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Abstract 

The joining of 6061 aluminum reinforced with 15 volume 
percent AlyOa was studied. Transient liquid phase bonding 
with silver, copper, and aluminum-12 atomic percent sili- 
con were the three systems which demonstrated an ability 
to join the aluminum based composite. The physical phe- 
nomena controlling transient liquid phase bonding of alumi- 
num alloys were also examined to gain a better understand- 
ing of the joining process. Each joint was made in a vacuum 
furnace using a spring or screw loaded fixture to provide 30 
kPa (5 psi) of pressure on the faying surfaces. The bonding 
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was performed at temperatures ranging from 1O0C above 
the solidus of the composite (58ZoC) up to the eutectic 
temperature of the Al-(Ag, Cu, or Si) systems. The study of 
each joint included a shear test, metallographic and compo- 
sitional examination of the joint, and tensile tests of the 
strongest braze systems. Joining with both the silver and 
the Al-12Si showed consistently good results, while the 
copper was less consistent, but provides the largest joining 
temperature range. Though Al-Ag and Al-Cu eutectic alloys 
were not used because they were not available in a suitable 
thin sheet form, these alloys could produce reliable joints at 
lower brazing temperatures. 
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Introduction 

There are an increasing number of uses for alumi- 
num metal matrix composites, from the use of Al-Sic 
in electronic packaging to the use Al-&03 for brake 
rotors and athletic equipment. Though these materi- 
als have some similarities, the joining requirements 
of each application vary. For the electronics packag- 
ing applications a metallic joint is required in highly 
loaded (55 volume percent Sic) composites which 
were produced by powder metallurgy processing. For 
structural applications, a joint which can approach 
the strength of the composite materials is required. 
The effort to produce structural joints in 6061-15 vlo 
A1203 was the focus of this research. 

The material which was studied for this work was 
W6A. 15A manufactured by Duralcan, a subsidiary of 
Alcan Aluminum. This material is 6061 aluminum 
reinforced with 15 volume percent (v/o) Alz03. Along 
with this product, Duralcan produces 2014 reinforced 
with &Og, and A356 and A390 reinforced with Sic. 
Each composite system comes with 10 ,15  and 20 vio 
ceramic reinforcement. The main advantage that 
Duralcan materials have over other ceramic rein- 
forced aluminum matrix composites is that the Dural- 
can composites are cast and not produced by a powder 
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metallurgy process as are most other aluminum 
metal-matrix composites. Casting allows for a wide 
range of near net shape parts to be produced more 
readily than the current powder metallurgy technol- 
ogy. Also, the cast materials tend to behave more like 
non-composite aluminum alloys than materials pro- 
duced by powder metallurgy methods. 

The mechanical properties of the composites are 
strongly influenced by the amount of reinforcement. 
The elastic modulus of 6061-15 v/o &03-T6 is 87.6 
GPa (12.7 Msi) compared to 68.9 GPa (10.0 Msi) for 
6061-T6. This increase in stiffness is important be- 
cause alloying additions generally are not able to 
achieve significant improvements in the elastic modu- 
lus. Improved wear resistance decreases the wear rate 
by 80% compared to 6061-T6 in an abrasion resis- 
tance test, however large reductions in ductility go 
along with these gains in the strength. The percent 
elongation in a tensile test drops from 20% for 
6061-T6 to 5.4% for 6061-15 vlo A1203-T6. However, 
machining of these composites decreases tool life 
because of the abrasive nature of the ceramic. Joining 
these materials without creating a plane, line, or 
region of weakness is an immediate concern. In 
fusion welds the ceramic particles tend to segregate to 
certain regions of the weld causing unreinforced and 
brittle regions throughout the joint. 

Since fusion welding creates both brittle and weak 
regions in the joint, brazing has been considered as a 
joining technique which would not degrade the base 
metal properties. Brazing is defined by the American 
Welding Society as "a group of welding processes 
which produces coalescence of materials by heating 
them to a suitable temperature and by using a filler 
metal having a liquidus above 450Â° (84OoF) and 
below the solidus of the base materials. The filler 
metal is distributed between the closely fitted sur- 
faces of the joint by capillary attraction."l In the 
Aluminum Brazing Handbook2 a similar definition is 
used, except the minimum temperature is lower, 
427OC (BOO0?), and there is no requirement that the 
brazing temperature remain below the solidus of the 
material to be joined. These differences in definition 
exist because of the low melting point of aluminum 
and its alloys, and because the aluminum alloys are 
often brazed at or just above the solidus temperature 
of the base material. 

The mechanics of brazing require that proper joint 
design allow for flow of the liquid braze alloy by 
capillary attraction while maintaining proper align- 
ment when the joint solidifies. Proper fixturing con- 
trols braze flow and fit-up. A joint can be loaded by 
gravity, springs, or mechanical fixturing. The joint 
gap must be small enough to create the capillary force 
needed to draw the braze alloy into the joint, but large 
enough for flow to occur at a reasonably rapid rate. At 
the temperatures required to braze aluminum, the 
base metal is barely self supporting, so fixturing loads 
must be kept low. Fig. 1 shows a typical spring loaded 

Fig. 1-Simple spring loaded fixture maintains the joint gap and 
aligns the substrates. Fixtures of this type may be used for torch or 
furnace brazing3 

brazing fixture. The fixture will maintain a constant 
low load on the braze joint, and the joint design will 
maintain the alignment of the substrates. 

Aluminum braze alloys are aluminum based alloys 
containing melting point depressants. The high alumi- 
num content of aluminum brazes dictates that the 
braze liquidus approach the base metal solidus. 
BAlSi-4,4047, and 718 are commercial names for the 
Al-12 wlo Si alloy which is commonly used to braze 
6061 aluminum. Brazing with this system is best 
done at 590Â°C although the solidus of 6061 is 5820C3 
and the liquidus of BAlSi-4 is also 582Â°C. This is an 
example of how the AWS definition of brazing is 
violated for aluminum brazing. Aluminum alloys 
with low melting points, e.g., 7075, has a solidus of 
477OC, are not considered brazable because no low 
temperature aluminum braze alloys have been devel- 
oped. 

Many methods of heating can be used for brazing. 
For torch brazing or furnace brazing in an atmo- 
sphere, flux is required to provide oxide free alumi- 
num surfaces for brazing. Aluminum fluxes penetrate 
the oxide after the oxide cracks during heat up. The 
oxide cracking occurs because the coefficient of ther- 
mal expansion of aluminum is greater, to provide a 
metallic brazing surface. In vacuum brazing, no flux 
is required because once the oxide cracks there is no 
oxygen available to reform the Al& layer. All three 
heating methods, torch, furnace and vacuum brazing, 
are commonly used for the brazing of aluminum. 

Transient liquid phase (TLP) bonding allows a joint 
to be made without the interlayer or the substrate 
exceeding its melting point. A TLP joint is made when 
the joint system is heated above the liquidus of a low 
melting phase which exists between the material to be 
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joined and the interlayer material. At temperature, 
interdiffusion between the substrate and the inter- 
layer forms a low melting phase and a liquid forms. 
The joint is held a t  temperature until the interlayer 
material has diffused into the base material, allowing 
for isothermal solidification. The advantages of this 
process include the ability to form a joint with the 
structure and properties of the base material, and the 
use of lower joining temperature than typical brazing 
operations allow. The disadvantages include the need 
to hold the joint a t  a constant temperature for several 
hours, which may require furnace brazing. The phase 
diagram in Fig. 2 and the schematic in Fig. 3 demon- 
strate how the TLP process works. At 600Â°C a silicon 
interlayer between aluminum substrates would fol- 
low a path across the phase diagram from the silicon 
side to the aluminum side as the silicon diffuses into 
the aluminum. As the silicon diffuses into the alumi- 
num base metal the silicon layer will thin, and the 
maximum concentration of silicon in the joint will 
decrease. As the composition in the region of the 
silicon interlayer changes, the structure changes from 
Si to Si plus liquid to liquid to liquid plus (All to (All 
as the joint is held at the bonding temperature. For 
simplicity, joints made by both brazing and the TLP 
process will be referred to as brazes and the material 

to be joined will be referred to as the substrate in this 
work. 

When the Al-Si system currently used for alumi- 
num brazing is examined (Fig. 2), it is noted that 
several of the characteristics of TLP bonding are 
already being utilized. The eutectic temperature in 
the aluminum-silicon system is 5770C5 and the sug- 
gested brazing temperature is 585-590Â°C. As a re- 
sult, some of the aluminum base material will be 
dissolved by the braze alloy, since at 590Â° 13 a10 
aluminum can be dissolved by the liquid. If held long 
enough, the joint should solidify isothermally as the 
silicon dissolves into the base material. The advan- 
tage of this system over TLP bonding is that the 
liquid interlayer forms when the braze is raised to a 
temperature greater than its liquidus which permits 
the atom-to-atom contact needed for diffusion to 
begin throughout the joint immediately. In the case of 
6061 aluminum the brazing temperature is greater 
than the solidus of the substrate (582OC1, and the 
substrate can no longer support a load. 

