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A Study of Aluminum Brazing Filler Metals 
Using Hot Stage Scanning Electron Microscopy 

The volatilization of magnesium from filler metal 

disrupts surface oxide layers, thereby enhancing filler metal flow 

BY B. McGURRAN AND M. G. NICHOLAS 

ABSTRACT. Hot stage scanning electron 
microscopy has been used to study the 
behavior of brazes in aluminum made 
under vacuum. The technique has been 
employed to observe the surface 
changes which a brazing filler metal expe
riences on heating. These changes have 
been found to be dependent on the 
composition of the brazing filler metal 
and, in particular, its magnesium con
tent. 

Above a certain level, magnesium gave 
the brazing filler metal an ability to 
"clean" itself. Exudation of liquid at 
555°C (1031 °F) disrupted the surface 
oxide layer, resulting in a swelling that 
was driven by magnesium volatilization. 
This process weakens the surface oxide's 
resistance to flow that occurs when the 
brazing filler metal becomes fully molten 
and the exudations collapse. 

Aluminum-silicon binary alloys and 
alloys of low magnesium content lack the 
ability to deform their surfaces apprecia
bly. Even when fully molten, the brazes 
are retained under their own oxide; this 
severely hampers their ability to wet and 
flow. 
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Introduction 

Brazing under a vacuum is now in 
common use as a method for joining 
aluminum, particularly in the assembly of 
heat exchangers. However, the process 
does have limitations. For bonding to be 
achieved, the liquid brazing filler metal 
must wet and flow over the pieces that 
are to be joined. The ability of aluminum 
to form a stable, tenacious oxide film 
seriously hampers the attempts of liquid 
filler metals to wet it. Also, if it is to flow, 
the brazing filler metal must be able to 
overcome the restraint applied by its 
own oxide. 

To minimize these difficulties, several 
steps are normally taken: 

1. Good vacuum quality and work-
piece cleanliness is specified. 

2. Al-Si based brazing filler metal is 
applied as a thin cladding on one of the 
pieces to be joined. 

3. Additions of magnesium are used to 
"promote" wetting and flow. 

Promoters can either be applied exter
nally or can be incorporated into the 
braze composition. Terrill (Ref. 1) studied 
the effect of a number of additions and 
concluded that the key mechanism 
responsible for magnesium's ability to 
promote wetting was the direct reduc
tion of aluminum oxide by magnesium 
vapor. The magnesium would also be 
able to react with impurities such as 
oxygen and water vapor, thus "getter
ing" the environment; however, Terrill 

assessed this to be of secondary impor
tance. 

Magnesium is now usually introduced 
as part of the brazing filler metal compo
sition, and several authors have sug
gested that in this form the magnesium 
can initiate far more subtle changes to the 
braze surface. Winterbottom and Gil-
mour (Ref. 2) have asserted that magne
sium diffuses into the aluminum oxide 
which covers the braze, rendering it 
porous. It first becomes porous to more 
magnesium vapor which can getter the 
atmosphere; it later becomes porous to 
the liquid braze, itself, which wicks up to 
the surface of the oxide, to produce a 
clean, wettable layer. Anderson (Ref. 3) 
also acknowledged that magnesium first 
modified the aluminum oxide film which 
covered the braze cladding; however, at 
the onset of melting it permitted the 
rupture of this film by exudation of mol
ten eutectic. 

In the work described here, it was 
decided to employ a direct observation 
technique — namely, hot stage scanning 
electron microscopy — to study molten 
brazing filler metal surfaces as they were 
subjected to heating cycles. The investi
gation of the surface changes of Al-Si-Mg, 
Al-Si and Al-Mg alloys in this manner 
allowed a greater insight into the mecha
nism of braze oxide displacement. 

