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With sintered carbides, bad wettability results from aluminum in the binder 

and alumina layers on surfaces to be brazed; and with Inconel 600 and X-750, 
wetting proceeds under an oxide layer on surfaces being brazed 

through a tunneling effect 
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ABSTRACT. The wettability of sintered 
carbides by copper in a hydrogen atmo
sphere was studied using a modified Leitz 
hot stage with conductive heating from a 
molybdenum heating element. Attention 
was eventually drawn to aluminum dis
solved in the cobalt-binder and alumina-
layers on the surface as causes of the bad 
wettability. 

Also with the modified Leitz stage, the 
wetting of Inconel 600 and X-750 by 
nickel brazing filler metal was investigat
ed. In this case, direct resistance heating 
of Q-shaped Inconel specimens and indi
rect heating by radiation from molybde
num or graphite heating elements were 
used. 

In all cases wetting proceeded under 
an oxide surface layer. In addition to 
thickness and chemical composition of 
the oxide layers, auger analysis clearly 
showed a brazing filler metal getter effect 
on a specimen heated to a temperature 
just below the melting point of the braz
ing filler metal. 

Introduction 

Brazing systems for use with control
led atmospheres or vacuum are usually 
tested at a rather high cost in slowly 
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operating furnace systems. The starting 
condition can be specified, and the final 
result is seen and can be analyzed when 
the furnace is opened. 

The investigations discussed in this 
paper involved the wetting behavior of 
cemented carbides and superalloys. It 
was found imperative to be able to 
observe how base material wetting by 
molten brazing filler metal proceeds with 
time; to be able to study surface reac
tions was also imperative. 

Cohen ef al. (Ref. 1) have reported on 
a hot stage scanning electron micro
scope. However, it was found that tradi
tional optical hot stage microscopy 
offered the possibility for quick investiga
tions at a moderate cost that might cover 
the stipulated requirements. A Leitz hot 
stage 1750 was found to be suitable. 
With the window of the vacuum cham
ber turned upwards, it is possible to study 
the reactions of a piece of brazing filler 
metal placed loosely on the top side of a 
plate of base material. Compared to SEM, 
the Leitz optical hot stage offered advan
tages concerning pressure and chemical 
composition of the atmosphere; these 
can be selected freely, thus rendering it 
possible to test for instance a variety of 
oxygen potentials of the atmosphere. 
Moreover, with suitable modification, it is 
possible to change from direct resistance 
heating to indirect heating by utilizing 
radiation from various types of heating 
elements. 

The investigation was concerned pri
marily with the brazing of cemented 
carbides (Ref. 2). The results from car
bides brought the brazing of superalloys 
into focus. A review of the literature 
indicated that detailed, definitive informa
tion on fundamental brazing mechanisms 
for superalloys was not to be found in 

handbooks and monographs. In the peri
odical literature, however, a few articles 
on the subject had appeared. In one of 
these articles, Christensen and Rorbo 
(Ref. 3) pointed to the deleterious effect 
of surface oxide layers formed by the 
reactive alloying elements Ta, Ti, Nb and 
Al in Inconel 718 and X-750. A vacuum 
better than 1.3 • 10~3 N/m2 and a tem
perature over 1075°C (1967°F) would be 
required to braze such alloys. By utilizing 
the getter effect of Zr, the critical pres
sure could be raised to 1.3 N/m2 and the 
temperature reduced to 1025°C 
(1877°F). 

Blair (Ref. 4), in reporting on a proce
dure development for brazing Inconel 
718, mentioned cleaning operations and 
choice of brazing filler metal. Cohen and 
Waldron (Refs. 1, 5) investigated the 
wetting of stainless steel by an 82% 
Au-18% Ni brazing filler metal using hot 
stage SEM for the investigation. When 
the brazing filler metal melted, the steel 
was covered by a 100 nm (0.000004 in.) 
layer of C^C^. The screening effect of 
the molten Au-Ni alloy reduced the oxi
dation potential at the oxide surface 
under the melt. Silicon diffusing from the 
steel reduced the chromium-oxide, and 
the oxide layers could be penetrated by 
the molten brazing filler metal. 