Background 
Literature Review 

The references for joining aluminum metal matrix 
composites are limited. Only gas metal arc welding of 

Weight Percent Silicon 

0 10 20 30 40 50 60 70 80 90 100 

oining temperature of 600Â° 

0 10 20 30 40 50 60 70 80 90 100 
A1 Atomic Percent Silicon Si 

Fig. 2-Based on Massalski, the AI-Si phase diagram shows how the concentration of Si at the interface will decrease 
during the joining process. The structure of the interface will change from Si to Si and liquid to liquid to liquid plus (Al) and 
finally to the (Al) phase following homogenization7 
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Interlayer 

mTrfT'.lTcTÃ‡r'"'T mWWW^? . . . . S = Sohd base m c ~ 4  
I = Solid interla!er metal 
L = Liquid formed by interdiffusion 

Wo 

Stage 0: Interdiffusion during heatup 

Stage I: Dissolution 

Stage 11: Widening 

Wmax 
Liquid laver widens to maximum at the end of Stage 11 

Stagc 111: Isothermal solidificaiion 

Stage IV: Homogenization 

Fig. +Transient liquid phase bonding proceeds through the five stages shown schematically in Fig. 3 

the Duralcan cast aluminum matrix composites has 
been extensively studied. Brazing of aluminum metal 
matrix composites produced by powder metallurgy 
has been studied. Twenty years ago the joining of 
aluminum-boron composites was studied extensively, 
and since then several unconventional joining meth- 
ods have been used to join aluminum and aluminum 
matrix composites. 

Conventional Aluminum Brazing. Any two 
metals will bond if intimate contact of the faying 
surfaces can be made, but contamination and imper- 
fect contact are two factors which inhibit b~nd ing .~  A 

monolayer of contamination, oxygen, water vapor, 
carbon dioxide, or hydrocarbons, will form in only 

atmosphere-seconds on a freshly cleaned sur- 
face. The use of vacuum systems can only slow the 
formation of a contaminating layer. Imperfect con- 
tact refers to the roughness or asperity of the faying 
surfaces. On an atomic scale, all surfaces have peaks 
and valleys, which means that often less than 10% of 
the mating surfaces are in contact, see Fig. 4. Even 
with very high pressure, 30% contact area is rarely 
exceeded. When these factors are overcome a sound 
metallurgical bond can be formed. 
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provided the amount of interlayer lost if the densities 
and concentrations were in units of pounds per cubic 
inch. 

Fig. &Schematic drawing of asperity contact, shows about 10% of 
the mating surface in contact 

Recent advances in aluminum composite produc- 
tion have made materials available which do not have 
braze specifications written, but brazing techniques 
for the composite matrix materials are well docu- 
mented. The Aluminum Association published the 
Aluminum Brazing Handbook9 which specifies braz- 
ing techniques for brazable aluminum alloys. An 
introduction to brazing, a section on fixturing, and 
base metal-filler metal matches, and information on 
the variety of methods which can be used to heat a 
braze joint were included, in these specifications. Fig. 
1 shows a spring loaded fixture that aligns the joint 
and provides a load to maintain the joint gap through- 
out the heating cycle. BAlSi-4 was the recommended 
braze alloy for 6061, with a recommended brazing 
temperature of 566-588OC for 6061, and 582-604% 
for BAlSi-4. This meant that 582 to 588OC was the 
recommended temperature range for brazing 6061 
with BAlSi-4. Brazing below the recommended range 
will cause insufficient wetting of the substrates, and 
overheating can deform the substrates. Furnace braz- 
ing was the best method to assure proper brazing 
conditions within the 6Â¡ brazing range for this 
system. Vacuum brazing can provide the thermal 
control necessary, while eliminating the need to flux 
the brazing surfaces. 
Aluminum Composite Joining. Fabrication of 

boron-aluminum components by eutectic bonding 
was researched by Niemann, et al. lo in 1973. The 
advantages of eutectic bonding, or transient liquid 
phase bonding as it is now called, was the lower 
bonding temperature of 554-571Â°C compared to 
conventional brazing with Al-Si brazing alloys at  
582-604OC. The time at temperature was critical to 
minimize the decomposition of the boron fibers in the 
composite, so a minimum interlayer thickness was 
required. Isothermal solidification was another re- 
quirement to avoid the retention of any copper- 
aluminum intermetallics. An opposing requirement 
was that enough copper remain in the interface, when 
the eutectic temperature was reached, for a liquid 
layer to form. Because of these opposing require- 
ments, the copper layer thickness was optimized for 
the experimental heating rate and an equation was 
developed to approximate the thickness of the inter- 
layer lost during heatup. The resulting equation 

where 

x = thickness of coating lost through diffusion, 
cm 

pc = density of copper 
D = diffusion coefficient of copper in aluminum, 

d l s e c  
t = time, sec 

C, = copper concentration maintained at surface, 
for this analysis Cs = Cpa 

C = solid solubility limit of copper in aluminum 
pa = density of aluminum alloy 
Co = initial copper concentration in aluminum 

High heating rates had the advantage of limiting the 
interlayer diffusion during heatup, and minimizing 
the degradation of the boron fibers. Laminate sam- 
ples were tested by short-beam interlaminar shear 
tests to check the suitability of the joints. Satisfactory 
results showed all samples failing by flexural tension 
and the shear stress on the bond exceeding 70 MPa 
(10 ksi) when the samples failed. Eutectic bonds with 
copper were determined to be strong and of good 
quality for fabrication of boron-aluminum compos- 
ites. 

Wul1 was also tried to join aluminum-boron compos- 
ites in 1973. Gas tungsten arc welding, plasma arc 
welding, electron beam welding, resistance spot weld- 
ing, and weldbonding were joining methods studied to 
join these composites. Only resistance spot welding 
and weldbonding produced joints which had reason- 
ably high strengths, and the strengths of the weld- 
bonded joints were about four times those of the spot 
welded joints. The failure loads were reported, but 
neither the stress nor the area of the failure was 
stated, so comparing these results to other joining 
methods was not possible. 

A WRC bulletin by Metzger12 summarized work 
done on the joining of metal matrix composites in 
1975. The primary composites discussed and used at 
the time were aluminum-boron fiber composites. 
Joint efficiency was the property used to determine 
the joint quality, and it was calculated using 

PI00 
Joint efficiency = - UA 

where 

P = maximum load of the joint 
a = average tensile strength of the base material 
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A = original cross sectional area of the base mate- 
rial 

At the time the bulletin was published, composites 
made with discontinuous fibers had not been success- 
fully produced, and were considered insignificant. 
The Al/B composites had much higher strengths 
than the strengths of the materials being studied in 
this paper, so what may have been considered a poor 
joint for Metzger may be a good joint for the current 
study. Diffusion welding of the fiber reinforced com- 
posites was unsuccessful, because the plastic deforma- 
tion required to produce joints with high joint efficien- 
cies fractured the reinforcing fibers. Brazing and 
soldering produced joints with strengths of 317 to 900 
MPa (46,000-130,000 psi), but these joints had joint 
efficiencies less than 90% because of the high base 
material strength. An interesting result was a solder, 
Zn-5 w/o Al-5 w/o Cu, which melted at 38VC and 
produced strengths near 700 MPa (100,000 psi). 
Resistance welding and mechanical joining were also 
discussed. Both methods showed less promise than 
brazing, but were more widely used because of greater 
reliability. Reinforced joints were not considered be- 
cause of the continuous nature of the reinforcing 
phase, which made high joint efficiencies difficult to 
attain. 

Capacitor discharge welding was studied as a 
method for joining aluminum matrix composites by 
Devletian.13 This method was compared to gas tung- 
sten arc welding which caused porosity in the weld 
region and accelerated the formation of 4 C 3  in 
aluminum composites reinforced with Sic particles. 
Stud-to-sheet joints were produced for this study 
with molten pools of 90 li,m thickness and cooling 
rates calculated to be lO^C/s. No tensile samples 
were made, but fracture of the joints occurred outside 
the weld fusion zone. The critical parameters for this 
process were found to be power density, melting 
efficiency, heatinglcooling rates, and superheating of 
the weld pool. Devletian concluded that capacitor 
discharge welding was well suited for the joining of 
AllSiC particulate and fiber reinforced composites to 
themselves and to 6061 aluminum. Nonetheless, this 
process has limited size capability and can be used 
with a limited number of geometries. 

