
A Multilayer Clad Aluminum Material with 
Improved Brazing Properties 

An interlayer between cladding and core is shown to be an 
effective barrier against silicon penetration during brazing 

BY H. ENGSTROM A N D L.-O. GULLMAN 

ABSTRACT. Vacuum brazing has become 
an important technique for joining com
plex aluminum constructions, e.g., auto
motive radiators. The radiator parts are 
manufactured from braze-clad materials 
with AA 3003 or AA 6063 as the core 
alloy and AA 4004 as the cladding. 

At brazing temperature, silicon from 
the cladding will to some extent diffuse 
into the core material. The amount of 
diffusion or penetration depends on tem
perature, time and silicon contents in the 
cladding and core alloy. With a nonheat-
treatable core of the AA 3000 series, 
which has low-silicon concentration and a 
high and narrow melting range, the pen
etration is reduced and causes no prob
lem. However, using a heat-treatable 
core alloy of the AA 6000 series, the 
silicon diffusion is more pronounced due 
to higher silicon content in the core and 
lower and wider melting range. As silicon 
diffusion preferentially follows the grain 
boundaries, there are apprehensions that 
corrosion resistance and strength can be 
adversely influenced. The loss of silicon 
from the cladding also has an adverse 
influence on brazing flow properties. 

To improve the brazing and durability 
properties of the heat-treatable alloys, a 
multilayer clad aluminum material was 
developed. This material (known as Mul-
ticlad) has improved properties due to 
reduced silicon penetration. 
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This paper describes brazing experi
ments that were performed to illustrate 
the difference between Multiclad and 
standard clad material. 

Different clad sheet materials were 
heated at various temperatures and 
times. The silicon distribution across the 
cladding-core boundary was analyzed by 
glow discharge optical spectroscopy 
(CDOS) and scanning electron microsco
py (SEM). The microstructures of the 
joints were studied with an optical micro
scope. 

The results show that silicon penetra
tion along grain boundaries of the core 
was significantly delayed in Multiclad 
compared to standard material. More 
silicon remained in the cladding, and the 
penetration depth was reduced. 

The practical implications of these 
results are that with Multiclad more mol
ten braze material will be available for 
fillet formation. As direct consequences, 
these advantages can be expected: 

1) Improved brazeability due to more 
braze material available. 

2) Reduced risk of intergranular corro
sion. 

3) Improved strength of finished prod
uct. 

Introduction 

Automotive radiators are increasingly 
being manufactured of aluminum alloys 
joined by brazing. The clad sheet usually 

Fig. I — Structure of Multiclad 
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has a core of an alloy from the AA 3000 
series. 

The mechanical properties of the heat-
treatable AA 6000 alloys are, however, 
superior to those of the AA 3000 alloys. 
The strength is desirable from the radiator 
manufacturers' point of view. Radiator 
manufacturers want to minimize gauges in 
order to save weight and material cost. 
With high-strength radiators, higher inter
nal pressure in the cooling medium can be 
allowed and thus increase the cooling effi
ciency, and better resistance to fatigue 
failure can be expected. 

Compared to AA 3000 alloys, the yield 
strength of AA 6000 alloys can be four to 
five times as high after heat treatment, 
but the disadvantages of AA 6000 alloys 
are their lower melting temperature and 
higher susceptibility to silicon penetration 
from the cladding into the core. As silicon 
diffusion preferentially follows the grain 
boundaries, there are apprehensions that 
corrosion resistance and strength can be 
adversely influenced. The loss of silicon in 
the cladding also influences flow proper
ties adversely in vacuum brazing, as well 
as in dip brazing. To utilize the high 
strength of AA 6000 alloys without any of 
their disadvantages, a multilayer clad 
material (Multiclad) has been developed 
(Refs. 1, 2). 

Multiclad consists of a normal heat-
treatable core alloy of the AA 6000 type 
clad with commonly used braze cladding 
of the AA 4000 type. As an intermediate 
layer between the core and the braze 
cladding is an alloy of either pure alumi
num or aluminum-manganese —Fig. 1. 
The melting range of the interlayer is 
higher than that of the core material. 