Reports on the oxidation of superalloys 
are of some relevance; these include 
those of Wild (Ref. 6) and Mclntyre (Ref. 
7). Nimonic 80A appeared to develop 
titanium oxide layers on the surface. 

Experimental Procedures 

Methods 

Figure 1 shows the heart of the exper
imental setup for the wetting experi-
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Fig. 1 —Leitz hot stage 1750 mounted in mac-
rophotograph stand 

ments as assembled for photographic 
registration of the processes. 

The cylindrical Leitz hot stage 1750 is 
mounted in an Olympus macrophoto 
stand equipped with a 35 mm SLR cam
era. Auxiliary equipment such as pumps, 
power supplies and recorder is not 
shown. Comment on individual parts of 
the setup follows below under separate 
headings. 

Hot Stage 1750 

The specimen is observed through a 
revolving quartz window at the top of 
the stage. As metal vapor from the hot 
specimen condenses on the inside of the 
window, the picture gradually deterio
rates. However, by a small turn of the 
window, a clean area comes into the line 
of vision. About 25 observable positions 
are available on a window. 

To the right in Fig. 1, the water-cooled 
stage is connected through flanged joints 
with a diffusion pump system and a 

Fig. 2 —Drawing of the hot stage interior. 
Arrow points to position of specimen on the 
heating element 

Penning pressure gauge, and to the left to 
a combined gas inlet and outlet. Wetting 
experiments can thus be performed 
either under vacuum or a protective 
atmosphere. With a needle valve 
mounted on the air inlet, the stage can be 
continuously flushed with a gas during an 
experiment. Finally, the stage is equipped 
with inlets for power supply and connec
tors for thermocouples. 

Several different geometries of speci
mens and heating elements were used in 
the investigation. Figure 2 is a drawing of 
the system used for heating by conduc
tion from a bridge-shaped heating ele
ment of molybdenum. The specimen is 
simply placed on the bridge. This very 
simple method was used for investigating 
the wetting of cemented carbides; an 
exact measurement of the temperature 
was not required. 

Wetting experiments on superalloys 
called for a precise temperature mea
surement. Using the system of Fig. 2, a <j> 
0.25 mm (0.01 in.) Pt-PtRh thermocouple 
was spot welded to the surface of the 
specimen. However, heat loss through 
the thermocouple wires cooled the hot 
junction and temperatures that were too 

Fig. 5 —Photograph at high temperature of 
simultaneous testing in hot stage of two 
cemented carbide specimens 

low were registered. This problem was 
solved by the construction of the heating 
arrangement shown in Fig. 3. 

The specimen is heated by radiation 
from heating elements of graphite paper 
or molybdenum band. In this setup the 
thermocouple wires were also heated by 
radiation, and cooling of the hot junction 
was thus avoided. 

There was a question concerning pos
sible chemical interactions between the 
specimen and the materials of the heating 
elements. Iridium, having a high melting 
point and a low vapor pressure, would 
have been the ideal material for the 
heating elements, but it was not available. 
Instead, direct resistance heating was 
installed, thus completely avoiding vapors 
from foreign materials. 

The fi-shaped specimen for this meth
od is shown in Fig. 4. The hot junction 
was spot welded to the inside of the 
specimen. Placing the wires as shown in 
Fig. 4 enabled them to be heated by 
radiation, and correct temperature mea
surements were made. 

During the experiments, temperature, 
pressure and time of photographic expo
sure can be registered on a two channel 
recorder. 

Optical Systems 

Progress in the hot stage can be fol
lowed in a stereomicroscope, or docu-

Fig. 3 —Radiation heating arrangement with graphite paper. 
Specimen with thermocouple in correct position Fig. 4—Specimen for direct resistance heating 
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mented on photographs using a macro-
photograph stand as shown in Fig. 1. 
Using the small X10 to X15 magnifica
tions of this system made it possible to 
obtain large visual fields, giving a good 
comprehensive view of the sequence of 
events. Documentation by film or video 
could, of course, also be used. 

