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Wettability of nickel alloys by Ni-Si—-B fillers:
influence of substrate oxide reduction and

isothermal solidification

W. F. GALE, E. R. WALLACH

Department of Materials Science and Metallurgy, University of Cambridge, UK

The process of wetting of nickel and nickel-chromium substrates by nickel-silicon-boron filler
metals is examined. In this system, wetting behaviour is dominated by interactions between the
filler metal and the oxide layer on the substrate (which is not completely removed during
conventional vacuum brazing). Boron emanating from the filler metal reduces this residual oxide.
The extent of wettability is controlled by the onset of isothermal solidification which is
a consequence of the removal of boron from the filler metal due to the reaction with the substrate

oxide layer.

1. Introduction

The process of isothermal solidification has received
considerable attention in the literature as it forms the
basis of transient liquid phase (TLP) bonding [1-4].
In TLP bonding, interdiffusion between the substrate
and filler metal results in the removal of the liquid
phase during holding at the bonding temperature.
Thus, most TLP studies have been concerned with the
progression rather than the onset of isothermal solidi-
fication. In contrast, when considering the extent of
wettability in high-temperature brazing, it is the onset
rather than the progression of isothermal solidi-
fication that is of importance. In previous work [5], it
was suggested that the onset of isothermal solidi-
fication of Ni~Si-B fillers on Ni—Cr substrates occurs
as a result of boron removal from the filler due to both
diffusion into the substrate and reaction with the
substrate oxide layer. A study of this phenomenon is
described in this paper.

In order to examine further the interaction between
reduction of the substrate oxide layer and the onset of
isothermal solidification, a number of areas need to be
addressed:

(a) evidence of the nature of the oxide layer in the
absence of oxide reduction by filler metal constituents;

(b) examination of the nature of the oxide reduction
reaction(s);

(c) quantification of the interaction between oxide
reduction and isothermal solidification (involving pre-
diction of the time taken to initiate isothermal solidi-
fication);

(d) anomalous spreading behaviour observed at
high brazing temperatures {(above 1150 °C).

These aspects are considered in this paper.

2. Experimental procedure
Examination of the spreading of a Ni—4.5 wt %
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Si-3.2 wt % B filler (AWS designation: BNi-3) was
conducted using discs (each 1 mm nominal diameter
and 51 pm thick) preplaced on a range of nickel and
nickel-chromium substrates (Ni-0, 5, 10, 15 and
20 wt % Cr). A brazing temperature of 1150°C and
a vacuum of 107> mbar was employed for this work.

Dynamic observations of the spreading process
were carried out by using hot-stage light microscopy
together with video recording. This technique was
used to determine both the average diameter of the
droplets and also the displacement of individual
liquid—solid interfaces as a function of holding time at
the brazing temperature. Of the two types of measure-
ments made, average diameters were employed when
comparison of different conditions was required as
they demonstrated a high degree of repeatability (see
Section 3.3). In contrast, displacement measurements
provided more detailed information on the stages in-
volved in spreading; however, these results varied
from one solid-liquid interface to another within
a particular sample. Hence, average diameter rather
than displacement measurements were employed
when accurate comparisons of different samples were
required.

In addition to the dynamic spreading tests, sessile
drop spread tests and further microscopy samples
were prepared using holding times of 20 min at tem-
peratures between 1065 and 1150 °C, under a range of
vacuums between 5 x 107¢ and 7 x 107> mbar. At the
higher pressures, the residual atmosphere was air-rich
so that the behaviour of thicker oxide layers could be
studied. This atmosphere was produced by pumping
the furnace to below 5 x 107 ° mbar and then leaking
air back into the chamber to achieve the working
pressure.

Scanning electron microscopy (SEM) of the oxide
layers formed on the substrates and of the regions of
reaction around the braze droplets was conducted
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using Camscan S2 and S4 instruments. These results
were correlated with analytical investigations employ-
ing laser microprobe mass spectrometry (LAMMS) in
a Cambridge Mass Spectrometry LIMA 2A instru-
ment, energy dispersive X-ray spectroscopy (EDS)
using a Link systems 860 analyser attached to the
Camscan S4, and X-ray diffraction (XRD) in a Philips
vertical diffractometer and a Huber Guinier camera.

