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Removal of fine particles with less than 30-pm diameter is the key to obtaining 
excellent powder aluminum brazing filler metal 
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ABSTRACT. Brazeability of atomized Al- 
l 0Si powder filler metal was investigated 
in relation to the processing atmosphere 
and powder size by evaluating the fillet 
formability on a T-type joint. Atomized 
powders were mixed with KAIF4-K3AIF 6 
system noncorrosive brazing flux and or- 
ganic binder to obtain a brazing paste. 

The fillet formability depended on the 
flux content, atomizing atmosphere and 
powder size. The paste made of air-at- 
omized powder required more flux to 
achieve a sound fillet formation. On the 
other hand, the argon-atomized powders 
formed a sound full length fillet using the 
paste with less flux. Both the powders 
sorted to remove fine particles and the 
powders with low-oxygen content were 
found to be suitable for brazing filler 
metal powders, because they required 
less flux content to obtain sound fillet for- 
mation under the same brazing condi- 
tions. Atomizing under protective atmos- 
phere and removing fine particles were 
important to obtain excellent brazeabil- 
ity with low flux content. The oxygen 
content of the powder filler metal was 
found to be a good way to predict braze- 
ability. The less oxygen content powder 
provided excellent brazeability. Removal 
of the fine particles with less than 30-pm 
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diameter is the key to obtaining excellent 
aluminum powder brazing filler metal, 
because the smaller particles have higher 
oxygen concentrations. 

Introduction 

Aluminum and its alloys have been 
widely used in heat exchangers for the 
automobile and electric power industries 
due to their high thermal conductivity 
and low density. Brazing is one of the key 
technologies used to assemble alu- 
minum heat exchangers with high qual- 
ity and performance. A wide variety of 
brazed aluminum heat exchangers have 
been produced by various brazing 
processes under vacuum, protective gas 
or air atmosphere (Refs. 1-5). In alu- 
minum brazing, the brazing sheets with 
clad filler metal on the core material offer 
excellent brazing performance and qual- 
ity for the assembly of heat exchangers, 
and have been widely used in various 
brazing processes (Ref. 6). Recent de- 
mand to braze complicated shapes is in- 
creasing, leading to the enhanced neces- 
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sity for placing the brazing filler metal at 
the braze parts. For this purpose, brazing 
paste offers a wide freedom of design and 
application; however, the paste made of 
powder filler metal, having a large spe- 
cific surface area, may exhibit poor 
brazeability due to its high oxide content 
per unit volume. Powder filler metal is 
popular in nickel-based brazing filler 
metal with poor cold workability (Refs. 7, 
8). The brazeability of aluminum powder 
filler metal has not been studied in detail 
yet. Recently, the production of low-oxy- 
gen aluminum powder has become pos- 
sible; therefore, the present work is 
aimed to investigate the brazeability of 
aluminum powder filler metal. 

Fluxless brazing with powder alu- 
minum filler metal is rather difficult be- 
cause the filler metal does not coalesce 
resulting in undesirable appearance of 
the fillet (Ref. 9). The reason for poor 
brazeability with powder filler metal was 
thought to be due to the vaporized mag- 
nesium, which accumulated and oxi- 
dized among stacked powder particles, 
leading to the poor coagulation of each 
particle (Ref. 9). Vacuum brazing using 
magnesium-bearing powder filler metal 
seemed to be impossible under the con- 
ventional vacuum level. Recently, a non- 
corrosive flux brazing process has been 
widely adopted. This process has the ad- 
vantages of flux residue removal, be- 
cause the residue is stable, i.e., noncor- 
rosive due to its little solubility in water. 
Therefore, it has been adopted in the pro- 
duction of heat exchangers, such as par- 
allel flow type condensers and radiators 
for automobile use. In the production of 
these heat exchangers, the additional set- 
ting of brazing filler metal is sometimes 
necessary to obtain the stable and sound 
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Table 1 --Atomizing Method, Chemical Composition, Mean Diameter, Oxygen Content and Expression of Al-lO%Si Powder Filler Metals 

Powder 
No. 