To observe details on the surface of 
the heated specimen, it was necessary to 
mount a high-intensity, fan-cooled halo
gen fiber optic illuminator to outshine the 
specimen's own light radiation. In Fig. 1 
the lenses of two optic fibers fixed by 
clamps point towards the top of the 
stage. 

Experimental Conditions 

For cemented carbides-copper sys
tems, variations in behavior had their 
origin mainly in variations in cemented 
carbide properties. For the superalloy-
BNi-7 system, variations generally were 
caused by variations in experimental con
ditions. 

This fundamental difference between 
the two systems was reflected in differ
ent experimental conditions. The ce
mented carbides tested had raw sintered, 
rough-ground, or polished surfaces or 
surfaces treated in various ways. Simple 
conductive heating as depicted by Fig. 2 
was applied, and normally the tempera
ture was not measured. Before each 
experiment the stage was evacuated and 
a flow of pure hydrogen at 1 atmosphere 
(101.3 kPa) was established. The surfaces 
of the superalloys tested were carefully 
polished, and the same amount (5 mg) of 
brazing filler metal applied at each exper
iment. 

To account for possible chemical inter
actions between superalloy and heating 
elements, radiation heating from molyb
denum or graphite bands as well as direct 
resistance heating were applied. Three 
levels of starting conditions involving 
pressure were used. For one set of con
ditions the pressure at the start of the 
experiment was about 8 • 10~4 N/m2, 
obtained by prolonged pumping com
bined with heating of the stage to pro
mote degassing. 

For a second set of conditions the 
pressure was about 5 • 10 - 3 N/m2 

obtained by a short pumping time, and 
finally for a third set about 7 • 10~2 

N/m2 . In the latter case the pressure was 
adjusted by concurrent pumping and 
controlled leaking through the needle 
valve to the atmosphere. This was 
intended to simulate brazing in a furnace 
with a leak or with an inadequate pump 
effect. 

Two different heating procedures 
were followed. In the first one the speci
men was heated at 50°C/min (90°F/min) 
to the brazing temperature of 980 or 

1000°C (1796 or 1832°F). In the second 
one, the temperature was kept constant 
at 800°C (1472°F) for 29 min before 
proceeding to the brazing temperature; 
this was done in order to imitate industrial 
temperature homogenizing treatments of 
thick-walled sections. For one of the 
experiments with a dwell time at 800° C 
(1472°F) wetting did not take place at 
1000°C (1832°F) within 3 min, and the 
temperature had to be raised to 1050°C 
(1922°F) to obtain wetting. 

Five specimens were analyzed by 
auger spectrometry to ascertain thickness 
and chemical composition of the oxide 
layers on the surface. The purpose was 
to get an idea of the surface conditions 
immediately before melting of the braz
ing filler metal, so the specimens were 
heated at 50°C/min (90°F/min) to 800°C 
(1472°F), kept at that temperature for 29 
min, and then cooled. 

Four of the five specimens had free 
surfaces; one was covered by brazing 
filler metal granulate during the heat 
treatment. Subsequently, the granulate 
was carefully removed. 

Materials 

The cemented carbides were those 
that have been described in the literature 
(Ref. 2). The superalloys' base materials 
were Ni-based inconels 600 and X-750. 
Inconel 600 does not contain reactive 
metals, whereas Nb, Ta, Ti and Al are 
found in X-750. 

BNi-7 with the nominal composition of 
13-15% Cr, 9.7-10.5% P and 75-77% Ni 
and with a nominal melting point of 
890°C (1634°F) was used as brazing filler 
metal for the superalloys. It was available 
as granulate that was mixed with a binder 
before use. 

Results and Discussion 

Cemented Carbides 

It was possible to assess wettability as 
demonstrated in Fig. 5, which depicts 
results for the simultaneous testing of 
two specimens of cemented carbides. 
The picture was taken at high tempera
ture after 15 min of wetting. The molten 
copper is strongly reflective. The ce
mented carbide to the left had a bright 
silvery surface, and a wetting angle of 
about 60 deg was found after cooling. To 
the right a dull dark grey surface resulted 
in an angle of 92 deg. 