3. Results and discussion

3.1. Oxide formation and deoxidation

When considering the possible influence, on wettabil-
ity, of reduction of the substrate oxide by filler-metal
constituents, it is necessary first to examine the sta-
bility of the substrate oxide layer in the absence of
the filler. In this context, the tests conducted at
7 x 10~ > mbar (in an air-rich atmosphere) were parti-
cularly useful, because these conditions produced suf-
ficient oxide to allow examination and hence phase
identification using X-ray diffraction, together with
data from EDS and LAMMS analyses. Results were
obtained at 1065 and 1150 °C and are now discussed.

3.1.1. Oxide formation
Heating to the brazing temperature of either 1065 or
1150 °C without holding for any length of time produ-
ced the following results for the nickel and Ni-Cr
substrates. NiO was present on all of the samples
studied. However, the extent of NiO formation varied
with substrate chromium content. Based on qualitat-
ive comparisons of XRD peak strengths, the greatest
extent of NiQO formation took place on the Ni-5% Cr
substrate, and this was followed by that on the pure
nickel substrate. Chromium addition above 5%
(ie. 10%, 15% and 20%) gradually decreased the
extent of NiO formation (although an NiO layer re-
mained present on the sample surface, see Fig. 1). The
precipitation of Cr, O3 and NiCr, O, (to some extent)
occurred on all of the Ni-Cr substrates. The extent of
Cr,0; precipitation increased with chromium addi-
tions and reached a maximum on the Ni-20% Cr
substrates.

It might appear surprising, at first sight, that the
results of the oxidation experiments in vacuum de-

Figure 1 Oxide layer on Ni-10% Cr substrate after heating to
1065°C in a 7 x 10™ > mbar vacuum.

5654

scribed above are similar to those obtained from
oxidation in air (e.g. [6, 7]) in terms of the behaviour
with substrate chromium content. However, it must be
borne in mind that as long as NiO remains stable
(which is clearly the case here), Cr,O; formation takes
place in the substrate below the NiO layer and so is
effectively isolated from the atmosphere. Hence the
formation of Cr,O5 will be influenced firstly by the
activity of chromium in the substrate and secondly by
the maximum oxygen content in the substrate below
the NiQO layer. Under the experimental conditions
used, both are independent of the pressure of the
atmosphere above the substrate and hence similar
behaviour with different chromium contents in the
substrate would be expected. Note, however, that the
actual rate of oxidation should be considerably re-
duced in vacuum compared with that in air.

In summary, the composition of the oxide layers
under vacuums of around 10~ > mbar follows that ob-
served in air although the actual amount of oxide
present would be expected to be reduced.

3.1.2. Deoxidation phenomena

Following 20 min holding at the brazing temperature
(of 1065 or 1150°C), the amount of NiO present in the
oxide layer was considerably reduced on all of the
samples investigated to such an extent that this phase
could no longer be detected using XRD. However,
LAMMS and/or EDS studies of both the nickel and
Ni—Cr substrates suggested that some regions of NiO
remained present, which implies that complete re-
moval of the NiO layer does not occur.

In contrast to NiQ, the Cr,Oj; portion of the oxide
on the Ni-Cr substrates was largely unaffected by
20 min holding at the brazing temperature. Islands of
Cr,0; (Fig. 2) were observed on the substrate surface,
and the extent of these increased with chromium con-
tent to the point where, on the 20% Cr substrate,
a continuous Cr,O; layer was produced.

In summary, these results indicate that holding at
the brazing temperature results in the partial removal
of NiO, whereas Cr,0O5 remains stable.

3.1.3. Deoxidation mechanisms

Lugscheider et al. [8, 9] proposed two mechanisms for
the decomposition of oxide layers on steels and nickel-
based alloys during vacuum exposure, namely vapor-
ization of the oxide and reduction by carbon
originally present in the substrate. Consider first the
NiO layer. The vapour pressure of NiO rises from
1.91 x 10" mbar at 1000°C to 1.98 x 10~ ® mbar at
1150 °C [10]. Thus whilst vaporization might signific-
antly contribute to deoxidation at the higher temper-
atures, this process will be less important in the
1065 °C tests. Consider instead, reduction of the oxide
layer by carbon originally present in solid solution in
the substrate to produce metallic nickel and carbon
monoxide. It is difficult to produce convincing experi-
mental evidence for this process because the formation
of carbon-containing phases can also be readily at-
tributed to contaminant effects. Thus, to examine