Moshier, et aZ.14 studied the interactions of alumi- 
num-silicon, aluminum-germanium, and aluminum- 
zinc eutectic alloys with aluminum composites rein- 
forced with discontinuous Sic. The substrate material 
was cold compacted and hot-pressed, then cold rolled 
from an extended hot-pressed billet, and finally 
HIPped at 30,000 psi (210 MPa) for 2 hours at 50OoC. 
The wetting tests were performed on the composites 
which were plated with electroless nickel to break 
down the A1203 during brazing. Some of the compos- 
ites were extruded and cross-rolled before the wetting 
tests. The Al-Si and Al-Ge eutectic alloys both pene- 
trated the composites quickly, while the Zn-Al eutec- 

tic alloy did not flow well. It was concluded that alloys 
containing Si and Ge would wet the substrate because 
of an ability to wet Sic. Heavy mechanical work, 
extruding or rolling, and a eutectic alloy that wets the 
Sic were considered necessary for rapid braze penetra- 
tion of the composite to occur. 

In 1987, twelve years after Metzger's WRC Bulle- 
tin, Sakamoto15 wrote an article on the fabrication 
and joining of fiber reinforced metals. Joining did not 
advance significantly during this period. The list of 
potential joining methods was the following: diffusion 
bonding, brazing, soft soldering, resistance welding, 
electron beam welding, mechanical joining, and adhe- 
sive bonding. Sakamoto noted that the joining of 
composites needed to be done without melting the 
reinforcing phase, or eliminating the reinforcement 
from the joint region. Of the joining methods listed, 
only electron beam welding melted a significant 
amount of the substrate, but it was considered as a 
composite joining method because of the concen- 
trated, well controlled heat affected zone. No new 
techniques were presented, and the results agreed 
with the information from other papers. 

In 1990, Reynolds16 studied gas metal arc welding 
(GMAW) of G O g  particle reinforced 6061 compos- 
ites. The filler metals were unreinforced 4043 and 
5356 aluminum alloys, 4043-10 v/o Alsos, and com- 
mercially pure aluminum-10 vlo AlgOa. Both the 
reinforced and unreinforced 4043 alloys produced 
welds which contained large amounts of A1203 agglom- 
eration. Centerline cracking and root cracking were 
observed in most of the 4043 joints. The 5356 filler 
metal was used to enhance the wetting of the &03 
particles by the molten metal. The higher magnesium 
content in 5356, compared to 4043, visually improved 
the quality of the weld by reducing the amount of 
agglomeration and eliminating the root and center- 
line cracking observed in the 4043 welds. Plans 
existed for future work which would include adjust- 
ing the magnesium concentration and the &03 
particle loading in the consumable aluminum based 
electrodes. 

Aluminum Joining by Unconventional Meth- 
ods. In 1959 Lynch, et aZ.17 wrote a paper entitled 
"Brazing by the Diffusion-Controlled Formation of a 
Liquid Intermediate Phase" which was the first 
modern paper to discuss TLP bonding. An equation 
was derived for the movement of the interface formed 
when two semi-infinite metals were brought together 
in a diffusion couple. For the single interface system, 
the liquid layer thickness increased continuously 
with time. Because of the continuous liquid forma- 
tion, this was not an isothermal joining process, but 
the single interface system provided a basis for the 
theoretical explanation. The application of this pro- 
cess was to join two metal pieces with similar compo- 
sitions to an interlayer which formed a liquid inter- 
mediate phase. No mathematical model or equation 
was developed for the time required to form the 
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liquid and the subsequent isothermal solidification, 
but experimental results demonstrated that bonds 
could be produced which appeared as grain bound- 
aries if the joint was allowed to isothermally solidify 
and homogenize. It  was concluded that this approach 
could produce low temperature brazes by using sys- 
tems which contain low temperature intermediate 
phases. 

Lowering the flow temperature of aluminum brazes 
and fluxless vacuum brazing of aluminum were stud- 
ied extensively in the late 1960's and early 1970's. 
Werner, et d.18 developed braze compositions with 
flow temperatures below the 580Â° flow temperature 
of Al-12 wlo Si which was the common braze alloy. 
The brazing of 6061 was done at ton- to limit the 
formation of &Os. They suggested that the &Og 
was undermined by the flux and by the braze during 
fluxless brazing. To limit the thickness of the AlzOg 
layer, the samples were brazed within an hour of 
cleaning, and the heat up times were kept to a 
minimum. Since the primary goal of this study was to 
find a lower temperature braze, temperature depres- 
sants such as indium, germanium, and yttrium were 
added to the aluminum silicon system. The Al-Ge-Si 
brazes showed good wettingat 550Â°C but the interme- 
tallic structure of the brazing alloys made forming 
into foil or wire impossible by rolling or drawing, so 
no brazes joints could be made and characterized. 

The joining of aluminum loaded with 55 vlo Sic, 
required consideration of active braze alloys to wet 
the ceramic reinforcement phase. Mizuhara, et al.19 
wrote an article in 1986 discussing recently developed 
ceramic braze alloys, and the history of ceramic to 
ceramic and ceramic to metal bonding. They found 
that a 90Â contact angle for ceramic to metal braze 
foils worked best, keeping the braze in the proper 
location. Smaller contact angles, or better wetting, 
caused "blushing," which is the diffusion of alloy 
additions into the substrate, and formation of a lower 
melting temperature alloy which eroded the sub- 
strate. Rough substrate surface finishes tended to 
lower the contact angle or increase the flow of the 
filler metal. The melting temperatures of the brazes 
considered in this paper were above the melting 
temperature of the aluminum alloys, but the Ag-Cu- 
In-Ti constituents could be used along with melting 
temperature depressants as braze or TLP interlayers. 

In 1976, MetzgerzO studied diffusion brazing of 
aluminum alloys for potential applications with alumi- 
num-boron composites. Silver, gold, copper, magne- 
sium, zinc, and Al-12 wlo Si were considered as 
brazing interlayers for the joining of 6061. The 
placement of the interlayers was done by foils, pow- 
ders, electroplated deposits, and deposits from a 
metal vapor in a vacuum. The preliminary tests 
consisted of joints made on sheet material with 1.4 
MPa (200 psi) on the faying surfaces. These samples 
were examined microscopically and by simple mechan- 
ical tests to determine the joint quality. The results 

from preliminary tests were that foils of Ag and 
Al-12Si were two promising methods. The other filler 
metals were eliminated from consideration because of 
intermetallics which formed in the joints. Silver and 
Al-12Si were then used to produce samples for fur- 
ther mechanical tests. All of these samples were 
chemically cleaned prior to the brazing which was 
done under a load of 26 MPa (3.8 ksi), at  ton- for 
one hour. Some of the joints received a post braze 
diffusion treatment to homogenize the joint region, 
which resulted in strengths equal to the base metal 
strength after a T6 heat treatment. 

Transient Liquid Phase Bonding Theory 
Many factors determine the ability to join materials 

using transient liquid phase bonding. Diffusion, solid- 
ification, and homogenization often require hours to 
form a strong bond. In some systems, high quality 
joints can be produced without the complete homoge- 
nization of the interface, once no weak or brittle 
phases remain in the joint. The transient nature of 
TLP comes from the isothermal formation and solidi- 
fication of a liquid phase. Reduced joining tempera- 
tures can be attained by careful selection of inter- 
layer, or joining foil composition. 