1 
2 
3 

Powder 
Production 

Method 
Atomizing Atomizing 

gas atmosphere 

Element (mass %) Mean Expression 
diameter 

Cu Fe Si AI (lam) Powder Size 

68 Coarse 
Air Air 0.04 0.46 9.75 Bal. 35 Air powder Medium 

27 Fine 
4 67 Coarse 
5 N2 Air 0.03 0.42 10.07 Bal. 49 Semi-inert Medium 
6 27 powder Fine 
7 91 Extremely coarse 
8 59 Coarse 
9 Ar Ar 0.01 0.57 9.71 Bal. 46 Inert powder Medium 

10 27 Fine 

brazing results especially in pipe-to-pipe 
or sheet-to-pipe joining with a small ra- 
dius of curvature. 

The present work investigated the per- 
formance of powder aluminum brazing 
fi l ler metal with a noncorrosive flux. 
Brazing pastes containing KAIF4-K3AIF 6 
noncorrosive flux were used in the braz- 
ing tests. 

Experimental Procedures 

Powder Filler Metal 

Characteristics of the powder brazing 
filler metals used are listed in Table 1. AI- 
10%Si (BA4045, BAISi-5) alloy was se- 
lected as a brazing fi l ler metal and a 
powder of this alloy was produced by at- 
omization. Depending on the atomizing 
atmosphere, the powder types were clas- 
sified into three groups. The first type is 
an air-atomized powder where both at- 
omizing gas and atmosphere were used. 
The powder included in the second 
group was atomized in an air atmosphere 
by using nitrogen as the atomizing gas. 
The last type of powder was atomized in 
an argon gas atmosphere using argon as 
the atomizing gas. In the present work, 
depending on the oxygen concentration 
in the atomizing atmosphere, the pow- 
ders of the first, second and third types 
are referred to as air powder, semi-inert 
powder and inert powder, respectively. 

The powders were sorted using sieves 
and the size distribution of screened 
powder was measured by the microtrack 
method. According to the mean diame- 
ter, the powder was classified as fine, 
medium, coarse and extremely coarse. 
The powder shape was observed by 
scanning electron microscope (SEM). 

The oxygen content of powder was 
measured by the inert gas fusion method 
in an impulse furnace. Powders were 
melted rapidly in a graphite crucible by 
applying the electric current to a crucible 

and oxygen content was determined by 
measuring the liberated gas with a 
nondispersive-type infrared absorption 
detector. The specific surface area was 
measured as one of the powder charac- 
teristics. It is defined as the surface area 
of a powder per unit volume or per unit 
mass (weight). In the present study spe- 
cific surface area was defined by mass 
(weight), and the SI unit adopted is m2/g. 
The specific surface area of the powder 
was measured by the nitrogen adsorption 
method, and the thickness of oxide film 
on the powder was calculated from the 
oxygen content and specific surface area. 

The powder fil ler metal was made 
into brazing paste by mixing KAIF 4- 
K3AIF 6 noncorrosive flux system and or- 
ganic binder of polymerized olefin, poly- 
olefin - -  Fig. 1. The added organic 
binder decomposed during braze heat- 
ing and gave no detrimental effect on 
brazeability. The flux content was de- 
fined as the percentage of flux mass to 
powder mass in paste. 

Brazing 

The brazeability was evaluated by a 

fillet formation test on a T-joint specimen 
- -  Fig. 2. The base metal was AA3003 
alloy of AI-1%Mn with a thickness of 3 
mm. A certain amount of paste, 260 mg, 
was placed only on one side of the verti- 
cal part. The paste placement side is 
called side A and the opposite backside 
is called side B. After the brazing test, the 
total length of the formed fillet was mea- 
sured at side A and side B, respectively. 
There was no joint clearance between 
the vertical and horizontal parts. Making 
a joint clearance of 50 pm between the 
two parts had little influence on the fillet 
formability. Fillet formability is defined as 
follows: 

Fillet formability (%) = 100.FLA/50 
(for side A) 
=100 FLB/50 

(for side B) 
where, FLA and FLB are the total fil let 
length in mm at side A and side B, re- 
spectively. 