When investigating the cemented car
bides, attention was drawn to aluminum 
dissolved in the cobalt binder; this turned 
out to be a rather extensive problem 
which was made the subject of a sepa
rate investigation. 

Superalloys 

The primary results are presented as 
graphs showing pressure, temperature 
and exposures as functions of time. Fig
ure 6 depicts results for a specimen (no. 1 
in Table 1) that was heated to 1000°C 
(1832°F) by radiation heating from 
molybdenum elements. Arrows indicate 
exposures, three of which are shown in 
Figs. 7-9. 

Before the heating was started, the 
pressure was 4 • 10~3 N/m2 . Rises in 
pressure are seen in Fig. 6 after 1-2 min 
due to degassing of the heating elements, 
and after about 7 min probably due to 
evaporation of an organic binder from 
the brazing filler metal granulate —and, 
finally, a minor degassing process sets in 
when the brazing filler metal melts. 

Based on results depicted by Figs. 6-9, 
the brazing filler metal starts to melt at 

o o 
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Heating Time - min. 

Fig. 6—Pressure, temperature and exposures during wetting experiment with specimen no. 1 of 
Table 1 
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Table 1 --Wetting Experiments 

Specimen Base 
no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

material 

X-750 
X-750 
X-750 
X-750 
X-750 
X-750 
X-750 
X-750 
600 

Heating 
bya") 

M o 
Mo 
Mo 
Mo 
Gr 
Dir 
Dir 
Dir 
Dir 

Kept 29 min 
at 800°C 

No 
No 
No 
Yes 
Yes 
Yes 
Yes 
No 
Yes 

Wetting 
temperature, °C 

1000 
1000 
1000 
1000 
1000 
980 

1050 
980 
980 

Pressure 
at start, 
mN/m 2 

4 
0.8 
2 
5 
5 
5 

67 
67 

2 

Pressure at 
wetting, mN/m 2 

16 
8 
4 
5 
5 
4 

67 
67 

2.7 

(a) M o — molybdenum band; Gr —graphite paper; Dir —direct resistance heating. 

about 900°C (1652°F); this is in good 
agreement with the nominal value. There 
are no wetting problems, and the molten 
brazing filler metal clearly spreads under 
an oxide layer. Scratches on the initial 
surface (Fig. 7) can still be seen as traces 
on the oxide layer on top of the molten 
brazing filler metal (Fig. 9); this indicates 
that the oxide layer existed before the 
melt reached these areas. Traces of the 
rolling direction can be seen, no doubt 
due to segregations. Through a tunnelling 
effect, the oxide layer is lifted in a rather 
undamaged state by the molten brazing 
filler metal. Dross on top of the molten 
brazing filler metal is considered to con
sist of oxides stemming from the granu
lates. 

The results of the wetting experiments 
are summarized in Table 1. The results of 
the auger analysis are available as depth-
profiles showing the constituents as func
tions of the depth under the surface. A 
summary of this series of analysis is given 
in Table 2. Figures 10 and 11 present 
depth-profiling results for specimens 13 
and 14. 

The thickness of the oxide layer of Fig. 
10 is about 5 nm, whereas that of Fig. 11 
is >120 nm.* The difference between 
the two can be traced back to a protect-

'1 nm = 10~9m = 10~6 mm = 0.4 X 10~7 in. 

ing effect of the cover of brazing filler 
metal granulate. Presumably the surface 
oxide consists mainly of TiC>2-

Molybdenum was identified on the 
surface of specimen 12 in its metallic 
state; aluminum was not identified. How
ever, at the position of the low-energy 
signals by which aluminum could be 
detected, there are difficulties discrimi
nating between the lines of the spectra. 