Figure 2 Oxide layer on Ni-10% Cr after heating to 1065°C in
a 7 x 10~ mbar vacuum and holding for 20 min.

further this mechanism, consider instead the thermo-
dynamics and kinetics of the process.
For the reaction

NiO + C = Ni + CO (1)

the equilibrium condition, assuming that the original
oxide layer and the nickel formed from the reaction
have unit activities, is given by

AG® = —RThn (”ﬂ> @)
dc

for which AG® is the equilibrium Gibbs energy of
reaction at the brazing temperature, 7, R is the gas
constant, peo the equilibrium partial pressure of car-
bon monoxide (in bar); and g the activity of carbon.
Using the above equation and a carbon activ-
ity in the nickel substrate of 7x 1077 (based on the
assumption that Raoult’s law applies for a dilute solu-
tion of carbon in a nickel substrate), the maximum
partial pressure of carbon monoxide that will allow
the reaction to proceed (i.e. pco) is 598 mbar, at a tem-
perature of 1000 °C. Because vacuums of 7x 107° to
5 x 10~ % mbar were used experimentally, reduction of
the oxide layer by carbon to form nickel and carbon
monoxide is possible thermodynamically.

The kinetics of the reaction (which were not con-
sidered by Lugscheider et al. [8,9]) are now
examined. The following processes are capable of con-
trolling the rate of reduction:

(a) development of a stagnant gaseous boundary
layer (of carbon monoxide) in the furnace atmosphere
above the sample;

(b) entrapment of carbon monoxide at the sub-
strate metal-oxide interface;

{c} diffusion of carbon from the bulk substrate to

the oxide surface.
Of these processes, adaption of the model for reaction
control by the presence of gaseous boundary layers
(developed by Graham and Davis [11] and based on
data from Schwerdtfeger and Turkdogan [12]) for the
oxidation of Cr,05 to gaseous CrO; suggests that
reduction will not be impeded by the production of
a stagnant boundary layer, as might be expected for
a pumped vacuum system.

Consider instead entrapment of the gaseous reac-
tion products at the reaction site. At first sight, any

reduction of the oxide taking place at the oxide-sub-
strate metal interface would result in the formation of
a carbon monoxide layer that might be trapped by the
remaining oxide. However, because real oxide films
contain pores and (in the case of vacuum-grown films)
numerous cracks [13], this mechanism does not seem
likely.

Lastly, it is necessary to consider whether the NiO
reduction is controlled by carbon diffusion from the
bulk substrate to the reaction layer. For a unit area of
substrate oxide—metal interface, the total number of
moles, n;, of carbon that arrive at the metal-oxide
interface in time ¢ is given by

no — m 3)

n, =

n = CgXe— jxs c(x)dx 4)
0

where n, is the number of moles of carbon originally
present in the substrate, n, the number of moles of
carbon remaining in the substrate after time ¢, ¢, the
initial carbon concentration in the substrate, x, the
thickness of the substrate, and ¢(x) = concentration of
carbon in the substrate as a function of distance
x from the substrate metal-oxide interface at a con-
stant time, ¢.

If carbon diffusion in the substrate is rate controll-
ing (as is assumed here) then any carbon arriving at
the substrate metal-oxide interface can be assumed to
be immediately “removed” by reaction. If the thick-
ness of the substrate is great enough so that the com-
position of the substrate at x = x, (i.e. at the opposite
face of the sample for a sample with a single oxidized
surface} remains constant, then a simple decarbur-
ization model for a semi-infinite substrate [14] can be
used in which

x O\
c(x) = ¢ erf<72(Dt)1/2) (5)

