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ABSTRACT. In the present work, a new
hybrid process is introduced: the gas/solid-
transient liquid phase (TLP) bonding.
With this process, the filler metal is trans-
ported by a gaseous phase to the joining
area. The filler metal reacts with the base
metal by a metallurgical gas-solid reaction
and forms a liquid transition phase, which
solidifies isothermally during further heat
treatment. In this work, a fundamental in-
vestigation was made of the process, and
simple model systems such as antimony
(gas.)/iron (sol.), antimony (gas.)/steel
(sol.), and zinc (gas.)/nickel (sol.) were de-
veloped. The entire process was modeled,
taking into account the physical sequences
(filler metal evaporating, filler metal
transport to the joining areas, filler metal
adsorption to the base metal, alloying of
the filler metal and the base metal,
isothermal solidification). The gas/solid-
TLP-bonding process allows the joining of
very small and complex components,
where up to now no suitable joining
process existed.

Introduction

For manufacturing complex metal
components, soldering or brazing is often
the sole way of realizing tight and strong
joints between the manufacturing materi-
als. The choice of the filler metal depends
on the base material, the brazed joint re-
quirements, and the brazing technique
(Refs. 1, 2). The application of the filler
metal is usually effected in the form of
wires, foils, pastes, and increasingly by
coatings like PVD, CVD, electroless and
electrodeposited layers, as well as thermal
spraying (Refs. 3–9). 

Especially with the application of PVD
technology, further development of the
brazing with isothermal solidification oc-

curred using transient-liquid-phase (TLP)
bonding (Refs. 10–12). This technology is
characterized by the use of heterogeneous
solder systems, which show a low melting
eutectic on their own or in combination
with the base material. During the brazing
process, a eutectic liquid transient phase is
constituted at the surfaces of the base ma-
terial, which again solidifies with further
heat treatment and develops a strong and
tight joint.

For joining very small and geometrical
ambitious components, the filler metal
dosage has to be very accurate. With fur-
ther miniaturization of the joining compo-
nents, coating technologies reach their
limits with brazing, considering the com-
plex handling required (i.e., positioning of
the components in a PVD-recipient or in
an electrolyte solution for electro- or elec-
troless deposition). Due to these facts, it is
desirable to develop a new joining tech-
nology that applies the filler metal in a dif-
ferent way than the standard brazing
process; for example, tranporting the filler
metal to the base materials through a
gaseous phase during brazing. Subse-
quently, a metallurgical gas/solid reaction
occurs and a liquid transition phase is con-
stituted, which solidifies during further
heat treatment. This is the so-called
gas/solid-TLP-bonding process. 

The principle of the gas/solid-TLP
bonding can be divided into five se-
quences. In the first stage, the filler metal
evaporates in an evacuated container.

During the second stage, the gaseous filler
metal is transported to the surface of the
specimens by means of convective gas
flow. The third stage describes the ad-
sorption of the filler metal onto the speci-
men’s surface. Accordingly, in stage 4, the
alloying of the filler metal with compo-
nents from the base material proceeds
until the formation of a liquid transition
phase takes place. Finally, in stage five,
there is an isothermal solidification of the
alloy by means of further enrichment of
the components from the base material
caused by diffusion processes.

For a successful joining process, some
conditions have to be met. There must be
suitable kinetics. That means that the
transport of the filler metal onto the spec-
imen’s surface has to be faster than the al-
loying of the filler metal with the base ma-
terial to the solid composition, because
otherwise no transient liquid phase is
formed. Hence, the vapor pressure of the
solder metal has to be sufficiently high to
be transported to the specimens. Lastly,
suitable mixing thermodynamics must be
taken into account, since a liquid solder-
poor alloy has to exist within the filler
metal/base material system at the dedi-
cated temperature.

This leads to an appropriate model sys-
tem: the iron-antimony system — Fig. 1.
This system was chosen because it is of
practical relevance; the filler metal, as
mentioned above, has to be transported by
means of a convective gas flow onto the
specimen’s surface. The properties for an-
timony (vapor pressure of 35 mbar at
1100°C [Ref. 13]) are given. Finally, at this
temperature, antimony can be alloyed to
iron with a substance of 0.7 before reach-
ing the solidus of α-iron.

The gray line and the right axis of the
phase diagram represent the thermody-
namic activity of antimony in an idealized
form, according to Raoult’s law. 

Alloying on the iron surface takes
place with antimony, and the Sb-activity
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decreases by reason of vapor pressure
degradation over the mixture. Concerning
the activity varieties of antimony, a Sb-
transport is initiated (thermodynamic
power). By a further diffusion process (Sb
diffuses into Fe and/or vice versa), an al-
loying up to α-Fe proceeds and an isother-
mal solidification occurs that is character-
istic for the TLP bonding (Refs. 14, 15).