Aluminum-silicon braze alloys are the most com- 
mon braze alloys currently used for aluminum braz- 
ing. Fig. 2 shows the Al-Si phase diagram which 
illustrates several important thermodynamic consid- 
erations of TLP bonding. Aluminum braze alloys are 
nominally the eutectic composition of Al-12 a10 Si. A 
TLP bond using a silicon interlayer would produce a 
joint similar to an Al-12 a10 Si brazed aluminum 
joint. Brazing with Al-12 a10 Si does not require 
isothermal solidification for joint strength, because 
the braze alloy is sufficiently strong. The disadvan- 
tage of Al-Si brazes is that the melting point, approxi- 
mately 577OC, is near or above the solidus of some 
common aluminum alloys like 2024,6061, and 7075 
which have solidus temperatures of 554OC, 582OC, 
and 477OC respecti~ely.~~ 

A lower melting temperature braze alloy, or a TLP 
system with a lower eutectic temperature would allow 
joining of aluminum alloys currently not considered 
brazable. Silver, copper, silicon, magnesium, zinc, 
germanium, gallium, and lithium are the only metals 
which form eutectics with aluminum below the 6061 
solidus temperature (see Figs. 2, 5, 11, and Appendix 
A) and exhibit some solid solubility in the aluminum 
which is a necessary requirement for TLP bonding. 
Both copper and silver, with eutectic temperatures of 
548 and 577OC, have been studied in the past and 
have been found to produce joints in aluminum. 
Of these two, copper would be the preferred metal 
because of the lower eutectic temperature, but silver 
has more promise. Of the rest, gallium has the lowest 
eutectic temperature, 26.6Â¡C but its diffusion rate is 
unreasonably slow below 400Â°C at which point other 
metals can be used. More importantly, gallium wets 
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the grain boundaries of aluminum alloys, producing 
liquid metal embrittlement. Lithium, which melts at 
180Â¡C has a possibility of working, but AlLi forms a 
stable intermetallic which could embrittle the joint. 
Zinc, germanium and magnesium are the three other 
possible interlayers with eutectic temperatures of 
381, 420, and 45WC respectively. While zinc and 
magnesium have high vapor pressures, heating the 
system in a vacuum is not possible. Both of these 
systems could work in an inert environment. The 
aluminum-germanium phase diagram is a simple 
eutectic, making this system ideal. Germanium, like 
silicon, cannot be made into a foil, and would need to 
be sputtered onto aluminum. Appendix A contains 
the aluminum-gallium, aluminum-germanium, alumi- 
num-lithium, aluminum-magnesium, aluminum-tin, 
and aluminum-zinc phase diagrams. 

A closer look at aluminum-silver as a TLP system 
will highlight some critical thermodynamic consider- 
ations. A low melting phase, in this case a eutectic, 
must be present at the joining temperature, and 
solubility of the interlayer metal must exist in the 
substrate, see Fig. 5. As the system is heated to 600Â° 
the thickness of the pure silver layer will decrease as 
interdiffusion of the silver and aluminum begins, 
when the composition at the interface reaches that of 

the liquid (point A), about Al-45 a10 Ag, a liquid layer 
will form on either side of the silver interlayer. The 
remaining silver foil will diffuse quickly into the 
Al-Ag liquid and a single liquid layer will exist when 
the solid silver is completely dissolved. The layer of 
liquid will widen as aluminum is dissolved by the 
liquid, and the compostion of the liquid changes from 
point A, Al-45 a10 Ag, to point B, Al-18 a10 Ag. 

Solidification and homogenization are the steps in 
the TLP process which require the greatest amount 
of time. The solid solubility of Ag in (Al) varies from 6 
a10 Ag at the joining temperature, to 23.5 a10 Ag at 
the eutectic temperature, to less than 1 a10 at room 
temperature, and the concentration of silver in (Al) is 
6 a10 when solidification occurs. The joint is cooled 
after the isothermal solidification, but before homog- 
enization is complete. Below the eutectic temperature 
the solubility of Ag in (Al) decreases until the (All 
becomes supersaturated, and the 8 phase precipitates 
as the joint cools. While it is impractical to achieve 
total homogenization, TLP bonding homogenization 
can be defined as a concentration profile for which the 
maximum concentration of the interlayer material 
is below the minimum solubility limit in the tem- 
perature range of interest. The result would be a 

Ag Atomic Percent Aluminum A1 

Fig. %The silver-aluminum phase diagram with the TLP temperature of 600Â° and temperature of the activity data, 44gÂ°C 
markedz2 
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joint with a single continuous phase across the inter- 
phase. 

For the Al-Ag system, if the Ag solubility limit is 
exceeded, the delta phase will precipitate, forming a 
two phase structure of 8 and Al. The only way to 
assure a joint which achieves base metal properties 
and structure is to keep the activity of the interlayer 
material below that of the second phase, in this case 8. 
Fig. 6 shows the activity versus concentration plot for 
the Al-Ag system at 44g0C. The compositions of the 
phase changes are the same on both Figs. 5 and 6, and 
at 449OC the silver concentration must be below 4 a10 
Ag to avoid the formation of the 8 phase. For the TLP 
process, the phase diagram indicates the composi- 
tional limits of the two phase regions. 

The thermodynamics dictate what will happen if 
the system is allowed to reach equilibrium. TLP 
bonding depends on the thermodynamic driving forces, 
but the kinetics of the system will determine the time 
required for each stage of the process. If the kinetics 
of any of the TLP stages is unreasonably long, the 
process will have no practical applications. 

During heatup, interdiffusion of the interlayer foil 
and the substrate begin the TLP process. For interdif- 
fusion to occur, the metals must be in intimate 
contact. Assuming that good physical contact is made, 
the surfaces must be free of contamination. An 
adherent oxide layer can slow interdiffusion of the 
metals and will stop the TLP process if the layer 
cannot be broken or penetrated. Oxide problems will 
not exist if the oxide is unstable at  the bonding 
temperature, if the oxide is dissolved by the metal, or 
if oxygen is chemically or mechanically removed from 
the system so that no oxide can form. Also, because of 
asperity contact only a fraction of the interface will be 
able to interdiffuse, see Fig. 4. Once some liquid 
forms, that liquid will flow into the pores and expedite 
diffusion across the interface. 

The alurninum-silver TLP system in Fig. 7 schemat- 

Fig. &The activity versus composition plot at 449OC for the 
aluminum-silver systemz3 

aluminum 

5+Al 

silver 

i d l y  shows the concentration profile during the first 
stage of TLP bonding. The theoretical endpoints will 
be pure silver and pure aluminum. Any two phase 
region found on the phase diagram will not exist 
during isothermal diffusion. The concentration pro- 
file in the liquid can be estimated as a straight line 
because of the higher diffusion rate in the liquid 
compared to the solid. The schematic of the concentra- 
tion versus position diagram shows the shape of the 
profile, but the thicknesses of the phases will vary as 
the process proceeds. 

Grain boundaries play a significant role in the 
kinetics of TLP bonding. Diffusion occurs when at- 
oms move from one lattice site to an adjacent lattice 
site, or into an interstitial site. For atoms of similar 
size, the dominate diffusion mechanism is vacancy 
diffusion. In a face center cubic (FCC) lattice there 
are twelve nearest neighbor sites into which an atoms 
could jump. The jumping can only occur if a vacancy 
exists in an adjacent site. Since a grain boundary is 
essentially a surface several atoms thick where the 
crystal structures from the adjacent grains do not 
match, the number of vacancies will be high in the 
grain boundaries. The grain boundary diffusivity will 
be higher than the diffusivity in the lattice.25 The 
result of grain boundary diffusion during TLP is that 
the interlayer material will diffuse quickly along the 
grain boundaries, creating a spiked appearance at the 
grain boundaries. Since the TLP process depends on 
diffusion and dissolution of the interlayer, smaller 
grained samples will progress more rapidly through 
the stages of TLP than large grained samples. 

The maximum amount of liquid formed during 
TLP joining can be estimated. This calculation as- 
sumes that all of the interlayer foil melts in the liquid 
with none diffusing ahead of the liquid. Also, the 
composition of the liquid is assumed to be the most 
aluminum rich liquid that can form at the joining 
temperature. The density (p), and the atomic weight 
of the elements of interest are the only pieces of 
information needed to complete the estimation. The 
"molar density" (md), or the number of moles per 
volume, can be calculated using the following equa- 
tion: 

(molar density, moles/cm3) 

0.0 0.1 0 1  0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Atomic Percent Aluminum 

/ 

- (p, grams/cm3) - (at. wt., grams/mole) ' (4) 

\ 

An example is given below for copper and aluminum 
where 

Al 

pM = 2.699 g/cm3 
pcu = 8.93 g/cm3 

at. wtSM = 26.98 g/mol 
at. wLcu = 63.54 glmol 

md = (2.699126.981 = 0.100 mol/cm3 
md = (8.93/63.54) = 0.141 mol/cm3 

The phase diagram indicates that at 580Â° the alumi- 
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Fig. 7-The phase diagram shows the location of the straight lines in the concentration profile during di~solution~~ 

num rich side of the liquid region is 12.5 a10 Cu and mum ratio of aluminum that could be melted by 
87.5 a10 Al. The CuIAl ratio is (87.5112.5) = 7 and copper at  580Â°C In other words, a 25 Frn (0.001 inch) 
the molar density ratio is (0.14110.100) = 1.41. The foil of copper would melt 245 p,m (0.0098 inch) of 
product of these numbers is 9.8 which is the maxi- aluminum for a total of 275 p,m (0.0108 inch) of liquid 
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at the interface. However, the assumptions stated 
above are not strictly true, since some copper will 
diffuse away before the liquid is formed. The liquid 
which forms will not be the most aluminum rich, but 
it will contain both the copper-rich and aluminum- 
rich liquidus compositions. To modify the amount of 
liquid formation, the estimate of the Cu/Al ratio 
would have to be adjusted according to the phase 
diagram, and an estimate of the copper lost by 
diffusion into the solid base metal would have to be 
made. At 580Â° the Cu/Al atomic percent ratio has a 
minimum of 3, in which case the ratio of aluminum 
that would be melted becomes the product of the 
molar density and the CuIAl ratio is 4.2. The total 
liquid formed would be about 175 pm (0.007 inch) 
from a 25 am (0.001 inch) thick copper foil. A similar 
calculation for silver gives a molar density ratio of 
0.097 for AgIA.1 and the AgIAl ratio at 58WC in the 
center of the liquid region is 2, so the liquid layer will 
be about 50 pm (0.002 inch) for a 25 pm (0.001 inch) 
silver foil. 