Materials and Techniques 

The brazing filler metals studied in this 
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Table 1 -

Si 

9.30 
9.70 

10.30 
10.60 
12.10 
7.50 

— 

-Compositions of Brazing Filler Metals Studied, % 

Mg 

1.45 
1.25 
0.70 
0.21 
0.11 
0.009 
1.00 

Fe 

0.32 
0.36 
0.40 
0.41 
0.33 
0.10 

— 

Mn 

0.025 
0.04 
0.22 
0.22 
0.01 
0.008 

— 

Cu 

0.01 
0.01 
0.14 
0.15 

-
0.001 

— 

Zn 

0.017 
0.03 
0.12 
0.12 
0.02 
0.001 

— 

Bi 

0.27 

— 
-
-
-
-
— 

Al 

Balance 
Balance 
Balance 
Balance 
Balance 
Balance 
Balance 

Formed 
exudations 

Yes 
Yes 
Yes 
No 
No 
No 
Yes 

Heating 
element 

Moveable 
stage 

Fig. 7 - Hot stage for a scanning electron microscope 

work were in the form of claddings on 
the surface of 3003 (AI-1.2% Mn) alloy. 
The compositions of the filler metals are 
listed in Table 1. For the high magnesium 
content alloys melting begins at the terna
ry eutectic temperature of 555 °C 
(1031 °F). In the case of the binary Al-Si 
filler metal and for many of the low 
magnesium alloys, melting is initiated at, 
or close to, the binary eutectic tempera
ture of 577°C (1071 °F). All the filler 
metals used would be fully molten at or 
below 590°C (1094°F). In addition to the 
commercial alloys, some experiments 
were conducted with high purity alumi-
num-1% magnesium sheet. 

Specimens were studied using an ISI 
Super IIIA scanning electron microscope 
which had been equipped with a heating 
stage. The device was based on the 
design of Cohen et al. (Ref. 4) and is 
illustrated schematically in Fig. 1. Speci
mens were held on a stainless steel cap 
by two locating screws. This cap fitted 
over a cylindrical pyrophyllite heater 
wound with tungsten wire. The heater 
was mounted on a prophyllite base and 
surrounded with stainless steel heat 
shields. The heater could be attached to 
the existing SEM stage, so that movement 
in the x and y directions was not im
peded. Temperatures were measured by 

a 0.5 mm (0.02 in.) diameter sheathed 
chromel-alumel thermocouple held in 
position on the specimen surface by one 
of the locating screws. In some experi
ments specimens were held in a recess 
cut into the stainless steel cap. This 
enabled surfaces to be observed at high 
tilt angles. 

Initially, results of experiments were 
recorded on still photographs. However, 
since the SEM camera required over 1 
minute (min) for each exposure, rapid 
surface changes could not be recorded in 
this manner. It was decided, therefore, to 
equip the SEM with a TV scanning system 
which allowed the specimen surfaces to 
be monitored continuously. A permanent 
record of the experiment could then be 
made on a video cassette. 

The scanning electron microscope is 
claimed to have a working vacuum in the 
10 - 5 mbar range.* To check the effect of 
the hot stage on the vacuum, a penning 
gauge was attached to the specimen 
chamber for several experiments. In gen
eral, the vacuum was found to deterio
rate from a value of 3 X 10~5 mbar when 
cold to a maximum of 8 X 10~5 mbar 
when the heater was in operation. There
fore, the hot stage experiment vacuum 
levels are quite compatible with those 
encountered in industrial joining pro
cesses. 

Results 

Al-Si-Mg Alloys 

The changes in appearance of the 
surface of aluminum-silicon brazing filler 
metal claddings, which contained appre
ciable amounts of magnesium, were 
observed using the SEM. When sub
jected to heating these samples normally 
changed very little until a temperature in 
excess of 450°C (842°F) had been 
attained. Beyond this temperature some 
of the specimens began to exhibit bright 
spots, such as those illustrated in Fig. 2. As 

*1bar= 1000 mbars = 0.987 atm = 29.53 in. 
Hg 

Fig. 2-Surface of Al-9.3% Si-1.45% Mg braz
ing filler metal cladding heated to approxi
mately 500°C (932°F) 

Fig. 3-Al-9.3% Si-1.45% Mg brazing filler met
al surface at 555 °C (1031c'F). Exudation of 
alloy through the original surface begins 

Fig. 4 —Same as Fig 3: temperature still at 
555°C (1031°F), but exuded areas have 
spread outwards over a period of several 
minutes 
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fig. 5-Exudedregion at 555°C(1031°F). Alloy 
globules have been raised above the original 
surface 

the specimen temperature continued to 
rise, these spots would fade and eventu
ally could not be distinguished from the 
rest of the surface. 