Experimental

Brazing experiments were carried out
in a process cell made of quartz-glass  —
Fig. 2.  At the bottom of the cell, antimony
granules were deposed in an amount of
about 100 mg. A spacer made of alumina
or quartz glass was located slightly above
to separate the iron specimens from the
antimony. The iron rods were 20 mm long
and 8 mm in diameter, and were placed
onto the spacer. The front surfaces of the
rods were face ground in such a way that a
maximum joint clearance of 20 microns
was in between. The prepared process cell
was connected to a rotary vane pump,
evacuated (approximately 10–3 mbar),
melted off, and placed in a furnace for fur-
ther heat treatment. The process times
varied from 2.5 h up to 10 h, and all ex-

periments were carried out at a tempera-
ture of 1100°C. For microstructure inves-
tigations, the brazed specimens were cut
through, ground, polished, and micro-
graphs were made.

Results

Figure 3 shows the cross sections of the
samples brazed for 2.5–10 h at 1100°C. For
the sample processed for 2.5 h  at 1100°C,
a partial closed brazing joint clearance
(approximately 70 μm) was observed. The
bright phase within the brazing clearance
was identified as ε phase (FeSb). With the
sample for the  5-h process, the joint clear-
ance was just 20 μm wide, and it was nearly
closed after 7.5 h,  showing the ε phase just
in some isolated areas. Complete filling
was reached after 10 h. This behavior is
reasonable with the diffusion process. The
longer the heat treatment, the more anti-
mony was able to diffuse into the iron (and
contrary) until the solidus of α-Fe was
reached. Figure 4 depicts a cross section of
a brazed steel sample. Except for a few
pores within the contact area, the joint
clearance was entirely filled. Despite etch-
ing, no differing phases from the base ma-
terial were found. The specimen was a ho-
mogenous compact body. However,
SEM-studies revealed a Fe-Sb-mixed
phase at the border area (ε phase of the
Fe-Sb-phase diagram).

On the other hand, inside the body, the
brazed joint, by reason of the long heat
treatment, was  alloyed such  that no more
ε phase was detected. The braze joint was
a compact single-phased area of α iron,
containing less than 2 at.-% of Sb. This
sample was “welded” far below its melting
temperature.

Butt joint round specimens, brazed with
gaseous antimony and provided with exter-

nal screw threads for fixing, were tensile
tested. The metallographic results were re-
flected by the tensile strength data outlined
in Fig. 6. As the heat treatment period in-
creased and an accordingly decrease in Fe-
Sb phases within the braze joint occurred,
the tensile strength grew to a final value of
177 MPa after 10 h  — Figs. 5, 6.

Discussion

The sequences of this new joining tech-
nique are structured as follows:

1) Filler metal evaporation inside a
vacuum chamber

2) Filler metal transport to the brazing
joint  by convective gas flow

3) Filler metal adsorption onto the
base material surface

4) Alloying  with constituents from the
base material to form a liquid alloy film
within the braze joint

5) Isothermal alloy solidification
within the braze joint by further enrich-
ment with constituents from the base 
material.

Antimony Transport over Gaseous Phase

by Convective Gas Flow 

Steps 1 and 2 — Proceeding on the as-
sumption of freely exposed surfaces, the
material transport in the gaseous phase of
sequences 1 and 2 proceeds so fast that
these steps do not affect the total kinetics,
e.g., between solid iron and gaseous anti-
mony. The vapor pressure is the equilib-
rium vapor pressure of the pure filler
metal, as a function of temperature. How-
ever, thin gaps indicate a reduced vapor
pressure, because the alloying occurring
reduces the thermodynamic activity of an-
timony. At first approximation, the vapor
pressure within small cavities can be at-

a T x
p T x

p TSb Sb
Sb Sb

Sb

xSb

,
,

, 
 

 

with lim

( ) = ( )
( )0

→→

⎛
⎝⎜

⎞
⎠⎟1

aSb= 1 
Raoult's 
standardization

     (1)

Where   Sb activity

 

a T x

p T x
Sb Sb

Sb S

,

,
( ) =

bb( ) =  Sb-vapor pressure over the 
                          mixture

 vapor pressp TSb
0 ( ) = uure of pure Sb at 

                 temperatture T

Fig. 1 — Phase diagram of Fe–Sb. Fig. 2 — Process cell.
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tributed to Raoult’s law. The resulting
pressure deviation between the inner gap
and the free ambient gas affects the con-
vective gas transport in the cavity. Fur-
thermore, this depends on the inlet geom-
etry. So, additionally, the inlet geometry
must be taken into account, the dimen-
sions of which constitute the free path of
the gaseous particles, and the gas trans-
port must be regarded as a Knudsen-
effusion. Reaction conditions existing
with the antimony experiments (750°C up
to 1100°C) resulted in vapor pressures of
approximately 3000 Pa maximum — Fig.
4. Consequently, transport within the
gaseous phase can be described in good
approximation, according to ideal gases.