Many factors determine the thickness of the liquid 
during TLP bonding. When dissolution of the inter- 
layer is complete the thickness of the liquid continues 
to thicken until it reaches a maximum. As the inter- 
layer is dissolving, some the interlayer material is 
diffusing ahead of the forming liquid. Grain boundary 
diffusion is creating additional liquid fronts and 
diffusion paths for the interlayer material which have 
not been considered in the computation. When the 

- interlayer has dissolved, the composition of the liquid 
will become rich in the base metal. All of these 
conclusions assume a flat concentration profile in the 
liquid because of the higher diffusivity in the liquid 
than in the solid. A complete model for the liquid 
thickness would involve many simultaneous phenom- 
ena. Because of this complexity only simple cases 
have been examined. 

Experiment a1 
Materials 

The Duralcan composite that was used for the 
joining experiments was 6061-15 vlo AlgOg. These 
composites were produced by casting of the alumi- 
num with the solid reinforcing phase simultaneously, 
not by powder metallurgy like most currently used 
aluminum composites reinforced with ceramic parti- 
cles. To examine the effect on joining of the AlnOg 
reinforcing particles, some joints were made with 
6061 and composite substrates. Both 2.54 cm (1.0 
inch) and 1.91 cm (0.75 inch) rods were the initial 
forms for the composite and the unreinforced sub- 
strates. The rods were sectioned into 0.64 to 0.76 cm 
(0.25 to 0.30 inch) disks using a high speed abrasive 
cut off saw. The circular surfaces were faced in a lathe 
to make disks of uniform thickness. 

As mentioned in the Introduction, this work began 
as an effort to join 6061-15 v/o AlgOg cast composites 
and 6063-55 v/o SiC powder produced composites. 

Table 1-Interlayers for Joining of 6061 and 6061 
Composites (Thicknesses in Microns) 

Commercial Arc Melted and Plated onto 
Foils Rolled Foils the Composite 

BAlSi-4 (125) Sn-4Ti (125) Germanium (1) 
BAlSi-8 (50) Sn-5Ti-5Ge (125) Silver (7.5) 
Silver (25) Sn-5Ag (125) Copper (7.5) 
Copper (25) Sn-lOAG (125) Zinc (7.5) 
Zinc (250) Sn-15Ag (125) 

Sn-20Ag (125) 
Sn-25Ag (125) 
Sn-10Ag-4Ti (125) 

The work to join the 6063-55 v/o Sic required the 
joining be done at as low a temperature as possible, 
consequently joining of the 6061-15 vlo G O i  was 
initially done at lower than necessary temperatures. 
Nonetheless, the advantages of joining aluminum 
and its composites at low temperatures is very benefi- 
cial. The solidus temperatures of 6061 and 6063 are 
582OC and 615OC respectively, so the braze alloy 
liquidus temperatures were kept below 585OC. 

Table 1 lists the materials that were tested as 
joining interlayers on the 6061-15 v/o AlgOa compos- 
ite. BAlSi-4 and BAlSi-8 are aluminum braze alloys 
containing approximately 12 weight percent silicon 
and 1 to 2 weight percent other elements in alumi- 
num. Of the plated materials, the germanium was 
sputtered onto the composite substrate and the sil- 
ver, copper, and zinc were plated using an electrolytic 
process. 

Procedure 
Surface Finish. Initially, substrate surface prep- 

aration was studied to determine the best methods 
for aluminum composite joining. These studies indi- 
cated that caustic cleaning (Fig. 81, which was the 
most aggressive chemical method used to remove 
surface oxides, did not improve the brazing of the 
composites. The caustic cleaning removed the surface 

Fig. 8-Pitting around the AlaOs particles after caustic cleaning for 
brazing of a 6061 -1 5 v/o AlaOs substrate (380x) 
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Fig. 9-6061-15 v/o AlzOa surface ground to 600 grit for brazing 
(200 x ) 

oxide and attacked the reinforcing oxides. The result- 
ing surface was so rough that the braze filler metal 
flowed or wicked into the grooves, and continued to 
wick through the sample along grain boundaries. 
Wicking is the flow of filler metal along the grain 
boundaries which is driven by surface tension. This 
wicking was such a problem in the composites pro- 
duced from powders that no braze alloy remained in 
the interface for joining. Polishing to 600 grit prior to 
brazing (Fig. 9) improved the flow of the brazes by not 
providing a path for the wicking. Machined surfaces, 
which were ultrasonically cleaned in acetone, pro- 
vided a surface which could be brazed directly (Fig. 
10). 

Braze Fixture. A spring loaded braze fixture in 
Fig. 11 was used to provide sufficient fit-up and 
proper alignment of the substrates and the interlayer 
foils. After the substrates and the brazing foils were 
ultrasonically cleaned in acetone for five minutes, the 

Fig. 10-6061-15 vlo AlaOs surface machined for brazing. The 
aluminum matrix has been rubbed over the A1203 particles (200x) 

fixture was loaded (Fig. 12). Typically, a shear sample 
and a sample for metallographic examination were 
brazed simultaneously. The spring, which provided a 
3-5 pound load (<  10 psi) on the joints, was located 
outside the horizontal vacuum tube furnace in a 
water cooled end cap so that a constant load could be 
maintained. Once the samples were loaded into the 
braze fixture, the fixture was loaded into the furnace 
and the furnace tube was evacuated. The arrange- 
ment of the vacuum system limited the pressure in 
the quartz tube to a minimum pressure of l o 4  torr 
with a typical pressure of l o 3  torr during brazing. 
Seven and a half centimeter (3 inch) rods were fixed 
in a screw loaded fixture, from which tensile samples 
were machined (Fig. 13). 

Braze Cycle. Several heating cycles were used to 
get the desired time at temperature for joining. 
Samples brazed in the vacuum tube furnace were 
heated in the furnace after a satisfactory vacuum was 
obtained. A typical braze cycle utilized the furnace 
controller for the entire heating cycle, and a typical 
cycle is shown in Fig. 14. Manual control of the 
furnace allowed for higher heating rates and was used 
for the joints made with BAlSi-4, and for other 
samples where short hold times were required. The 
cooling rate was varied only slightly. Removing the 
top half of the furnace increased the cooling rate from 
10Â¡C/mi to 20Â°C/min The joining times ranged 
from as little as 10 min for the joint made with 
BAlSi-4 to a maximum of 3 hours for some of the 
joints made with silver. 

Testing and  Examination. The joint strengths 
and structures were measured and examined. Shear 
tests were the primary joint testing method. The 
braze cycle significantly reduced the 6061 and 6061-15 
v/o Alg03 strengths. To improve the joint strength 
measurements, some samples were heat treated after 
brazing to restore the prebrazed T6 condition. Heat 
treated samples were solution treated at  530Â° for 
one hour, then aged at 150Â° for 70 hours. 

The shear samples consisted of two butt joints 
configured for a double shear test. An hydraulic press, 
Fig. 15, was used for the tests to provide the force to 
push the center substrate past the end substrates. 
Fig. 16 shows the dimensions of the shear test setup. 
The failure load was recorded on the press's dial 
gauge. At loads greater than 15,000 pounds the dial 
gauge became inaccurate and an observer was needed 
to estimate the load maximum load prior to failure. 
Samples which were not heat treated were unloaded 
when base metal deformation began at  approximately 
10,000 pounds. Some of these samples had deformed 
metal removed, heat treated, and retested to failure. 