Combined results of wetting experiments 
and auger analysis 

The chemical composition of the base 
material proved to be of some influence 
at higher pressures. The results of prelim
inary experiments showed that, at pres
sures of about 2 N/m2 , Inconel 600 was 
wetted whereas X-750 was not. No influ
ence from the heating arrangements was 
found, although there was a chemical 
interaction, molybdenum (Mo) being 
identified on the surface of a specimen 
being heated by radiation from Mo-
bands. 

Specimens 4-6 heated by the three 
different methods had practically the 
same wetting temperatures. The results 
of the auger analysis did not reflect any 
influence from the different heating 
arrangements, the starting pressure and 
eventual covering of the surface with 
brazing filler metal granulate being the 
dominant influence. 

The influence of pressure at the start 
of the heating appeared to be important. 
Comparing specimens 6 and 7 of the 
wetting experiments, both with direct 
heating and being kept at 800°C (1472°F) 
for 29 min, it is seen that wetting 
proceeds at 980°C (1796°F) when start
ing from 5 • 10~3 N/m2 , but at 1050°C 
(1922°F) when starting from 7 • 10"2 

N/m2. It was noted that, in the latter case, 
wetting proceeded under a thick oxide 
film. 

Auger analysis also indicated that the 
thickness of the oxide layers depended 
upon the initial pressures. For specimen 
10 starting with 0.8 • 10 - 3 N/m2, the 
thickness was 15 nm; on specimen 14 
that started with 9 • 10 - 3 N/m2 , a thick
ness greater than 120 nm was found. 

Holding constantly at 800°C (1472°F) 
for 29 min was found to hamper wetting 
to a considerable degree. Specimens 7 
and 8 started from a pressure of 6.7 
• 10~2 N/m2 . Specimen 8 without a dwell 
time at 800 °C (1472°F) wetted at 980 °C 
(1796°F), specimen 7 with such dwelling 
wetted at 1050°C (1922°F). A thick oxide 
layer was noted in both cases. 

The results of auger analysis proved 
that a cover of braze metal granulate 
protected the underlying surface from 
oxidation from the residual gases in the 
stage. Both specimens 13 and 14 were 
heated by radiation from graphite ele
ments with practically the same initial 

Fig. 7—Wetting experiment. Exposure at 
about 800°C(1472°F). Ref. Fig. 6. Brazing filler 
metal still solid 

Fig. 8 — Wetting experiment. Exposure on 
reaching brazing temperature. Ref. Fig. 6 

Fig. 9 — Wetting experiment. Exposure at the 
end of brazing cycle. Ref. Fig. 6 
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Fig. 10 — Depth-profile obtained by auger anal
ysis on specimen 13 of Table 2. Surface 
protected by brazing filler metal granulate 

pressures of 8 • 10"3 N/m2 and 9 • 10~3 

N/m2 . The brazing filler metal covered 
specimen had only a 5 nm thick oxide 
layer, whereas the layer on the unpro
tected specimen was thicker than 120 
nm. Thus, there can be no doubt that the 
brazing filler metal granulate exerted a 
protecting influence; in the present case 
this resulted from a getter effect due to 
the strongly reducing character of the 
BNi-7 with its contents of P and Cr. 

Whether an inert brazing metal also 
would have a protecting influence based 
on the pure kinetic barrier effect is an 
interesting question. According to Wal-
dron ef al. (Ref. 5), a Au-Ni brazing metal 
has shown such an effect. Furthermore, 
referring to the above-mentioned getter 
effect, it must be realized that all the 
wetting experiments in the investigation 
described here were performed, by 
implication, under the influence of that 
effect. This circumstance may have 
impaired the effects exerted by other 
variables such as pressure, temperature, 
dwell time and way of heating. 

It must now be assumed that establish
ing a metallic contact between the mol
ten brazing filler metal and the base 
material was facilitated by the near 
absence of the oxide layer under the 
BNi-7 granulate. Starting from this easily 
wettable area the molten brazing filler 
metal continued the wetting process by 
the tunnelling effect under the considera
bly thicker oxide layer on the unpro
tected part of the surface. 