Noncorrosive flux brazing was per- 
formed in a protective atmosphere, in the 
present work, brazing tests were con- 
ducted in high-purity argon gas at 600°C 
for 300 s, which is normal brazing con- 

I POWDER 

I 
J AF10~S~(BA404S,BAISi-S) ~ KAIF4-K:~AIF , [ORGAN~ BINDER 
Atomizing gas: Air. Nz. Ar " I l I  (ALCAN ~ O K  type)" 
Atomizing atmosphere: Air, ~ I Soidius:SGZ "C(1044F) 
Mean diameter. 2.7~91 p m / Content: 1 ~ 101v.vi. powder 

(1.1 ~3.6mil) / 
[ ~  Powder filler metal: 63~67% 

Flux: 6.3~0.7~ 
Organic i~indet:. Bal. 

~ Atmosphere: Ar gas 
Temperature: 600 "C ( 1112 F) 
Holding ti~e: 300s(Smin) 
Heitifbg rate:0.6S "C/s(1 .ZF/s) 

Fig. 1 - -  Procedure to make brazing paste and conditions for the brazing test. 
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V 
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i~f  (Set,~) II (B~k ~,*) 

Brazing paste (Z6Omg) F 

h,ool (2.0in} 
60mm 
(~'.4in) 

Brazing 

Thickness : 3mm 
(o.1 z~) 

Surface treatment : 1%HF+2%HNO 3, R.T., 30s 

Shape and size of brazing specimen 

Fillet formability (%) 

Side A : 100  • FLA/50 
Side B : 100  • FLB/50 

FLA 

Side A 

SideB F~LB 1 
F B ~ Fillet 

Evaluat ion o f  b razab i l i t y  

Fig. 2 - -  Shape and size of brazing specimen (left), and the definition of fillet formability (right). 

dition for AI-10%Si filler metal. The heat- 
ing rate up to 570°C was 0.65°C/s, and it 
required about 18 min to reach the braz- 
ing temperature. 

Experimental Results 

The shape of atomized powders de- 

pended on the atomizing methods. Fig- 
ure 3 represents the scanning electron 
micrographs of powder filler metals. The 
air powders showed an irregular shape, 
which is characteristic for powders pro- 
duced in an oxidizing atmosphere, 
whereas inert powders are consisted of 
spheres, which corresponds to the atom- 

Air powder  

(Air  - *  Air )  
Irregular 

Semi-inert powder  

(N2  ---, Air )  
Semi-spherical  

Inert powder  

(Ar --* Ar) 
Sphencat  

Fine 

Med ium 

Coarse  

25,0 # m I I 
Io u,~ Extremely 

' ' coarse 

Fig. 3 - -  Scanning electron micrographs of powder filler metals. 

izing under a nonoxidizing or low-oxy- 
gen atmosphere. The semi-inert powders 
contained both large irregular and small 
spherical powders. It is possible to con- 
clude from the shape of the powder that 
the inert powders consisted of spheres 
having less oxide than both air and semi- 
inert powders because of the low specific 
surface area. 

Figure 4 indicates the effect of flux 
content on fillet formability for the air 
powders. It is evident that the reduction 
of the flux content lowered the braze- 
ability with all powders for both sides A 
and B. Fillet formability at the paste 
placement side A is superior to the op- 
posite side B. The paste with 10% flux 
provided sufficient fillet formation for all 
air powders at the paste placement side 
A; however, fillet formation was partially 
interrupted at side B, showing differences 
in brazeability depending on the powder 
size. Both the reduction in flux content 
and fillet formability at the side B made 
the differences in brazeability of each 
powder clear. The brazeability obviously 
depended on the powder size. The result 
for the smaller particle size was worse. To 
obtain a sound fillet at side B with air 
powder, at least 10% flux content is nec- 
essary, only the coarse powder provided 
100% fillet formability at 5% flux. 

The side B exhibits the differences of 
powder characteristics more clearly than 
the side A (Fig. 4); therefore, the results of 
only side B are shown below. 

Figure 5 shows the results of semi- 
inert and inert powders. In both figures 
the fillet formability decreased with the 
reduction of flux content. Similar to the 
case of air powders, the fine powders 
have brazeability lower than the medium 
and coarse powders. Inert powders ex- 
hibit superior brazeability in comparison 
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to semi-inert powders. This difference in 
brazeability is especially remarkable in 
the case of fine powders. The flux con- 
tent of 10% is necessary to obtain 100% 
fillet formability in semi-inert fine pow- 
der; however, inert fine powder exhibited 
almost a 100% fillet at a low-flux content 
of 2%. Powders produced in a non-oxi- 
dizing atmosphere are preferable for 
brazing filler metals. As it was mentioned 
earlier, the noncorrosive flux residue re- 
moval is not required because the 
residue is stable. However, the residue 
degrades the appearance of joints, there- 
fore, the paste with less amount of flux is 
desirable. 