Metallography was performed on the cross sections 
of the single joint samples seen in Fig. 11. Light 
microscopy at low magnifications indicated the per- 
centage of the joint that the filler metal penetrated. 
Higher magnifications showed the location of the 
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Fig. 11-The spring loaded fixture in the furnace, prior to brazing 

A1203 particles near the joint. A scanning electron 
microscope (SEM) was used for high magnification 
work (greater than lOOOx), and to provide better 
depth of field when looking at the joint cross sections 
or surfaces to be brazed. Backscattered electrons 
provided atomic number contrast which was useful in 
detecting the extent to which the temperature depress- 
ing element had diffused into the substrates. An 
energy dispersive X-ray (EDX) unit which accompa- 
nies the SEM was also used to estimate the dissolu- 
tion and homogenization characteristics of the join- 
ing systems. 

Results and Discussion 

The joining of 6061-15 v/o Alg03 and unreinforced 
6061 with silver, copper, zinc, BAlSi-4, and tin based 
alloys had varying degrees of success. All of the joint 

shear strengths are listed in Appendix B. Unrein- 
forced 6061 braze samples were taken through the 
stages of TLP bonding and examined to better under- 
stand the joining of 6061-15 v/o A120s. Table 2 
summarizes the strongest joining systems for the 
four most studied systems. Appendix B lists all of the 
experimental joints that were made and the results. 

Practical Study 
Silver Joints. The joints made using the 25 IJim 

(0.001 inch) silver foil had shear and tensile strengths 
near the strength of the 6061-15 v/o &Og base 
material. The joints heated above 575OC for more 
than an hour using a silver foil had shear strengths of 
172 MPa (25 ksi) when given a T6 heat treatment 
after joining. Samples made using shorter times and 
lower temperatures did not attain these high 
strengths. Since the T6 heat treatment requires 

Stainless S tee1 Fixture 

Spring Force - 
Ceramic Spacer \ 

Substrates 

Fig. 12-The spring loaded braze fixture with rnetallographic and shear test samples loaded. The 
spring supplying the force on the push rod was located outside the tube furnace, in a water cooled end 
cap 
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Fig. 13-Joined rods were machined to ,505 tensile samples for the tensile testing 

heating to 530Â° for 1 hour, a sample was produced 
using a hold time of 20 min, during which dissolution 
took place and formed a liquid. The heat treatment 
did not sufficiently homogenize the joint, and the 
shear strength was inadequate. 

Several other base material-interlayer configura- 
tions were studied. Composite samples which were 
electroplated with 7.5 prn of silver had low strengths 
which could not be measured. The reason for the low 
strengths could have been a surface oxide on the 
composite samples prior to plating which inhibited 
interdiffusion and liquid formation. One sample was 
machined, cleaned and left in air for 12 days prior to 
joining. The joint did not fail at 172 MPa (25,000 psi) 
in shear, so immediate joining after joint preparation 
is not required. 

A tensile test of 6061-15 vlo &Os joined with the 
25 am silver foil was performed to validate the shear 
test data. The sample, tested in the T6 heat treated 
condition, had a yield strength of 323 MPa (46.9 ksi) 
and an ultimate tensile strength (UTS) of 341 MPa 
(49.5 ksi). A lack of any ductility in the sample was 
observed at the joint fracture surface (Fig. 18). The 
tensile stress-strain curve (Fig. 17), indicated less 
than 1% elongation in the 5 cm gage length. Shear 

0 30 60 90 120 150 180 

Time, minutes 

Fig. 14Ã‘Th furnace's control thermocouple was located under- 
neath the quartz tube, the measuring thermocouple was located in 
the quartz tube under the sample, and a third thermocouple inside 
the samples for several joints 

strengths are estimated to be half of the tensile 
strength, so the tensile test confirmed that the joined 
composite should perform adequately under both 
shear and tensile loads. The silver joints failed with a 
joint efficiency of more than 95%, but with limited 
ductility. 

Silver joints were also made using 6061 as the 
substrate to observe the effect of the &Oa reinforce- 
ment. The highest shear strength, 117 MPa (17 ksi), 
was measured in a joint held at 575OC for 100 
minutes. Silver joints made with shorter joining 
times and lower joining temperatures had lower 
shear strengths. The T6 heat treatment which was 
used to strengthen the substrates, also improved the 
joint strengths, since the solutionizing treatment at 
530Â° is high enough to aid homogenization of the 
joint. The TLP process worked equally well for join- 
ing 6061 and 6061-15 v/o 4 0 , .  

Metallography of the joined composites indicated 
what was occurring during joining. Fig. 19 shows an 
excess of Al f i  particles at the braze line. When liquid 
metal was squeezed out of the joint by the spring 
loaded fixture, the &03 particles collected in the 
joint. Though the braze line was approximately 25 
km (0.001 inch), the phase diagram and the molar 
density ratio predict that 50 km (0.002 inch) of liquid 
formed during the joining cycle. Thus approximately 
half of the liquid was forced out by the spring load, 
but the &03 particles maintained a separation of the 
faying surfaces because they were caught in the joint 
and not able to flow out of the joint with the liquid 

Fig. 15-A shear sample loaded in the press to be tested 

14 WRC Bulletin 385 



4.5 inches 4 

aches 

Fig. 1 6 Ã ‘  schematic of the hydraulic press with the shear fixture in place, and a detailed drawing of the shear fixture provide the testing 
dimensions 

metal. Aluminum additions to the interlayer should 
reduce the meltback of the matrix material and form 
a joint without an increase in AlaOa particle loading. 
The SEM photos (Figs. 20 and 21) showed the 
continuous aluminum matrix in the joint around the 

Table 2-Strongest Braze Cycles for the Different 
Interlayers Joining 6061-15 vlo  AlzOs Tested in the T6 

Condition 

Brazing Cycles Strengths 
Temperature Time Shear Yield UTS 

Foil PC) fmin) MPa MPa MPa 

6061-15 vlo - 317 358 
&03, base metal 

Silver, 25 u.m 580 130 193 323 341 
,' - Copper, 25 u.m 565 130 186 85 93 

BalSi-4, 125 mrn 585 20 193 321 336 
Sn-5 a10 Ag, 125 mm 575 70 100 - - 

0.000 0.002 0.004 0.006 0.008 0.010 
Strain, idin. 

Fig. 17-The stress-strain curve of the 6061 -1 5 v/o AhOa joined with 
a silver foil 
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Fig. 18-Tensile sample of silver joint on 6061 -1 5 v/o AI& after 
failure 

AlaOg particles, which resulted in a continuously 
reinforced joint. The nonuniformity in ceramic parti- 
cle reinforcement caused the joint to be less ductile 
than the base material. 

Copper Joints. The shear strength of the sam- 
ples joined with 25 (Am (0.001 inch) copper foil varied 
with joining temperature. The critical joining temper- 
ature, the temperature above which the shear strength 
of the joint approached the shear strength of the base 
material, was approximately 565OC. Each sample that 
was brazed below 565OC failed in shear below 35 MPa 
(5 ksi), and all the samples joined at or above 565OC 
failed above 69 MPa (10 ksi). Similar to the silver 
joining system, longer hold times produced stronger 
joints. This was evident from a sample held for 100 
min at  565OC which failed at  70 MPa (10.1 ksi) versus 
the sample held for 130 min at  565OC which did not 
fail at  (88 MPa) 12.7 ksi. Differences between 6061-15 

Fig. 20-Same sample as Fig. 19. The increased reinforcement 
loading can be seen in the secondary electron mode on the SEM 
(1 00 x) 

v/o AlaOa and 6061 joints were not observed for the 
samples brazed with copper, indicating that the 15 
volume percent &Oq did not adversely affect the 
ability to join the composite by TLP bonding. 

A tensile sample was made using a 25 pm (0.001 
inch) copper braze foil. The yield strength of this 
sample was 84 MPa (12.2 ksi) and the UTS was 93 
MPa (13.5 ksi), much lower than the tensile samples 
made with silver or BAlSi-4 foils. This sample was 
joined at 566% which was near the critical joining 
temperature, and the copper system was more sensi- 
tive to bonding temperature than the silver system. 
Joining at temperatures near the base metal solidus 
of 582OC will accelerate the initial stages of the TLP 
process and increase the reliability. However, at 
higher temperatures fixturing becomes increasingly 

Fig. 19-Microphotograph of 25 pm (0.001 inch) silver foil used to 
join 6061 -1 5 v/o AlaOs. The joining cycle was 580% for 70 min in 
vacuum on machined surface (1 00x) 

Fig. 21-Same sample as Fig. 19. SEM backscattered electron 
photo shows the high concentration of the silver near the joint by 
atomic number contrast (1 00x) 
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Fig. 22-Photomicrograph of 25 pm (0.001 inch) copper foil used to 
join 6061-15 v/o A120s. Joining cycle was 566'C for 120 min on a 
machined surface (1 00x) 

Fig. 23-Same sample as Fig. 21. SEM secondary electron photo 
shows the continuity of the metal matrix through the joint. Note the 
wider band of increased reinforcement than in the silver sample Fig. 
19 (100X) 

Fig. 24-Same sample as Fig. 22. SEM backscattered electron 
photo shows the copper rich white areas near the Al̂ Oy particles 
(100X) 

Fig. 25-Optical photo of a heat treated joint made using 125 bm 
(0.005 inch) BAlSi-4 to join 6061 -1 5 v lo AlaOs. The brazing cycle was 
10 min at 585OC (1 00x) 

Fig. 26-Same sample as Fig. 25. SEM secondary electron photo 
shows that joint was about the width of the foil, and limited amounts 
of the reinforcing phase can be seen through the joint (1 00x) 

Fig. 27-Same sample as Fig. 25. SEM backscattered electron 
photo showed several flaws along the center line of the joint (100x) 
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difficult and large samples would not be able to 
support themselves near the solidus temperature. 