At the Al-Si-Mg ternary eutectic tem
perature of 555°C (1031°F), a much 
more drastic surface change could be 
observed. The original brazing filler metal 
surface began to be disrupted by exuda
tion of alloy —Fig. 3. This welling up of 
alloy continued, and the exudations grad
ually spread outwards over a period of 
several minutes at this temperature —Fig. 
4. Closer inspection showed that these 
"exudations" consisted of a large number 
of globules which were raised above the 
old surface —Fig. 5. 

The microstructure, which corre
sponded to the onset of exudation for
mation, was observed by taking cross 
sections of cooled samples. A typical 
example is shown in Fig. 6. Partial melting 
can be seen to have taken place, and in 
addition to the uneven surface a number 
of voids were also observed. 

The formation of exudations was 
dependent on the surface condition of 
the brazing filler metal. On samples which 
had a polished surface, the spread of 
exudations was much more rapid. The 
formation of exudations was also depen
dent on alloy composition as can be seen 
from Table 1. Exudations were only 
observed in high magnesium content filler 
metals. The surface behavior of low mag-

fig. 6-Cross section of an Al-9.3% Si-1.45% 
Mg brazing filler metal which has been cooled 
down from 562 °C (1044 °F). Partial melting has 
occurred and voids are present in the struc
ture 

nesium and binary Al-Si braze alloys is 
described in the next section. 

Al-Si and Low Mg Content Alloys 

Heating these filler metals to their full 
brazing temperature did not produce 
extensive distortion of the braze sur
faces. Instead, the surfaces merely 
became rumpled as shown in Fig. 7. The 
suggestion that the liquid filler metal was 
being retained under an oxide skin was 
borne out on cooling —Fig. 8. The forma
tion of cells of primary aluminum caused 
wrinkling on the surface, and this 
remained apparent after the alloy had 
completely solidified in Fig. 9. 

It appears that, with these filler metals, 
the surface oxide film remains largely 
undisturbed, since there is no exudation 
process to disrupt it. 

Al-Mg Alloys 

Experiments conducted using polished 
AI-1% Mg substrates revealed that this 
alloy was also prone to exudation forma
tion at the onset of melting. At approxi
mately 640°C (1184°F), globules began 
to emerge through the surface, so that 
the substrate appearance became very 
similar to that of the Al-Si-Mg alloys at 
555°C (1031°F). Above 400°C (752°F), 

Fig. 7 —Surface of an AI-7.5% Si brazing filler 
metal cladding at 590°C (1094°F). Exudations 
are not observed, and only a surface rumpling 
is apparent 

these specimens also exhibited bright 
spots which ultimately faded as the tem
perature increased. 

The similarity between behavior of 
Al-Si-Mg and Al-Mg filler metals on heat
ing suggests that it is the presence of 
magnesium which is responsible for the 
surface changes which are observed. 

Exudation Formation 

The formation of exudations on mol
ten brazing filler metal surfaces may be 
an important aspect of the joining pro
cess. For this reason, it was felt that it 
merited further study. This was carried 
out using a closed circuit TV device which 
permitted specimen surfaces to be 
observed continuously. 