Figure 6 shows a specimen brazed 
with semi-inert powders containing 2% 
flux. At the side A, a smooth and uniform 
fillet was formed in all specimens irre- 
spective to the powder size. At side B, fil- 
let formation is partially interrupted in 
the case of medium powder, and fillet 
was partially formed when fine powder 
was used. 

Observation of the fillet formation se- 
quence through the transparent silica 
tube revealed that there are two types of 
fillet forming at the side B. One origi- 
nated from the penetrated molten filler 
between the horizontal and vertical 
parts, the other began from the edge of 
the vertical part flown from the place- 
ment position. On the whole, penetra- 
tion between horizontal and vertical 
parts was dominant. 

Figure 7 shows the size distribution 
and accumulation percent for the inert 
powders. In the case of the coarse and 
extremely coarse powders, fine particles 
were sorted out; therefore, the amount of 
the fine particles with less than 30-pm di- 
ameter is extremely small or zero in these 

two powders - -  
Fig. 7B. On the t , , , i 
other hand, fine 
powder No. 10 100 No. 1 , $ ~  ~ . . ~ O  
contains more 
than 60% of fine o-  , ~ " " ' N 0 .  3 (Side A) 
particles with less ~ '  8 0  / /  
than a 30-Flm di- ~'~ No. Z (Side g ) / / /  No. I (SideB) ,1~- 
ameter. Powders ~>~ 6 0  / / /  with removed fine " -  
particles exhibited ~ ~ ~ . i :  
excellent braze- E 4 0  
ability, whereas ,~O 
the No. 10 fine ~ 2 0  

powder with a ~-~ ~ 1  Powd%l ,2 :3 )  ,I 
mean diameter of 
27 pm had the 0 
worst brazeability 2 4 6 8 1 0 
among the inert 
powders. The Flux content (96) 
poor brazeability 
of the fine powder Fig. 4 - -  Effect o f  flux content on fi l let formabil i ty at side A, and side B for 
is related to the air powders. 

high oxygen con- 
tent in fine parti- 
cles of less than 30-1am diameter. To ob- 
tain excellent brazeability, it is obvious 
that the rejection of the fine particles less 
than 30 tJm in diameter is important even 
in the case of inert powders. 

Figure 8 shows the oxygen content of 
various powders with different diame- 
ters. The powder samples for analysis 
were carefully sieved to obtain the de- 
sired mean diameter. Oxygen content de- 
pended on the atomizing atmosphere 
and powder diameter. Air powders con- 
tained a large amount of oxygen but inert 
powders produced in a nonoxidizing at- 
mosphere contained a small amount of 
oxygen. Semi-inert powder contained al- 
most twice as much oxygen as the inert 
powders. Oxygen content increased with 

a decrease in powder diameter. Even in 
the case of inert powders, oxygen con- 
tent remarkably increased in powders of 
less than 30-pm diameter. 

The oxygen content directly relates to 
the amount of oxide on the powder sur- 
face, because the solubility of oxygen in 
solid aluminum is extremely low, 10-8% 
(Ref. 9). The essential role of brazing flux 
is to remove oxide film on both the pow- 
der filler metal and base metal and thus, 
ensure good wetting between them. Ac- 
cordingly, in the case of fine powders the 
supply of high flux is necessary to remove 
the oxide film on the fine particles and 
achieve sound fillet formation. Under the 
amount of supplied flux, the consump- 
tion of excessive flux required to remove 
surface oxide on the powder lead to the 
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i n  
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- 20 
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I ! u u i 
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Fig. 5 - -  Effect o f  f lux content on fi l let formabil i ty at side B. A - -  semi-inert powders; B - -  inert powders. 
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FILJx:2% Ser'ni-lnert powder 

Coarse MediLJm F~ne 
(No. 4) (No, 5) (No. 6) 

Side A ! ] 
• (Set side) 

Side B ~ l 
(Back side) . . . . . . . . . .  

50 mm 
I i 

2 inct~ 
i ! 

