production using this gas costly. Furthermore, hydrogen is
produced mostly via steam reforming from fossil energy
sources (natural gas, mineral oil, coal). Therefore, its con-
sumption, especially in such an ineffective way like in the
furnace processes described, considerably contributes to
the carbon dioxide emission in industrial production.

The use of monosilane-doped inert gases is a very
attractive alternative to generate almost absolutely oxy-
gen-free process environments in a quite simple, cost-
efficient and environmental friendly way. Due to its
extremely high oxygen affinity, already the admixture of
very small amounts of SiH, (< 100 ppm) drastically low-
ers the oxygen activity in conventional inert gases used for
furnace processes (Ar, N,). This results in process condi-
tions, which are much better than those obtainable under
very dry hydrogen conditions. Because of the low SiH,

concentrations needed with this approach, the monosilane
can be applied as pre-diluted gas mixture (e.g. 1 vol.%
SiH, in Ar) for doping the process gas. This makes it easy
to handle the gas, since no explosion protection arrange-
ments are required.

So far SiH,-doped inert gases have been successfully
tested in furnace brazing and heat treatment processes with
process temperatures > 500 °C. In fact, because of the ther-
mally unrestricted reactivity of SiH, to oxygen, the quantita-
tive elimination of any oxygen residue in the inert gas takes
place already at room temperature. This makes SiH,-doped
inert gases also attractive for processes, where oxygen-free
process atmospheres at ambient temperatures are requested
and a total encapsulation of the process from the environ-
ment is costly or generally not possible. For instance, this
may be applied to additive manufacturing processes, where
locally an oxygen free environment is needed for process-
ing oxidation sensitive metallic powders by means of laser
melting [21, 22]. Finally, any emission of process gas into
the environment is not critical, as the SiH, reacts to form
harmless amorphous SiO,.

7 Conclusions

e Neither heat treatment in vacuum furnaces nor under
conventional protective gases ensure process conditions,
which are really oxygen-free. Thus, deoxidation of mate-
rials surfaces is key step for wetting with braze metal.

e Deoxidation at flux-free brazing of steels under vacuum
or inert atmosphere can happen based upon thermal acti-
vation of oxygen diffusion from the oxide layer into the
molten braze metal and the parent metal.

e The decomposition rate of oxide layer depends on the
chemical composition of the steel and the oxide layer,
the braze metal and the process temperature, and is gov-
erned by the thermodynamic stability of the oxide to be
decomposed.

¢ Significant decomposition of iron oxide layers on auste-
nitic steels starts at 900 °C, while for a decomposition of
chromium oxide temperatures above 1200 °C are neces-
sary.

e Re-oxidation of the stainless steel surfaces during braz-
ing under inert process gases is a key problem when
using only technical gas qualities, as level of oxygen and
water residue should be kept below 1 ppm to avoid re-
oxidation.

e The reduction of oxide layers with hydrogen is limited by
the thermodynamic stability of the oxides, the reaction
temperature and the level of water residue (dew point) in
the process atmosphere.

¢ Doping of conventional inert gases like N, or Ar with
SiH, (monosilane) leads to a quantitative elimination of
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oxygen and water residues, and constitute process condi-
tions, which are even better than under very dry hydrogen
(dew point < — 70 °C).

e The necessary concentration of SiH, in the gas depends
on the oxygen residue to be eliminated. Concentrations
of 10 ppm to 100 ppm SiH, are sufficient for technical
inert gases. The low SiH, concentrations needed provide
for an easy handling of SiH,-doped inert gases as the gas
mixture is not toxic nor explosive.

¢ SiH,-doped inert gas is a cost-efficient, safe and environ-
mental friendly alternative to hydrogen as process gas.
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