The copper joints had a distinct braze line in the 
aluminum composite. Higher &Os particle loading 
and some voiding in the joint clearly indicated the 
joint location. The discontinuities in the joints corre- 
spond to the tensile test which suggested the temper- 
ature sensitivity in the copper system. Some samples 
showed continuous metal through the joint (Figs. 
22-24). The shear strengths of these samples neared 
the strength of the composite, but joining tempera- 
tures of 570Â° were required. The thickness of the 
joint region was 100 pm (0.004 inch) which is much 
thicker than the joints made using silver. The molar 
density relationship discussed in the theoretical sec- 
tion provides an explanation of the thickness varia- 
tion observed. 

BALSI-4 Joints. Since it was observed that 
6061-15 v/o &Oa and 6061 performed similarly 
during brazing, BAlSi-4 was used to join the compos- 
ite. The recommended brazing temperature of 585OC 
was used, but 585OC is 3OC above the 6061 solidus. 
Two shear test samples had excellent shear strengths 
of over 172 MPa (25 ksi). The higher shear strength 
listed in Appendix A for a BAlSi-4 joint was tested 
after brazing and did not fail at a shear stress of 88 
MPa (12.7 ksi). This sample was subsequently heat 
treated and turned down to a 1.91 cm (0.75 inch) 
radius. This partially explains the high value for the 
shear strength, since the edges of the brazes are the 
most likely location of a fracture initiation site. When 
the braze foil was larger than the substrates, the 
excess braze melted aluminum in the base material. 
This created discontinuities along the edges of the 
joint, and turning the sample down removed these 
potential fracture initiation sites. 

The braze line was visible in photomicrographs of 
the BAlSi-4 braze sections (Figs. 25-27). The braze 
line consisted of braze filler metal and voids, as 
opposed to the increased loading of A1203 particles 
that was observed in the silver and copper joints. 
BAlSi-4 is an aluminum and silicon eutectic alloy 
used so the braze melts without the interdiffusion 
required for TLP bonding. Isothermal solidification 
of the joint by silicon diffusion into the aluminum 
base metal could produce a joint similar in appear- 
ance and properties to the silver and copper joints. 
Low Temperature Joints. The tin based brazes 

were used in an effort to join aluminum composites at 
low temperatures. Since these joints were intended to 
be brazes, the time at temperature was much shorter 
than the time required for TLP joints. Because of its 
limited solubility in aluminum, tin was a poor choice 
as a melting temperature depressant. Examination of 
the Sn-X joints showed tin rich regions because the 
low tin solubility inhibited tin from diffusing into the 
aluminum matrix. The low strength of the continu- 
ous tin layer limited the strength of the tin based 
joints to less then 40 MPa (6 ksi) for braze joints. 

Several joints were made using tin based brazes 
with thermal cycles similar to the TLP joining cycles. 
One joint was made using Sn-5 a/o Ag and held at 
580Â° for 70 substrate and provided a metallic bond. 
The longer hold time allowed the tin to begin to 
diffuse into the aluminum, and also improve the 
continuity of the joint. 

Zinc interlayers for TLP bonding were also exam- 
ined. Zinc foils were 250 pm (0.010 inch) thick, which 
was 10 times thicker than the silver or copper foils. 
The thick foil requires exponentially longer hold 
times. The high vapor pressure of zinc required the 
joining to be done at atmospheric pressure in an inert 
environment. Strong joints were not formed using 
the zinc foil, but joining in an inert environment 
might produce strong bonds if 10-50 pm zinc interlay- 
ers were used. 

Theoretical Study 
A sample was produced using a 25 u,m (0.001 inch) 

copper foil to join two 6061 disks. The sample experi- 
enced thermal cycles of 572OC for 30 min, 582OC for 
90 min, and 572OC for 15 hours. Following each 
thermal cycle the sample was examined using the 
scanning electron microscope (SEM) and the copper 
diffusion was measured using the energy dispersive 
x-ray (EDX) unit attached to the SEM. This sample 
demonstrated the stages of the TLP process. 

Following the first thermal cycle the joint region 
was 30-75 pm (0.0015-0.0030). In the joint, four 
distinct regions were identified, and Table 3 lists the 
EDX compositions from these regions. The 6061 base 
material is the dark area beginning adjacent to the 
joint and extending away from the joint in Fig. 29. 
The large dark areas in the joint are the (Al) phase 
which formed during cooling. The light areas in the 
joint are the A12Cu intermetallic, or the 0 phase seen 
on the Al-Cu phase diagram, Fig. 28. The light and 
the dark areas of the eutectic which formed upon 
cooling are the 6 and (Al) phases. After eliminating 
the magnesium and silicon from the 6061, the AlICu 
ratios can be calculated. The dark, light, and eutectic 
regions had AlICu ratios of 97.212.8, 69.1130.1, and 
82.31 17.7 respectively. The measured concentration 
of 17.2 a10 Cu is very nearly equal to the eutectic 
composition given on the phase diagram of 17.4 a10 
C U . ~ ~  

During the first thermal cycle, interdiffusion of the 
copper and aluminum, and dissolution of the copper 
foil occurred. The initial liquid formed during interdif- 
fusion, and dissolution of the copper was completed 

Table 3- The Composition in Atomic Percent of the 
Different Joint Regions 

Area Analyzed Aluminum Copper Silicon Magnesium 

Dark region 96.2 2.8 0 1.0 
Light region 60.9 27.3 1.2 10.6 
Eutectic reeion 70.8 14.7 2.9 11.6 
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Weight Percent Copper 

A1 Atomic Percent Copper Cu 

Fig. 28-AI-Cu phase diagram shows the phases which will form in the jointz6 

since none of the original copper foil remained in the 
joint. The widest joint occurs when the composition of 
the liquid reaches the liquidus composition on the 
substrate side of the phase diagram. The presence of 
the eutectic means that widening was not complete 
after the first thermal cycle. If widening were com- 
plete, the (Al) phase would solidify on the solid 6061 
and eutectic would solidify in the center of the joint 
during cooling. Fig. 28 shows that along most of the 
joint, the 0 phase formed on the 6061 base material. 

The spiked appearance of the copper-rich regions 
resulted from grain boundary diffusion, which al- 
lowed the copper to diffuse more rapidly along the 
grain boundaries than through the lattice. 

Following the 90 min, 585OC cycle, the sample was 
re-examined. At 65x magnification, the backscat- 
tered electron photo, Fig. 30, showed the copper rich 
band. The higher atomic number element, copper, 
has a lighter image in the back scattered electron 
mode. The copper, which began as a 25 u,m foil and 

Fig. 29-6061 aluminum joined with 25 p.m (0.001 inch) copper foil Fig. 30-Same sample as Fig. 29, reheated to 582Â° for 90 min. The 
after joining cycle 30 minutes at 573OC. The copper diffused along SEM backscattered electron photo showed the AlaCu on the (Al) 
grain boundaries faster than in the lattice grains in the joint (65x) 
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Fig. 31-Same sample as Fig. 30. Aside from the variation in 
composition, seen as differences in contrast, the grains in the joint 
appear uniform 

which formed a 50 pm liquid layer with the alumi- 
num after the first thermal cycle, diffused to a width 
of more than 100 pm after the second thermal cycle. 
Figs. 31 and 32 show the same area in both secondary 
electron and backscattered electron mode. In Fig. 31 
the joint discontinuities were apparent, as was the 
generally high joint quality. In Fig. 32, the eutectic 
structure which formed after the first thermal cycle 
no longer existed, but primary 6 phase was located in 
the white regions on the grain boundaries. The 
composition of the white areas was approximately 7 1 
a10 Al and 29 a10 Cu. The copper concentration of the 
gray areas decreases from 2 a10 in the center of the 
joint to 1.6 a10 100 pm from the joint center to zero at 
200 pm from the center of the joint. 