The thickness of the interlayer is opti
mized by considering brazing tempera-
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Table 1—Material Combinations 
Investigated 

Standard 
Material 

Multiclad 

Core 
AA 6063 

Cladding 
AA 4004 

Core 
AA 6063 

Interlayer 
AA 3003 

Cladding 
AA 4004 

Thickness 
tayer 

340 

40(a) 

310 

25 

45(a) 

(/urn) 
Total 

380 

380 

(a) One side clad. 

ture, composition and thickness of the 
cladding. In this paper, experiments are 
described that were performed to com
pare brazeability properties of Multiclad 
and conventional heat-treatable clad 
material. 

Materials 

The material combinations investigated 
are listed in Table 1. All samples were in 
H14 temper. The alloy compositions 
specified in the experiments are listed in 
Table 2. 

Experimental 

The two material combinations were 
brazed simultaneously at temperatures of 
590° and 600°C (1094° and 1112°F), 
with times of 0 , 1 , 2, 4, 8 and 16 min. Zero 
time samples were obtained by inter
rupting the brazing process immediately 
after reaching the holding temperature. 

The heating time up to brazing temper
ature was 45 min. During this period, the 
vacuum level was 2 X 10 - 5 mbar. To 

Table 2—Alloy Composition (wt-%)<a> 

AA 6063 0.20-0.6 0.35 
AA 3003 0.6 0.7 
AA 4004 9.0-10.5 0.8 

Cu Mn Mg Zn 

0.10 
0.05-0.20 

0.25 

0.10 
1.0-1.5 

0.10 

0.45-0.9 
0.05 

1.0-2.0 

0.10 
0.10 
0.20 

(a) Maximum values unless shown as a range. 

monitor the actual temperature in the 
samples, thermocouples were fixed to 
each sample. The flat sheet samples of 
9 5 X 3 5 X 0 . 3 8 mm (3 .7X1 .4X0 .014 
in.) were cleaned in trichloroethylene 
before brazing in a horizontal position. By 
mounting the samples in this way, trans
port of the cladding due to gravity was 
avoided. 

After brazing, the samples were rapid
ly removed from the furnace and 
quenched in water. The silicon distribu
tion in the quenched samples was deter
mined across the boundary between 
cladding and core. The analyses were 
performed at the Swedish Institute for 
Metals Research using the glow discharge 
optical spectroscopy technique. This is a 
fast and comparatively simple surface 
analysis method carried out by an optical 
spectrometer with a glow discharge lamp 
for excitation. Due to cathodic sputter
ing, the analyzed surface is successively 
eroded and depth profiles can be 
obtained. The emitted intensities of char
acteristic wavelengths of several ele
ments are simultaneously recorded as 
functions of time. Depth resolution is 
about 1 jum, with maximum analysis 
depth at about 50 pm. An advantageous 
characteristic of the method is the large 
analyzed area, this being circular at an 
8-mm (0.31-in.) diameter. For this reason, 
good average values over the analyzed 
area are guaranteed. 

As silicon analyses from depths greater 
than about 50 pm were not possible with 
the GDOS technique, complementary 

measurements of the silicon concentra
tion profile were performed with the 
energy dispersive spectrometer in a scan
ning electron microscope. For this pur
pose, microsections were cut through 
the craters formed by the GDOS sputter
ing. The average silicon concentration 
was recorded during scanning along a 
line of 1 mm (0.04 in.) length, parallel to 
the planar bottom of the craters. To 
convert the primarily recorded x-ray 
intensities to concentration, corrections 
were made for atomic number, absorp
tion and fluorescence effects. A continu
ation of the silicon concentration profile 
was obtained from repeated line scans 
successively displaced away from the 
crater bottom. Spacing between lines 
was 5 pm, with maximum analysis depth 
at 200 pm from the crater. 

The microstructures of the brazed 
samples were investigated by optical 
microscopy. The average penetration 
depth of silicon was measured in low 
magnification. To improve the contrast, 
the specimens were etched in diluted 
hydrofluoric acid (0.5%). 