Fig. 6 - -  Specimen brazed with semi-inert powders with 2% flux. 

tent of 10% gave 
a sound fillet for 
powders with 
0.1% oxygen, 
which corre- 
sponds to the 
semi-inert parti- 
cle with the di- 
ameter of 30 pm 
- -  Fig. 8. Further 
reduction of flux 
should be ac- 
companied with 
the simultaneous 
reduction of oxy- 
gen content in 
powder to secure 

poor brazeability, because the flux quan- 
tity that reacts with oxide on the base 
metal surface would become small due 
to the reaction with oxides on the powder. 

Therefore, the poor brazeability of 
fine powder No. 10 is the result of the 
high oxygen content of the fine particles. 
The use of relatively large powders, 
which do not contain particles of less 
than 30-1am diameter, is the key to main- 
taining excellent brazeability with a 
powder filler metal. 

Figure 9 summarizes the effect of flux 
and oxygen content on brazeability. It is 
evident that both the increase in oxygen 
content and decrease in flux content low- 
ered the brazeability. The effect of oxy- 
gen content is more obvious in the case 
of the lower flux content. The fi l let 
formability drastically decreased with 
the slight increase of oxygen content. On 
the other hand, with the higher flux con- 
tent, f i l let formability gradually de- 
creased as the oxygen content increased. 

The maximum oxygen content that 
forms a 100% fillet decreased with de- 
creasing the flux content. The flux con- 

a 100% fillet formation. 

Discuss ion  

Both air powders and fine powders 
were found to lower the brazeability. The 
results are explained by the oxygen con- 
tent, i.e., amount of oxide on the powder 
surface. The increase in oxygen content 
is deleterious to the brazeability at all flux 
contents - -  Fig. 9. As indicated in Fig. 3, 
the shape of atomized powder depends 
on the atomizing atmosphere. Air pow- 
ders with an irregular shape have a larger 
specific surface area than inert powders 
with a spherical shape. The specific sur- 
face area influences the amount of oxide 
film, which was measured by the nitro- 
gen adsorption method - -  Fig. 10. Of 
course, the specific surface area in the 
case of air powder is larger than in the 
case of semi-inert and inert powders. 
Inert powder with spherical particles 
have the lowest specific surface area. 

Theoretically, the specific surface 
area is inversely proportional to the pow- 
der diameter if the powder is a sphere. 

The specific surface area decreases with 
an increase in powder diameter as shown 
in Fig. 10 for inert powders. 

For spheres, it is as follows: 

Specific surface area = 3/gr 

where, g = density and, r = radius of powder. 
The measured specific surface areas 

for semi-inert and air powders were 
larger than the theoretical relation, be- 
cause the sphere has the minimum spe- 
cific surface area. The reason that the 
specific surface area became constant in 
semi-inert and air powders between 
100-250 pm in diameter is not clear. 
However, it depends on the shape (irreg- 
ularity of surface morphology) of pow- 
ders as shown in Fig. 3. The wrinkles in 
the surface increase the specific surface 
area. 

The oxide film thickness can be cal- 
culated from the oxygen content and spe- 
cific surface area under the hypotheses 
that the surface oxide film consisted of 
AI2Og.3H20, gypsite, and oxygen; and 
they exist only in the surface film because 
its solubility is extremely low, 10 -8% (Ref. 
10). The following equation stands: 

S.t.d = W - AI203.3H20 

where S = specific surface area; t = oxide 
film thickness; d = specific gravity of 
AI203.3H20; W = the weight of oxygen 
in aluminum alloy powder of 1 g mass. 

The following values are known: 

d = 2.42 106g/m 3 

AI203.3H20/O 6 = 156/96 = 1.625 

Therefore, by putting measured W and 

r ' ,  SO [ (a)Inert powder 

~ 4° l I ~'"m"°'("o"°) II 
=u>'30~ m 4~"~ ~°"'~(N°9) H H / I I  

t ° ..... I III II 
oa" ZO ~ [] 91 ~.,.E~,~,yC0.,'.0(N0.71 

I I EillhJlllll 
:3.9 .5.5 7 .8  11 16  22. 31 4 4  62. 8 8  l Z 5 1 7  

Powder diameter (i~m) 

. . . . . .  0:4 -. 1 2  (m,) 

' ° °  I po. r ' 

g ,o t - - -  .,-,-..,°, / / 1 /  
,o F :::z:Z' / / / I  

"5 40 I" (.o.7) J / i I 
t f i l l  

I I 0 I 0 0  3 0 0  

Powder diameter (~m)  

Fig. 7 - -  Inert  powders.  A - -  Size d ist r ibut ion;  B - -  accumula t ion  percent. 
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Fig. 9 - -  Changes in fillet formability with oxygen content for vari- 
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Fig. I0 - -  Specific surface area for various powders. 
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Fig. 11 - -  Relation between oxide thickness and powder diameter 
for various powders. 