Conclusions 

The results of the investigation 
described in this paper allow the follow-

Auger intensity, 

arb i t rary units 

50 100 
Fig. 11 — Depth-profile obtained by auger analysis on specimen 14 of Table 2. Surface exposed to 
residual atmosphere of hot stage 

Table 2 -

Specimer 

no. 

10 
11 
12 
-13(0 

14 

-Auger 

l 

Analysis on 

Heat ing 

by<a> 

Cr 
Dir 
Mo 
Cr 
Gr 

Heat Treated Inconel X-750 

Pressure 
at start, 
mN/m 2 

0.8 
5 
5 
8 
9 

Pressure after 
45 min of 
heating, 
mN/m 2 

2 
2.4 
2.7 
2.7 
4.7 

Thickness 
of oxide 
layer,'6' 

nm 

15 
> 40 
> 35 

5 
>120 

(a) M o - molybdenum band; C r - g r a p h i t e paper; D i r - D i r e c t resistance heating. 
(b) At > the analysis was stopped before the oxide layer had been crossed. 
(c) Covered by brazing filler metal granulate during heat treatment. 

ing conclusions to be made: 
1. Optical hot stage microscopy per

mits direct observation of wetting pro
cesses, and with this temperature, pres
sure and exposures can be simultaneous
ly recorded. 

2. Pressure, chemical composition of 
atmosphere and heating arrangement 
can be freely selected. 

3. For the investigation of cemented 
carbides, conductive heating from a 
molybdenum heating element was estab
lished. 

4. For investigating the wetting of 
Inconels by BNi-7 with direct resistance 
heating of fl-shaped specimens and with 
indirect heating by radiation from heating 
elements, it was necessary to obtain reli
able temperature measurements. 

5. For the inconel/BNi-7 combination, 
full recording was essential, the wetting 
behavior depending on the environment 
in the hot stage. 

6. No interaction with the heating 
arrangements was found, and indirect 
heating with graphite or molybdenum, as 
well as direct heating, gave the same 
results when wetting X-750. 

7. Degassing of the brazing system 
took place in three steps: initially degass
ing of heating elements; at 200-400°C 

(392-752 °F) presumed evaporation of 
the organic binder from the cement of 
the brazing filler metal granulate; and, 
finally, the escaping of minor amounts of 
gases from the brazing filler metal when it 
melted. 

8. A difference in wetting behavior of 
the two base materials Inconel 600 and 
X-750 was only found at the relatively 
high pressure of 2 N/m2. 

9. An increase of initial pressure from 
5 • 10~3 N/m2 to 7 • 10~2 N/m2 raises 
the wetting temperature from 980°C 
(1796°F) to 1050°C (1922°F) when direct 
heating of Inconel X-750 and holding at 
800°C (1472°F) are applied. Auger analy
sis also proved that the oxide layer 
becomes thicker as the initial pressure 
gets higher. 

10. By omitting the holding period at 
800°C (1472°F) the wetting temperature 
is lowered from 1050 to 980°C (1922 to 
1796°F) for an initial pressure of 7 • 10"2 

N/m2 , apparently due to a thinner oxide 
layer in that a shorter time has been 
available for oxide growth. 

11. In all cases wetting proceeded 
under a surface layer of oxide with a high 
Ti02 content. 

12. Comparison of two specimens — 
one with a brazing filler metal on the 
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surface, another with a free surface — 
heat treated under nearly identical condi
tions clearly showed a getter effect of the 
brazing filler metal. 

13. All wetting experiments were per
formed under the influence of a getter 
effect that may have impaired the effects 
of the conditions tested. 

14. The establishing of metallic con
tact between the brazing filler metal and 
the base material during melting of the 
former is facilitated by the near absence 
of an oxide layer under the brazing filler 
metal if the partial pressure of 0 2 is not 
too high. 

15. Starting from an easily wettable 
area, the molten brazing filler metal con
tinues the wetting process by spreading 
under the considerably thicker oxide lay
er on the unprotected part of the surface 
by a tunnelling effect. 
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Local Stresses in Cylindrical Shells Due to External Loadings on Nozzles—Supplement to WRC Bulletin No. 
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