Results 

GDOS/SEM 

The results from the GDOS analyses 
are presented here as smooth distribution 
curves that represent the average silicon 
concentration at different distances from 
the surface. Figure 2 shows the silicon 
distribution in standard material and Mul-
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Fig. 2 — The GDOS result illustrating the difference in silicon distribution 
in Multiclad and standard clad material. Samples brazed zero minutes at 
590°C 
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Fig. 3 — Variation with holding time of relative amount of silicon available 
for brazing 
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Fig. 4 — Variation of silicon distribution with holding time at 590°C 
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Fig. 5 —Silicon penetration into the core at 600"C, 4 min 

ticlad, both quenched immediately after 
heating to 590°C. 

By integrating the area below the 
curves over a distance that corresponds 
to the original thickness of the braze 
cladding, the amount of melt available for 
brazing can be evaluated. Figure 3 shows 
how the ratio between available melt and 
initial quantity of melt varies with the 
square root of holding time at brazing 
temperature. The figure is based upon 
data obtained from analyses of standard 
material and Multiclad brazed at 590°C. 
The basic analysis data for the Multiclad 
samples, held various times at brazing 
temperature, are shown in Fig. 4. 

The combined results from GDOS and 
SEM analyses of silicon penetration are 
presented in Fig. 5. The information 
obtained from the two methods was 
easily fitted to a continuous curve. The 
samples were brazed 4 min at 590°C. 

Optical Microscopy 

Micrographs from brazed Multiclad 
and standard material are shown in Fig. 6. 

The samples shown were held 2 min at 
600°C. 

Penetration depth of silicon in the core 
of standard material and Multiclad as a 
function of brazing time at 600°C is 
shown in Fig. 7. In this diagram, the total 
time at brazing temperature includes the 
heating time from the melting tempera
ture of the braze cladding (about 575°C/ 
1067°F), which was about 2 min. 

Discussion 

The significant difference between 
Multiclad and standard material is demon
strated in Fig. 2. The diagram shows that 
Multiclad has the largest amount of silicon 
available for brazing. (The hump of the 
Multiclad curve is due to the tendency for 
precipitation of coarse silicon-containing 
intermetallics near the interlayer when 
the melt solidifies after brazing.) 

This difference, which can be evaluat
ed by integrating, is larger than the initial 
difference of thickness of the cladding on 
the two materials (see above). 

Both materials have lost some silicon 

however, which has diffused into the 
barrier layer or core. This transport of 
silicon starts prior to the melting point of 
the braze cladding and will continue at an 
accelerated rate during the temperature 
rise to brazing temperature. As a conse
quence, about 40% of the original 
amount of silicon in the standard material 
is lost immediately upon reaching the 
brazing temperature, whereas Multiclad 
at the same time has lost about 20% — Fig. 
3. Figure 3 also shows how the amount of 
silicon available for fillet formation is 
reduced during brazing time. At zero 
time at 590°C, the largest difference, 
about 20%, is observed between the 
materials. This difference successively 
diminishes when brazing time increases, 
mainly due to the somewhat faster loss of 
silicon in Multiclad. Under the experimen
tal conditions, the barrier action of the 
interlayer obviously was most effective 
during the first minutes of the brazing 
time, but its effect is still observable after 
5 min. 

The successive change at 590°C of the 
silicon distribution in Multiclad is shown in 
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Fig. 6—Samples brazed at 600>°C, 2 min. Magnification 200X. A—Standard material, general silicon pentration; B-Multiclad, interlayer locally 
penetrated 

224-s I OCTOBER 1988 



Penetration deptn (pm 

200 

100 

15 20 
Time (min) 

TEMPERATURE ( °C) 
620 

Brazing temperature 

Fig. 7—Penetration depth in samples brazed at 600°C 
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Fig. 8-Part of the aluminum-silicon equilibrium diagram. A - Equilibrium 
silicon concentration of the core at the interface of the molten brazing 
alloy and solid core; B - equilibrium silicon concentration of the melt at 
the interface of the molten brazing alloy and solid core; C-silicon 
concentration of brazing alloy 

Fig. 4. The high-silicon region becomes 
successively more narrow and limited to 
the surface during the brazing time. As a 
silicon concentration of about 12% corre
sponds to eutectic composition, this indi
cates that the amount of melt that solidi
fies upon cooling is reduced when braz
ing time increases, which is also illustrated 
in Fig. 3. 