/ 
10 t" ooo0o o ,' x x x 

L L ~ Necessary flux(%) 
4-/ • - / O x O x y ~ n  c 0 n t e n t ( W )  

C 

C 004;)00 ," A X X X 
O o" 
U 4 0 

X 0 
:3 ' "  
u,. Z o~o= x x x x 

/ r l  
<3 ~ a(X 

i i 

0.0 0.1 0.2 0.3 
Oxygen content (%) 

Fil let f o r m a b ~ l i t y  

(~) 

o 1 0 0  

1 0 0  > u >90 

90 • • Z80 

x 80 

Fig. 12 - -  Classified fillet formability is plotted on the graph with 
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S, oxide fi lm thickness 
t is expressed as fol- 
lows: 

t = 6.71 x 10 -7 W / - S  

The obtained oxide 
thickness for the vari- 
ous diameter values is 
shown in Fig. 11. The 
thickness depended on 
the atomizing atmos- 
phere; air powders 
have thicker oxide film 
than semi-inert and 
inert powders. The 
thickness of the latter 
two powders was al- 
most constant irrespec- 
tive to the powder di- 
ameter, however, in the 
case of the air powder, 

it increased with the powder diameter up 
to 100 lam. 

In general, the solidification time in 
fine powder is shorter and the tempera- 
ture decreased to the room temperature 
more rapidly than in the case of coarse 
powder. Accordingly, under an air atom- 
izing condition, the coarse powders re- 
acted with oxygen in air for longer time 
at higher temperature compared to the 
fine powder. It resulted in thicker oxide 
f i lm on the surface. In semi-inert and 
inert atmospheres, the oxidation rate is 
too small to cause a difference in oxide 
film thickness. 

Figure 12 summarized the brazing re- 
sults, classifying them into the four 
groups according to the value of f i l let 
formability, as shown in Fig. 9. In the area 
of open circles, a sound fi l let was ob- 
tained for the full length. The area could 
be roughly divided by the dotted straight 
line shown in Fig. 12, meaning that the 
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necessary f lux content is 70 times the 
oxygen content when expressed in mass 
percent. Assuming that the molar weight 
of noncorrosive f lux is 153 and oxide fi lm 
is AI2Og.3H20, the necessary f lux mole 
is about 22 times the oxide film to obtain 
a sound 100% fil let at side B. From this 
figure, the necessary f lux content is de- 
rived if the oxygen content of the powder 
is known under the present experimental 
conditions. 

Conclusion 

Brazeabi l i ty of powder a luminum 
brazing fi l ler metal was investigated in 
noncorrosive f lux brazing process by 
using a brazing paste. The obtained re- 
sults are summarized below. 

1 ) The fil let formation test on a T-joint 
is effective for evaluating the brazeability 
of a powder fil ler metal in this brazing 
process. 

2) Brazeability depends on the pow- 
der production atmosphere that affects 
the oxygen content of powder. The use of 
powders with less oxygen content is ef- 
fective for producing a sound fil let with 
low flux content. The use of inert pow- 
ders atomized in a nonoxidizing atmos- 

phere is preferable; whereas, the use of 
air powder is not recommended. 

3) Oxygen content of the powder de- 
pended on the powder size. The de- 
crease in powder size increased the oxy- 
gen content. The oxygen content 
increased remarkably with a decrease in 
powder size to less than 30-pm diameter. 
Thus, removal of the fine particles with 
less than a 30-tJm diameter is the key to 
maintaining high brazing qual i ty wi th 
powder fi l ler metal. 

4) To obtain 100% fil let formability, 
the necessary f lux mass of paste is 70 
times the oxygen mass of powder fi l ler 
metal under the present experimental 
condition. 
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