Adsorption of Sb onto the Fe-Surface

Step 3 — For describing the adsorp-
tion occurrences at the border of the
solid/gaseous phase, a set of rules for the
characterization of such adsorption
isotherms exist. On one hand experimen-
tal data is required. On the other hand,
known appendages about diffusion
processes into the solid, as well as chem-
ical reactions between gaseous and solid
phase, must be considered. In the case of
gaseous antimony, which adsorbs on solid
iron, an immediate alloying up to the liq-
uidus curve will occur, causing a reduc-
tion of the thermodynamic activity of the
adsorbing gaseous Sb in comparison with
the ambient gaseous Sb. On this basis —
beyond the knowledge of precise adsorp-
tion isotherms — the maximum possible
adsorption rate can be formulated as the
number of collisions per time unit of an-
timony atoms on the interface (less the 
desorbed Sb atoms at reduced vapor
pressure). This leads to a simplified de-
pendency of the mass-oriented Sb-ad-
sorbtion rate on the temperature and
composition of the formed alloy layer at
the liquidus curve

Diffusion Processes at the Fe-Sb System

Steps 4 and 5 — Basic principle for de-
scribing the diffusion process is the fol-
lowing equation (Fick’s 2nd law):

(3)

where c = concentration (particle den-
sity), t = time, x = location coordinate,
and D = diffusion coefficient.

If the diffusion coefficient D is not a
function of the particle density N and the
location x, then Equation 3 is valid. From
the presented experiments and the test
conditions, the results indicate the follow-
ing method of resolution:

Figure 8 shows the braze experiment
sequence. First, the joint clearance d0 be-
tween the iron samples is closed by means
of gaseous phase transported antimony.
Iron is alloyed. Until the liquidus equilib-
rium is reached, iron is alloyed by anti-
mony because of occurring diffusion
processes (Sb diffuses into Fe and vice
versa). At 1100°C, cSb(liq.) = 47 wt-% —
Fig. 1. Due to the formed liquid phase, d0
expands to the area dliq, where an iron-an-
timony mixture is located. Having the for-
mation of a liquid transient phase, anti-
mony diffuses further into the iron
substrate. The Fe-Sb phase is impover-
ished of antimony until the isothermal so-
lidification is initiated. The solidus equi-

librium concentration is reached. At
1100°C cSb(sol.) amounts to 10 wt-%.

The change in joint clearance width is
given from

is received

(5)

The concentration distribution of anti-
mony out of the liquid mixed phase into
iron is characterized by dissolving the dif-
fusion equation (Equation 3). Solutions
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Fig. 3 — Cross sections of brazed specimens.
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Ref. 16. The following terms are applied

As a result the antimony concentration
distribution is given by

(6)

Equation 7 de-
fines the Gauss-
ian error func-
tion

(7)

The experiments mentioned in the previ-
ous section are supported by Equation 6.
With DSb = 3⋅10–9 cm2/s (according  to
Ref. 17) and d0 = 30 μm as well as cSb(liq.)
= 47 wt-% (Fig. 1), the concentration dis-
tribution depicted in Fig. 6 was the result.
These calculations indicated that the equi-
librium concentration was not yet reached

after 2.5 h and 5 h. Consequently, the for-
mation of ε phase is impossible. With a du-
ration of 7.5 h, the equilibrium concentra-
tion of α-Fe (cSb(sol.) = 89.7 wt-%) was
achieved and the joint clearance was all
but closed, which is in line with the 
experiments.

Conclusions

The presented method provides the
opportunity of joining components with a
gaseous phase by applying PVD-technol-
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Fig. 4 — Micrographs, SEM pictures, and EDX-analysis of brazed steel
specimens.

Fig. 5 — Sb-gaseous brazed Fe tensile test specimen.

Fig. 6 — Tensile strength of brazed Fe samples as a function of exposure time to
Sb gas.

Fig. 7 — Antimony vapor pressure curve.

Fig. 8 — Braze experiment sequences.
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ogy. Besides using antimony as a gaseous
filler metal, other metals were considered.
Brazing of nickel using zinc is also possi-
ble as seen in Fig. 7. Here within the braz-
ing joint a β-phase (NiZn) can be found.
In this system, the concentration distribu-
tion can be described qualitatively accord-
ing to Equation 6 as well. The brazing of
iron with gaseous zinc is also possible —
Fig. 11.

This new joining technology is suitable
for a series of applications. The gaseous
braze transport allows small and complex
components to be brazed where previ-

ously no joining technology was available.
Potential applications can be found in mi-
crosystems or light construction. Goods in
bulk, such as small steel balls, can be
joined (Fig. 12), which offers the possibil-
ity of manufacturing low-weight rigid
parts of any geometry.
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