Silicon is lost by diffusion and penetra
tion into the core. This is illustrated in Fig. 
5, which also shows the difference 
between Multiclad and standard material. 
The latter has a high-silicon region 
restricted to about 25 pm from the sur
face, and the silicon concentration is 
raised in the core to a depth of 175 ^m 
where it equals that of the core alloy 
(0.5%). In contrast, Multiclad has a more 
extended high-silicon region, and the bulk 
concentration of the core is reached at 
the depth of 120 pm. 

Figure 6 shows the difference of micro-
structure between the materials. In the 
standard material, a general penetration 
along the grain boundaries is clearly visi
ble. In Multiclad, the partly dissolved 
interlayer is distinguishable between core 
and solidified braze material. The interlay
er is completely dissolved at two points 
where penetration into the core has 
started. 

The depth of penetration in Multiclad 
and standard material is shown in Fig. 7. In 
the standard material, penetration started 
when the sample was heated to the 
melting point of the cladding, and it 
proceeded to a considerable depth 
(about 80 pm) when brazing temperature 
(600°C) was reached. In Multiclad sam
ples held zero min at 600°C, local disso
lution of the interlayer could be seen in 
the microscope, but no penetration into 
the core was visible. A 25 pm interlayer 
thus had completely impeded penetra

tion during the first minutes of the brazing 
process. 

The differences between standard 
braze-clad material and Multiclad is quali
tatively explained in the following discus
sion. For the sake of simplicity, it is 
assumed that cladding and core are bina
ry aluminum-silicon alloys. This assump
tion is justified by the fact that during 
heating to brazing temperature, most of 
the magnesium content evaporates out 
of the melt, and therefore, the influence 
of magnesium on the later stages of the 
fillet formation can be ignored. 

A braze-clad material that has been 
heated to brazing temperature does not 
represent a system in equilibrium. In con
ventionally clad material, molten cladding 
(AA 4004) with silicon concentration of 
about 10% has direct contact with the 
solid core (AA 6063), which contains 
about 0.5% silicon. The bulk composi
tions differ from those of a two-phase 
equilibrium at the actual temperature — 
Fig. 8. 

Local equilibrium will, however, rapidly 
be established at the phase boundary 
where the melt will contain 8.5% silicon 
and the solid core about 1% silicon at 
600°C. The concentration differences 
thus created within each phase provide a 
driving force for diffusion of silicon. To 
level out the concentration differences in 
the molten cladding, some material from 
the core will be dissolved. During the 
dissolution process, the silicon concentra
tion in the solid at the boundary is main
tained at local equilibrium by continuous 
diffusion of silicon from the melt into the 
core. When so much of the core has 
been dissolved that the silicon concentra
tion of the melt has been reduced to that 
of equilibrium (about 8.5%), the dissolu
tion will cease. The amount of core 
material dissolved depends on the origi

nal composition of the molten cladding, 
brazing temperature, thickness of the 
cladding and of the silicon concentration 
of the core. 

For complete equalizing of the concen
tration differences in the melt, diffusion 
of silicon over larger distances (about 100 
pm) is necessary. In the actual tempera
ture region, silicon diffusion is so rapid 
that the time for dissolving a 10 /urn-thick 
layer of core can be estimated to a few 
seconds only. 

Dissolving of core material as a conse
quence of the restrictions of equilibrium 
between melt and core will not depend 
on the type of alloy in the core. From this 
point of view, there is no difference 
between brazing with conventionally 
clad material and Multiclad. The essential 
difference depends on the quite different 
conditions for silicon transport to greater 
depths into the core. 