where D is the carbon diffusivity in the substrate.
Assuming a hold time of 20 min and a diffusivity
of 3.11 x 107 1*m?s ! (diffusivity of carbon in pure
nickel at 1273 K [15]), it is found that, at a depth of
I mm (ie. the thickness of the substrate), the carbon
concentration in the substrate is unchanged. There-
fore, the use of this model is valid, because the sub-
strate can be treated as semi-infinite. In order to
integrate c¢(x) (and then use it in Equation 4), a third
order polynomial was fitted to Equation 5 between
limits of x =0 and x = 1 mm. By integrating this
polynomial, it was found that, after 20 min at 1000°C
(with an original substrate carbon content of
7% 1073 at %), 2.3 x 103 mol carbon, n;; diffuse from
the bulk to each square metre of substrate
metal-oxide interface. This can be compared with the
number of moles of nickel oxide present, ie.
8.9 x 1073 m ™2 of substrate surface (for a 100 nm thick
oxide; based on interference colour observations [16]
and studies of oxidation in vacuum brazing [17]).
Because 1 mol carbon is required per 1 mol nickel
oxide for the reduction reaction given in Equation 1, it
is evident that sufficient carbon arrives at the substrate
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metal-oxide interface to deoxidize approximately one-
quarter of the thickness of the oxide layer during the
brazing. Hence, it would be expected that only partial
deoxidation of NiO can occur during the brazing cycle
and this correlates well with the experimental observa-
tions of the change in oxide thickness during vaccum
exposure.

Turn now to the Cr,0O; formed on a Ni-20% Cr
substrate. For the reaction

Cr,0, + 3C = 2Cr + 3CO 6)

it is possible to estimate the maximum partial pressure
of carbon monoxide at which this reaction will occur
(using the method employed for the reduction of NiO)
as 6.89 x 10> mbar. Thus, reduction of Cr,O; should
also be possible thermodynamically. The failure to
observe this process experimentally may be associated
with the kinetic considerations described above for
NiQ, although more detailed characterization of the
oxides present on the Ni—Cr substrates is required
before the model developed for NiO can be applied.

In addition to reduction of the substrate Cr,0O5, an
alternative deoxidation mechanism proposed by
Lugscheider et al. [8, 9] namely vaporization of the
oxide layer in vacuum, needs to be considered. There
is a lack of systematic vapour pressure data for Cr,O5.
However, the study of Lugscheider et al. suggests that
significant vaporization of bulk Cr,O; first occurs at
temperatures of between 950 and 1000°C under
a 107> mbar vacuum. In contrast, in the present in-
vestigation, the Cr,O; layer remained present during
holding at temperatures of up to 1150 °C in a vacuum
of 5x 10~ ¢ mbar. This could be due to continual re-
oxidation of the surface.

In summary, both NiO and Cr,O; form during
heating to the brazing temperature, although the NiO
partially decomposes during subsequent holding at
the brazing temperature. This decomposition of the
NiO is consistent with deoxidation by carbon origin-
ating from the substrate and so the rate of deoxidation
will be controlied by the rate of carbon diffusion in the
substrate. Because decomposition of the NiO occurs
only after holding at temperature, it will be of import-
ance only in the later stages of the filler spreading
process {see Section 3.4).

3.2. Oxide reduction by filler constituents

In contrast to the general deoxidation processes de-
scribed above, consider now localized reduction of the
oxide in contact with and around a filler droplet. Both
boron and silicon present in the filler are capable
thermodynamically of reducing NiO and Cr,O; by
the following reactions (if it is assumed that the prod-
ucts of the reaction have unit activity, and boron and
silicon obey Raoult’s law when in solution in nickel)

NiO + 2B = Ni + $B,0;

AGy373x = —171kImol™'  (7)
Cr,0; + 2B = 2Cr + B,0;

AGy373x = —106kImol™!  (8)
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NiO + £Si = Ni + 5Si0,

AG1373K = - 198 kJmOl-l (9)
Cr203 + %Sl = 2Cr + %SIOZ

AG1373K = - 187 kJI’nOl_1 (10)

Experimentally, however, it was found that reduction
of the substrate oxide layer was achieved only by
boron and reduction by silicon did not take place.
Depth profiling using LAMMS revealed that the
region of reduced oxide was. enriched in boron and
deficient in silicon when compared to the main
sample. In addition, using XRD, the boron oxide
phases B,O; and B4sO were detected. However, the
B,O; could be identified only in furnace-cooled speci-
mens, presumably because this phase is normally vit-
reous (i.e. has a non-crystalline structure) [ 18, 19] and
hence would not be detected by XRD in fast-cooled
samples. The occurrence of the boron-rich B4O sub-
oxide might be attributed to a large excess of boron
compared to oxygen due to the relatively small
amount of residual oxide.