The lack of a eutectic structure following the 
second thermal cycle indicated that isothermal solidi- 

Fig. 32-Same sample as Fig. 30. The (Al) grains in the joint are 
100-200 pm and the (Al) grains in the base material are approxi- 
mately 20 pm The white regions on the grain boundaries are the 6 
phase. (SEM backscattered electron, 1 l o x )  

Fig, 33-Sample from Fig. 30 reheated to 572 for 15 hours. The 0 
phase regions are smaller than in Fig. 32, and the joint region is 
lighter, indicating lower Cu concentrations. (SEM backscattered 
electrons, 100x). 

fication had begun. Isothermal solidification began 
when the liquid composition equaled that of the (All 
liquidus (12 a/o Cu at 585OC). The large (All grains 
solidify isothermally, and upon cooling, the hypoeutec- 
tic liquid continues to solidify as the (All phase on the 
existing (Al) grains. The copper concentration of the 
liquid increases during solidification until liquid with 
the composition of the eutectic remains at the grain 
boundaries. The (Al) grains which formed in the 
center of the joint are 100-200 pm in diameter and 
much are larger than the original 10-25 pm (Al) 
grains adjacent to the joint. Since grain size increases 
as cooling rate decreases, the large grains in the joint 
solidified isothermally or at a low cooling rate. 

The third heating cycle was 15 hours at 572'C. The 
joint became indistinguishable from the base mate- 
rial on the SEM in the secondary electron mode, but 
pockets of copper rich material were found at the 
original interface. The white areas in Fig. 33 had 
higher copper concentrations than any other areas 
near the original interface, but these areas could not 
be identified as the 6 phase since the regions were 
small and scattered. The concentration of copper was 
0.90,0.80,0.59,0.25, and 0 atomic percent in the (All 
phase as the concentrations were measured starting 
at the center of the joint and moving into the 6061 in 
100 pm intervals. 

After the third thermal cycle, copper was located in 
a 700 pm wide plane along the original interface with 
150 pm grains grown in the center of the plane. This 
plane formed from a 25 pm copper foil during a total 
of about 20 hours at 572%. Homogenization was not 
complete following this thermal cycle, because the 
room temperature copper solubility limit was ex- 
ceeded in (Al) grains supersaturated with copper. 
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Conclusions 

Joining of 6061-15 v/o A120s by the transient liquid 
phase bonding process is a practical method for 
production of high quality joints. Surface prepara- 
tion, fixturing, and joining atmosphere were the 
experimental parameters which required the closest 
control to assure strong metallic bonding. Silver, 
copper, and BAlSi-4 foils succeeded at joining both 
reinforced and unreinforced 6061 using similar pro- 
cesses. TLP bonding times are longer than braze cycle 
times, but the joint can have the structure and 
properties of the base metal at a lower joining temper- 
ature than current aluminum brazing methods. 

Surface preparation was the primary difference 
between joining of 6061 and 6061-15 vlo A1203. 
Caustic cleaning solutions are commonly used to 
chemically clean aluminum surfaces prior to brazing. 
Strong braze joints were produced using caustically 
cleaned 6061 samples, but this cleaning inhibited the 
brazing of the aluminum composites. The caustic 
solution attacked the surface oxide and the reinforc- 
ing phase of the composite forming a porous surface 
which allowed the liquid filler metal to flow into the 
substrate and away from the joint region. Mechani- 
cally cleaned surfaces of the composite aluminum 
were bonded by TLP bonding using commercial braze 
alloys. Clamping forces of less than 70 kPa (10 psi) 
were required to improve interlayer-substrate con- 
tact and to allow interdiffusion to begin the TLP 
process. Attempts to braze in an argon atmosphere 
were unsuccessful, but strong bonds were formed in a 
vacuum furnace with a pressure of torr. 

Shear tests were used to determine the strength of 
the brazed joints. Joining with silver at 575OC for 100 
min and BAlSi-4 at 585OC for 20 min consistently 
produced joints with shear strengths greater than 
175 MPa (25 ksi). The ultimate tensile strength of 
both joints exceeded 340 MPa (49 ksi) and the yield 
strengths were above 320 MPa (46 ksi). Ductilities of 
less than 1% were recorded in the tensile tests, but 
the tensile strengths represent a joint efficiency of 
more than 95%. Copper produced high shear 
strengths, but inconsistent results were obtained at 
joining temperatures below 570Â°C The solidus tem- 
perature of 6061 is 582OC, so reductions in the joining 
temperature allow fixturing flexibility without fear of 
distorting the substrates. Zinc and tin alloys were 
also examined for joining at lower temperatures. An 
inert atmosphere required to minimize both oxide 
formation on the aluminium and vaporization of the 
zinc was not attained, but the system holds potential 
for lower temperature joining. Adequate joints were 
not produced with the tin based alloys because of a 
lack of tin solubility in aluminum, and the low 
strength of tin. 

Shortening of the joining time and improvements 
in the ductility of the joint can be made through 
optimization of interlayer compositions. Rolling of 
silver-aluminum and copper-aluminum alloys is diffi- 
cult because both systems form brittle intermetallics. 
Rapid solidification of these alloys could produce foils 
with the desired composition and thickness. Alloys 
near the eutectic composition would form a liquid 
without the interdiffusion required for TLP bonding. 
Eliminating the initial interdiffusion would allow 
joining to begin earlier in the cycle than during the 
TLP process. The addition of aluminum to the inter- 
layer would also reduce the amount of aluminum 
base material which is melted back. By melting back 
less base material, the &03 reinforcement would not 
concentrate at the interface. An interlayer composi- 
tion could be produced to partially reinforce the joint, 
essentially producing the same fraction of reinforce- 
ment as the base material across the bond interface. 
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Appendix A 
Phase Diagrams 

Weight Percent Gallium 

0 10 20 30 40 50 60 70 80 90 100 

A1 Atomic Percent Gallium Ga 

Aluminum-gallium phase diagram (after Massalski) 
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Weight Percent Germanium 

A1 Atomic Percent Germanium Ge 

Aluminum-germanium phase diagram (after Massalski) 

Weight Percent Lithium 

A1 Atomic Percent Lithium 

Aluminum-lithium phase diagram (after Massalski) 
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Weight Percent Magnesium 

0 10 20 30 40 50 60 70 80 90 100 
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A1 Atomic Percent Magnesium Mg 

Aluminum-magnesium phase diagram (after Massalski) 

Weight Percent Tin 
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A1 Atomic Percent Tin Sn 

Aluminum-tin phase diagram (after Massalski) 
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Weight Percent Zinc 

A1 Atomic Percent Zinc Zn 

Aluminum-zinc phase diagram (after Massalski) 
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Appendix B 

Temp 
Allovl Foil2 PC) 

Tests run on W6A.15A-T6 
Sn-4 Ti 5 585 
Sn-5 Ti-5 Ge 5 585 
Sn-5 Ag 5 575 
Sn-10 Ag 5 585 
Sn-15 Ag 3.5 585 
Sn-20 Ag 5 510 
Sn-20 Ag 5 585 
Sn-25 Ag 3.5 585 
Sn-10Ag-4Ti 3.5 585 
Ag 1 570 
& 1 580 
Ag 1 580 
.kg 0.6 580 
-% 1 585 
& 1 585 
Ag 1 585 
& 1 585 
Ag 1 585 
Ag 1 585 
Ag 1 590 
BAlSi-4 5 585 
BAlSi-4 5 585 
BAlSi-4 5 585 
Cu 1 548 
Cu 1 560 
Cu 1 565 
Cu 1 565 
Cu 1 565 
c u  1 575 

Tests run on 6061-T6 
BalSi-8 2 585 
Sn-10 Ag 3.5 585 
Sn-15 Ag 3.5 585 
Ag 1 575 
Ag 1 575 
Ag 1 575 
Ag 1 585 
Cu 1 550 
Cu 1 560 
Cu 1 565 
Cu 1 565 
c u  1 575 

- 

lAll alloying elements are listed in atomic percent with the 
remainder being the first element listed. 

%raze foil thicknesses are listed in thousandths of an inch. 
^he times shown are the time the sample was at  the tempera- 

ture listed. 
"The strengths shown are shear strengths, tensile tests were 

done on composite material with silver, copper, and BAlSi-4 foils. 
Â¡Th notes indicate how many samples were tested, if the sample 

was heat treated, and if the sample was taken to failure (* means 
not to failure). 
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