Figures 10-14 are photographs taken 
from a video recording of a brazing filler 
metal melting sequence. Figure 10 shows 
the specimen surface before the forma
tion of exudations. The surface was quite 
flat, with only a few scratches and rolling 
marks being discernible. When the speci
men temperature reached 555°C 
(1031 °F), the specimen surface became 
bumpy as exudations began to rise up — 
Fig. 11 (plate 10). Continued heating 
caused the exudations to swell, so that 
they soon became very pronounced — 
Figs. 12 and 13. The recording showed 

fig. 8—Same as Fig. 7, but cooled slightly. 
Solidification of aluminum cells has caused a 
surface "skin" to be highlighted 

Fig. 9 —Same as Fig. 7, but cooled below the 
binary eutectic temperature 

Fig. 10 — A high tilt micrograph showing an 
Al-9.3% Si-1.45% Mg braze surface at 525°C 
(977°F) 

WELDING RESEARCH SUPPLEMENT 1297-s 



fig. 11-Same as Fig. 10, but at 555c'C 
(1031 °F). Exudations are just beginning to 
form, disrupting the original surface 

Fig. 12 —Same as Fig. 10, but at approximately 
565"C(1049oF). The exudations are just begin
ning to form, disrupting the original surface 

Fig. 13 —Same as Fig. 10, but at approximately 
575°C (1067"F). The exudations have become 
greatly enlarged 

Fig. 14-Same as Fig. 10, but at 577°C 
(1067°F). As the alloy approaches the fully 
molten state, the exudation structure collapses 
and braze flow takes place 

that exudations did not re-solidify after 
their emergence; instead, they appeared 
to be quite viscous globules which 
expanded steadily. 

When specimens reached the 577°C 
(1071 °F), binary eutectic temperature, 
most of the brazing filler metal became 
molten. Quite often, this led to the col
lapse of the exudation structure and sig
nificant brazing filler metal flow —Fig. 14. 
Figure 15 shows a cross-section corre
sponding to this condition. The micro-
structure has been produced by cooling 
an entirely molten brazing filler metal. 
The molten metal had been unable to 
support the exudations that had formed 
previously, and so the surface appears 
quite flat. However, in some experiments 
the collapse and flow were minimal. Poor 
vacuum quality, slow heating rates, and 
poor surface condition were factors 
which inhibited collapse and flow. 

Discussion 

The observations made by the use of 
hot stage scanning electron microscopy 
in this work may have relevance to the 
theories that have been put forward by 
others. For example, it has been noted 
(Ref. 2) that magnesium vaporization 
takes place above 400°C (752°F) with 
Al-Si-Mg brazing filler metals. This is in 
agreement with a model for oxidation of 

Al-Mg alloys proposed by Field, Scamans 
and Butler (Ref. 5). In this theory it is 
suggested that magnesium diffuses into 
the amorphous aluminum oxide, reacting 
with it to form crystallites of MgO or a 
spinel. These stress that the alumina to 
fracture and the fissures are sites which 
permit rapid transport of oxygen and 
magnesium and hence accelerated oxida
tion. 

It is now conceivable that the bright 
surface spots observed in experiments in 
this work (e.g., Fig. 2) are indicative of the 
reaction between diffusing magnesium 
and either the oxide or the atmosphere. 
However, the benefit of this phenome
non is difficult to assess. Although the 
magnesium vapor can take oxygen and 
water vapor out of the system, it is 
inevitable that the oxide on the brazing 
filler metal will still be increasing its thick
ness as it is heated to the brazing temper
ature. 

The hot stage experiments show that, 
at the onset of melting, the magnesium in 
the alloy initiates a more dramatic surface 
change. As shown in Figs. 3-5, material 
exudes through the original surface. It 
seems likely that this exudation process is 
responsible for the disruption and frag
mentation of the original surface oxide, 
making the oxide less effective as a barri
er to macroscopic flow. 

The fact that exudations are observed 
at the onset of melting in Al-Si-Mg and 
Al-Mg alloys but not Al-Si alloys indicates 
that it is the presence of magnesium that 
is crucial to this phenomenon. Work by 
Anderson (Ref. 3) and Singleton and 
McNamara (Ref. 6) has shown that the 
brazes undergo appreciable weight loss 
at and above the ternary eutectic tem
perature; consequently the exudation 
formation may be attributed to the vola
tility of the magnesium. Further evidence 
of this was provided by experiments 
using the closed circuit TV which showed 
the gradual swelling of the exudations, 
and by the metallographic cross sections 
which highlighted the presence of bub
bles in the braze. Magnesium does not 
appear to be unique in its ability to initiate 

this exudation process. Hot stage experi
ments carried out with Al-Si-Zn alloys also 
produced surface disruption by welling 
up of molten alloy. 