In order to understand the reasons for reduction
by boron rather than silicon, consider first thermo-
dynamic factors. The assumptions regarding activities
made at the start of this section may not apply in
practice. For example, B, O3 is mutually soluble with
the oxide layers on nickel-based alloys [20], and hence
the activity of B,O; may differ substantially from
unity and the reactions in Equations 7 and 8 would
become more favourable. However, any changes in
activities of NiO and Cr,03; would also need to be
considered.

Turn instead to kinetic factors. It was observed
experimentally that the process of spreading of
Ni-Si-B filler droplets occurred in two distinct stages,
namely an initial rapid stage and a slower subsequent
stage. The nature of reduction of the substrate oxide
during these two stages is now considered.

During the initial rapid spreading stage, reduction
of part of the substrate oxide layer by boron takes
place at the spreading front, whilst any remaining
unreduced oxide is carried on to the surface of the
liquid droplet and then reduced (Fig. 3a). Long-range
solid-stage diffusion is not required and so a kinetic
explanation to account for the observed reduction by
boron rather than silicon is not probable.

During the second slower spreading stage, reduc-
tion of the substrate oxide by boron occurs ahead of
the substratefiller interface (Fig. 3b). In this case,
long-range diffusion of the reactants from the filler
droplet to the reaction site is required and kinetic
factors could be of importance. Assuming diffusion
control of the reaction, the rate of increase in radius of
the reaction zone can be determined using the approx-
imation

x ~ (Dy)? (11)

where x is the width of the reaction layer, D is the
diffusivity of the reactant and ¢ is holding time. Using
data from Fig. 4 (in which regions are observable
where the width of the reaction layer around the braze
droplet apparently decreases; these regions are in fact
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Figure 3 Location of substrate oxide reduction front (preoxidized
substrate, tested at 1150°C, 10~ > mbar). (a) Initial stage (5 s after
melting) oxide reduction front at filler—substrate interface); (b) later
stage (10 s after melting) oxide reduction front in the substrate ahead
of filler-substrate interface.
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Figure 4 Development of a deoxidized region around a filler droplet
on a Ni~-10% Cr substrate (tested at 1150°C in a 10 °mbar
vacuum).

due to overflowing of the filler, i.e. spreading into the
reaction layer, which effectively reduces its width),
a value for D of 3.5x 107! m? s~ ! was obtained. This
value might reasonably be associated with diffusion
in the solid state because it is lower than would be
expected for diffusion through a liquid (in this case, the
layer of liquid B,O3 on the substrate surface ahead of
the filler droplet) for which diffusivity values of around
1078m?s™! would be expected. However, it is not
possible to determine the extent to which this observa-

tion indicates that the reduction reaction by boron
takes place under boron diffusion control (note that
the bulk diffusivity of boron in nickel is
6.22x 1071 m? s [21]).

In summary, evidence has been presented that two
reaction regimes occur. Firstly, whilst the filler is
spreading rapidly, reduction of the substrate oxide
takes place in contact with the surface of the filler
droplet. Secondly, once rapid spreading has ceased,
reaction takes place ahead of the main filler droplet. In
both cases, the reduction reaction is dominated by
boron (only oxides of boron were observed experi-
mentally). In the next two sections, the role of these
reduction reactions in the overall spreading of the
filler will be considered.

3.3. Oxide reduction and the onset of
isothermal solidification

In earlier work [5], it was proposed that the onset
of isothermal solidification controls the final extent
of spreading and that isothermal solidification is
hastened by boron removal from the filler metal dur-
ing reduction of the substrate oxide layer. The role of
the isothermal solidification process is clearly evident
in Figs 5a and 6 (which is an extreme example using
a preoxidized substrate); the point at which rapid
spreading ceases (point A in the figures) corresponds
to the onset of isothermal solidification at the edge of
the filler droplet. However, in order to examine the
onset of isothermal solidification, consideration of the
role of oxide reduction in the isothermal solidification
process is necessary. Note that, during this early stage
of the spreading process, the generalized deoxidation
mechanisms described in Section 3.1 do not have
a significant effect.