The difference of silicon concentration 
between phase boundary (about 1% sili
con) and matrix of the core alloy (about 
0.5%) tends to be reduced by continuous 
diffusion of silicon into the core. As 
diffusion proceeds faster along grain 
boundaries, the dominating silicon trans
port will take place there. When silicon 
concentration in the grain boundaries has 
reached equilibrium, the grain boundaries 
will be wetted very well by the molten 
cladding. The melt therefore will pene
trate the core along grain boundaries. It 
has been forecast that such an excessive 
grain boundary penetration will impair 
the strength and corrosion resistance of 
the brazed material. During brazing with 
a conventionally clad 6063 core, grain 
boundary penetration proceeds freely as 
soon as a layer of the core has initially 
been dissolved. The remaining core 
material then has direct contact with the 
melt and all grain boundaries that are 
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exposed to the melt are accessible for 
penetration. In 6063, the penetration is 
rapid because the alloy already has a 
relatively high silicon concentration 
(about 0.5%). Hence, a smaller amount of 
silicon is required to raise the concentra
tion of the grain boundaries and make 
them easily wetted by the melt. In Multi
clad, corresponding penetration of the 
interlayer of AA 3003 is more sluggish 
than in AA 6063. Two different effects 
contribute to this: 

1) The interlayer alloys have lower 
silicon concentration. To maintain the 
equilibrium concentration along the grain 
boundaries, more silicon must diffuse into 
the material. 

2) Diffusion transport along and also 
perpendicular to grain boundaries is 
slower in the interlayer alloys because 
diffusing silicon will to some extent be 
tied up by chemical reactions with man
ganese- and iron-rich phase particles. 
Analyses of brazed joints in scanning 
electron microscopy have shown that 
such particles absorb silicon by trans
forming to other phases. 

In the case where the interlayer 
remains unbroken after the initial dissolv
ing of a part of it, penetration of melt into 
the core is a much slower process than in 

an unprotected 6063 core. Even if the 
interlayer were penetrated somewhere 
by the melt, further penetration into the 
core would only be possible where grain 
boundaries lead into the core. The prob
ability for this depends on the grain size 
of the core. The coarser the grains, the 
fewer the grain boundaries will be, mak
ing a continuation of the melt penetration 
possible. 

If the interlayer is dissolved so much 
that the underlying core is locally 
exposed, the conditions for silicon pene
tration will be impeded to an extent that 
corresponds to the degree of coverage 
of the remaining interlayer in relation to 
the grain size in the core. 

The reduced penetration of melt into 
the core of Multiclad leads to an 
increased amount of melt available for 
fillet formation. The improved brazeabili
ty was demonstrated under production 
conditions when Multiclad was used for 
vacuum brazing of automotive radiators. 
The joints were better and the leak rates 
were significantly reduced. 

Conclusions 

The investigation has shown that an 
interlayer of AA 3003 between cladding 

and core acts as a diffusion barrier and 
significantly reduces silicon penetration 
into the core during brazing. As a direct 
consequence, the following benefits 
have been found in production tests: 

1) Improved brazeability due to more 
available cladding. This implies lower leak 
rates and stronger brazed joints. 

2) Improved strength of finished prod
uct. 

3) Reduced risk of intergranular corro
sion. 
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This Bulletin contains two reports covering the propert ies of several constructional-steel weldments 
prepared with different welding procedures. 

The Fracture Behavior of A588 Grade A and A572 Grade 50 Weldments 
By C. V. Robino, R. Varughese, A. W. Pense and R. C. Dias 

An experimental study was conducted on ASTM A588 Grade A and ASTM A572 Grade 50 microalloyed 
steels submerged arc welded with Linde 40B weld metal to determine the fracture properties of base 
plates, weld metal and heat-affected zones. The effects of plate or ientat ion, heat t reatment , heat input, 
and postweld heat t reatments on heat-affected zone toughness were included in the investigation. 

Effects of Long-Time Postweld Heat Treatment on the Properties of Constructional-Steel Weldments 
By P. J. Konkol 

To aid steel users in the selection of steel grades and fabrication procedures for structures subject to 
PWHT, seven representative carbon and high-strength low-alloy plate steels were welded by shielded 
metal arc welding and by submerged arc welding. The weldments were PWHT for various t imes up to 100 
h at 1100°F (593°C) and 1200°F (649°C) . The mechanical propert ies of the weldments were 
determined by means of base-metal tension tests, transverse-weld tension tests, HAZ hardness tests. 
and Charpy V-notch (CVN) impact tests of the base metal , HAZ and weld metal . 
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345 E. 47th St., Suite 1301 , New York, NY 10017. 
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