Results of the experiments described 
here suggest that there is a minimum 
magnesium concentration required for 
the formation of exudations. Below this 
concentration Al-Si-Mg brazing filler met
als behaved rather like Al-Si binary alloys, 
although evidence of magnesium diffu
sion below the melting temperature was 
still apparent. 

When molten, the Al-Si brazing filler 
metals were retained under an oxide skin 
and did not have a mechanism for dis
turbing the oxide. This means that there 
would be little opportunity for clean 
liquid brazing filler metal to come into 
contact with any workpiece with which it 
is intended to form a bond. In practice, 
therefore, Al-Si is less satisfactory as a 
vacuum brazing filler metal and relies 
more heavily on factors such as joint 
design to facilitate wetting. 

The use of the hot stage SEM clearly 
illustrated the factors which can hamper 
the formation of good brazed joints. 
Braze specimens which were covered 
with thick oxides were much more diffi
cult to disrupt by the exudation of clean 
alloy. Poorly cleaned specimens also 
resisted the formation of exudations. This 

*#KJH!S. J V ••-, 

f 

Fig. 15—Microstructure produced by cooling 
from 59WC (1094"f). The surface is much 
flatter than that shown in Fig. 6, since the 
molten brazing filler metal was unable to 
support the exudations that had formed 
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is probably due to the contaminants 
accelerating the rate of oxidation of the 
braze. For example, it has been shown 
(Ref. 7) that carbon can appreciably thick
en the oxide formed on magnesium-
containing alloys. Poor vacuum quality 
can also cause the surface oxide to thick
en as the braze is heated. In addition to 
inhibiting exudation formation, a poor 
vacuum could cause re-oxidation of the 
exudations that do form, making them 
less likely to collapse and flow once the 
braze becomes fully molten. 

The exudation process is advanta
geous in the brazing of aluminum under a 
vacuum, since it "cleans up" the brazing 
filler metal surface. However, that advan
tage is short-lived. Factors which permit 
re-oxidation, such as poor vacuum quali
ty and slow heating rate, may turn the 
presence of magnesium from being an 
advantage into a liability. 

Conclusion 

The disruption of the oxide layer 
present on the brazing filler metal is vital 
to the success of brazing of aluminum 

under a vacuum. Some magnesium-con
taining filler metals can disrupt their own 
oxide by a process of alloy exudation 
which is initiated at the onset of melting, 
at 555°C (1031 °F). The driving force for 
this welling up of liquid is provided by 
volatilization of magnesium in the eutec
tic liquid. Once the alloy becomes fully 
molten, the exudation structure collapses 
and the brazing filler metal flows. 

Aluminum-silicon binary filler metals 
and low magnesium filler metals are 
unable to disturb their own oxide signifi
cantly. Even when fully molten, the braz
ing filler metal is retained under its own 
oxide skin. 
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Fundamentals of Weld Discontinuities and Their Significance 
By C. D. Lundin 

This document describes the occurrence of the common weld discontinuities f rom both the 
metallurgical and process standpoints. The discontinuities are delineated in terms of their morphology in 
the weld on both a macroscopic and microscopic scale and the relationship of the NDT method for 
discontinuity revelation is described in terms of the discontinuity characterist ics. 
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Announcement and Call for Papers 
The 3rd International Conference on Aluminum Weldments will be held at the Technical University of 

Munich, FRG, April 15-17, 1985. The Conference will cover all phases of aluminum weldments, 
including design and construction, applications, material characteristics and welding technology. The 
WRC Aluminum Alloys Committee is a cosponsor of the Conference. For more information, contact: 
W. W. Sanders, Jr., Engineering Research Institute, Iowa State University, 104 Marston Hall, Ames, Iowa 
50011. (515)294-2336. 
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