In Section 3.2, evidence has been presented to show
that boron emanating from the filler can reduce the
substrate oxide and that the silicon in the filler metal
plays no apparent part in the oxide reduction process.
Thus, when considering the possible effects of sub-
strate oxide reduction on isothermal solidification in
this paper, only boron is considered. Suppose that
oxide reduction can -be described by Equation 7. In
this case, for every mole of nickel oxide reduced,
2/3 mol boron are consumed. Thus the number of
moles of boron, Ang, depleted from the filler during
reduction is given by

2 2pV

3 T 3y

AnB == 3

(12)

where ngx is the number of moles of substrate oxide
[NiO] reduced by the filler during spreading, p the
density of the oxide, V' the volume of oxide reduced
by the filler, and M the molar mass of the oxide. If
reduction takes place at the filler—substrate oxide
interface, the filler makes contact with a unit area of
oxide for each unit area of substrate spread over. The
volume of oxide reduced by the filler in a given time At
can be obtained from

V = nREl = n(Ry + AR) (13)
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where R is the final radius of the droplet, [ the
thickness of the oxide layer on the substrate, R, the
initial radius of the droplet, and AR the increase in
radius of the droplet during spreading.
Experimentally it was found that, before the onset of
isothermal solidification, the rate at which the radius
of the droplet increased, v, was approximately con-
stant so that

AR = VAt (14)

where At is the time ¢lapsed since the commencement
of spreading. By substituting for AR in Equation 13
and inserting the resulting value for V into Equation
12, it is possible to obtain the amount of boron de-
pletion, Ang, as a function of time. Assuming that
before the onset of isothermal solidification, the vol-
ume of liquid remains constant, the change in the
concentration of boron in the liguid ACg, induced by
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Figure 5 Spreading of BNi-3 at 1150°C in a 10”3 mbar vacuum.
(a) Nickel substrate (two sets of data are included to show repeat-
ability). (b) Ni-5% Cr substrate. (c) Ni~10% Cr substrate.
(d) Ni-15% Cr substrate. () Ni-20% Cr substrate.

Ang can be obtained (if the liquid is assumed to be
homogeneous which is reasonable in a small droplet).
Setting the value of ACy equal to that necessary to
change the filler boron concentration from its initial
value to that of the liquidus (i.e. the compositional
change required to initiate isothermal solidification)
allows the time taken to commence isothermal solidi-
fication to be calculated. Using the values
ACg = 2320 molm ~3(based on the Ni-Si-B phase
diagram [22]), R, = 0.5 mm, x = initial thickness of
the braze disc = 51 um, [ = 100 nm (see Section 3.1),
va 5x107*ms™! (determined experimentally using
hot-stage light microscopy for BNi-3 on a nickel sub-
strate), p = 6670 kgm ™3, and M = 74.71 g, it is found
that the filler should attain the liquidus composition
and begin to solidify after 3.5s. Note that it has been
assumed in this calculation that boron removal from
the filler is dominated during the initial rapid stage of
spreading by oxide reduction and that interdiffusion
has been neglected.

In order to compare the above prediction with
experiment, consider Fig. 5a which shows plots of the
average diameters of BNi-3 droplets on nickel sub-
strates as a function of hoiding time. It can be seen
that there are two spreading regimes. The first of these
regimes involves a brief rapid spreading stage (0-A on
Fig. 5a) during which spreading is almost linear with
respect to time. This rapid stage is followed by a pro-
tracted stage involving much slower spreading in
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Figure 6 Spreading of BNi-3 on a preoxidized Ni-5% Cr substrate
(tested at 1150°C in a 10~ ° mbar vacuum).

a stepwise fashion. The transition between the two
regimes (point A) was observed to correspond with the
onset of isothermal solidification and this occurred
after 1.25-2.5s. This range is similar to the theoretical
prediction above. However, further corroboration is
obviously desirable and so the spreading of BNi-3 on
a preoxidized substrate was also examined (Fig. 6).
For the preoxidized substrate, two factors change.
Firstly, the amount of oxide that has to be reduced per
unit area spread over by the filler is increased (due to
the increase in oxide thickness from around 100 nm to
around 700 nm) and, secondly, the spreading rate is
decreased (from 5.0x107% to 2.3x10"°ms™!). Of
these two factors, the former should hasten and the
latter delay the onset of isothermal solidification.
When a predicted At value is calculated, it is found
that the effect of the reduced spreading velocity pre-
dominates and a At value of 148s is obtained. This
value is in good agreement with that of around 150s
obtained experimentally.

In summary, a simple model has been presented
that successfully predicts the time required before the
onset of isothermal solidification. The model is based
solely on the removal of boron from the filler during
oxide reduction. The success of the model suggests
that in the case of spreading droplets it is the reduction
process, rather than diffusion into the substrate, that
leads to the onset of isothermal solidification. Note,
however, that this will not be the case for the comple-
tion of isothermal solidification which is an important
factor in TLP bonding.

3.4. Anomalous spreading behaviour at
high temperatures

In the previous section, the role of oxide reduction in
the initial rapid spreading stage was considered. Dur-
ing this stage, spreading is dependent upon oxide
reduction arising from direct contact with the filler
metal. However, if the second slower spreading stage
(that follows the onset of isothermal solidification)
produces a significant extent of spreading, both oxide
reduction ahead of the filler droplet and generalized
deoxidation will also need to be considered.
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Figure 7 Comparison of extent of spreading at the onset of isother-
mal solidification (hot stage) and after 20 min at 1150°C (sessile
drop) in a 1073 mbar vacuum (A4 = area of the spread droplet,
Ao = area of initial punched out disc of filler).

In spreading tests conducted at 1065 and 1110°C,
the onset of isothermal solidificaton was found effect-
ively to terminate spreading. However, in tests con-
ducted at 1150 °C (Fig. 5a—e), the remaining liquid is
relatively fluid and spreading can continue after the
onset of isothermal solidification (points A on the
figures). This spreading invoives liquid filler flowing
over the resolidified edge of the filler droplet and this
occurs in a stepwise manner. Each step corresponds to
overflowing of the solid edge of the droplet followed
by solidification of the flowing liquid.

Overflowing generally takes place into the reaction
zone around the liquid droplet where the substrate
oxide has already been reduced. Thus, depletion of
boron due to oxide reduction will not occur and so
cannot contribute to the onset of isothermal solidi-
fication of the overflowing liquid. Furthermore, even
when the overflowing liquid spreads beyond the reac-
tion zone into the oxidized portion of the substrate,
the vacuum deoxidation that occurs during holding at
temperature (see Section 3.1) should reduce (or mod-
ify) the influence of the substrate oxide on the spread-
ing of the filler. Thus the spreading arising from
overflowing is expected to be different from that de-
scribed earlier.

Experimentally, it was found that overflowing
modifies the trend in spreading with substrate chro-
mium content. At the end of the initial spreading
stage, the trend in the extent of spreading at the onset
of isothermal solidification with substrate chromium
content (Fig. 7) is similar to that of the final extent of
spreading at lower temperatures (as discussed pre-
viously [5]). This trend can be attributed to changes in
the nature of the substrate oxide with the addition of
chromium to the substrate [5]. However, the trend in
spreading with substrate chromium content becomes
different in the overflowing stage (Fig. 7). Thus, while
the model for the termination of the initial spreading
stage described in Section 3.3 is still valid at 1150 °C,
the final extent of spreading is markedly influenced by
the second spreading stage.
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4. Conclusions

An investigation has been made of the interaction
between substrate oxide reduction, isothermal solidi-
fication and the spreading of Ni-Si-B fillers. As a re-
sult of this study, a number of conclusions can be
drawn.

1. Decomposition of the substrate oxide layers as
a result of high-temperature vacuum exposure occurs
only to a limited extent during the complete brazing
cycle. An analysis of the kinetics of the decomposition
process is consistent with reduction by carbon eman-
ating from the substrate.

2. Localized reduction of the substrate oxide in the
vicinity of the filler droplet is produced by boron
originally present in the braze metal.

3. A model for the control of spreading by the onset
of isothermal solidification as a consequence of boron
removal from the filler during substrate oxide reduc-
tion is in agreement with experimental results.

4. At higher brazing temperatures (1150 °C), signi-
ficant spreading occurs after the onset of isothermal
solidification; however, the model for the onset of
isothermal solidification remains valid.
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