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Effect of Second Phase Particles on 
Direct Brazing of Alumina Dispersion 

Hardened Copper 

The application of a barrier coat before brazing helps to correct 
a problem of embrittlement associated with direct brazing 

BY A. A. McFAYDEN, R. R. KAPOOR A N D T. W . EAGAR 

ABSTRACT. Brazed joints were fabricated 
using induction brazing in an Ar atmo
sphere on 0.25 vol-% alumina dispersion 
hardened copper (ADHC) using Ag-Cu 
eutectic and pure Ag electroplate as in
terlayer materials. Both interlayers com
pletely wet ADHC. For both interlayers, 
the application of additional stress (29 psi) 
on the joint improved the joint quality. 
However, the brazed joints were embrit
tled and exhibited little ductility and low 
strength. Embrittlement is caused by in
corporation of insoluble alumina particles 
in the filler metal by erosion of the base 
metal. Subsequently, dendrites from the 
solidification front push the alumina parti
cles to the centerline of the joint, locally 
increasing the alumina concentration and 
thereby embrittling the joint. The embrit
tlement can be avoided by preventing 
erosion of the base metal by coating the 
base metal prior to brazing. 

Introduction 

This paper details an investigation of 
brazed joints in ADHC, a candidate mate
rial for the electromagnet windings of the 
compact ignition Tokomak nuclear fusion 

reactor. The reactor requires a very large 
magnetic field for the containment of 
high-temperature plasma. The electro
magnetic coil must be capable of carrying 
very high currents with relatively little 
generation of heat. To maximize electrical 
conductivity, the coil will be cooled with 
liquid nitrogen. The material must also be 
able to withstand the huge Lorentz forces 
the coil will experience in addition to the 
low cycle fatigue loading arising from 
fluctuations in current during startup and 
shutdown. 
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These requirements imply that joints in 
the coil material must possess high electri
cal conductivity, high tensile strength and 
good fatigue properties. Since the joints 
will be fabricated at intervals as the coil is 
being wound, the joining process should 
be simple, amenable to fabrication on the 
shop floor, and require relatively small 
amounts of machining and fixturing. 

The ADHC consists of a pure copper 
matrix that is strengthened by an ex
tremely fine dispersion of alumina (AI2O3) 
particles (0.15-0.60 vol-%). The ultimate 
tensile strength of ADHC is typically 80 ksi 
(552 MPa), as compared to 32 ksi (221 
MPa) for pure annealed copper. Thus, 
unlike pure copper, ADHC does possess 
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the requisite strength to qualify as a base 
material for the coil. 

Brazing and transient liquid phase bond
ing (TLP) were selected as two candidate 
joining processes because of their ease of 
use as well as their known success with 
copper and copper alloys. Since this pro
cess must work in a magnet fabrication 
shop, brazing and TLP by use of an induc
tion coil were investigated. 

Both direct brazing and indirect brazing 
of ADHC were investigated. The term 
"direct brazing" refers to brazing with 
filler metals that wet and adhere directly 
to the base metal without the need for any 
pretreatment or coating. In "indirect braz
ing," the base metals are coated or plated 
prior to brazing. 

Transient liquid phase bonding was se
lected as a possible joining technique for 
the ADHC material since the process had 
already been demonstrated in Ag-Cu-Ag 
sandwich joints (Ref. 1). The process was 
developed to eliminate the need for high 
pressures in the diffusion brazing of nick
el-base superalloys (Ref. 2), although vari
ations have been used for fabrication of 
gold and copper objects since ancient 
times. This process is similar to brazing in 
that it utilizes an intermediate filler metal. 
However, unlike brazing, the joining pro
cess leads to isothermal solidification re
sulting in superior joints. The resulting 
bond region and base metal form a con
tinuous solid solution, avoiding the forma

tion of brittle phases. One disadvantage 
of the process is that solid-state diffusion 
must occur, lengthening the time required 
for joining. 

Since ADHC contains a fine dispersion 
of AI2O3, there were initial concerns over 
the possible deleterious effects of the alu
mina dispersion on the wettab lity. How
ever, as we will show, conventional braz
ing filler metals exhibit excellent flow on 
the ADHC material. 

Thus, the main goals of this st jdy were: 
1) to obtain brazed joints and TLP bonds 
in ADHC, 2) to characterize the resulting 
joints by optical and scanning electron 
microscopy and 3) to test the mechanical 
properties of the joints. It was also de
cided to fabricate joints of pun? Cu using 
identical brazing procedures and com
pare the joints in pure copper to the joints 
in the ADHC material. Finally, it was hoped 
that the present investigation would com
pare the relative merits of conventional 
brazing with TLP bonding for ihe ADHC 
material. 

Materials 

The ADHC material used in this study 
contained 0.25 vol-% alumina (AI2O3). The 
manufacturer reports the alumina particle 
size to be in the range 30 to 120 ang
stroms, with an average size of 50 ang
stroms. The material is produced by inter
nal oxidation of a powdered dilute cop-

Fig- 1 — The induction 
brazing setup. 

per-aluminum alloy. The oxidized alloy is 
then placed in a pure copper container to 
facilitate hot extrusion. Thus, the as-re
ceived material possesses a 13-mil-thick 
copper cladding surrounding the 3/s-in. 
(9.5-mm) thick plate. 

Silver-copper eutectic filler metal (AWS 
BAg-8: 72%silver, 28%copper, liquidus 
temperature 780°C/1436°F) was ob
tained commercially in the form of sheet 
0.005 in. (0.127 mm) thick. Some of the 
ADHC samples were electroplated with a 
5-micron layer of silver. Two peel tests 
were conducted on samples that were 
torch brazed with a silver-base alloy (AWS 
BAg-1: 45%Ag, 15%Cu, 16%Zn, 24%Cd, 
liquidus temperature 618°C/1144°F) in 
wire form. The brazing flux used in these 
experiments was of a commercial variety 
designed for silver alloy brazing (AWS 
Type 3A). 

Experimental 

Wetting Tests 

In order to test whether the braze alloy 
would flow on this ADHC composite ma
terial, wetting tests were performed in a 
resistance-heated vacuum tube furnace 
operating at 10 - 5 torr. Small pieces of the 
filler metal were cut, placed on a piece of 
the base metal, and the entire assembly 
placed in the vacuum tube. Care was 
taken to ensure that the 13-mil-thick pure 
copper cladding on the as-received ADHC 
was not present on the surface on which 
the test was to be conducted. This was 
done by grinding the surface on a silicon 
carbide grinding belt, to a finish of 120 grit. 
Samples in the furnace were heated to 
temperature in 4 h, and held at temp
erature for V2 h. The cool-down time 
was also 4 h. Samples were held at 805°, 
860°, and in excess of 900°C (1481°, 
1580° and 1652°F). The final samples 
were examined visually by optical micros
copy and SEM. 

Brazing Experiments 

The samples of ADHC used for brazing 
and TLP experiments were approximately 
4 X V2 X VA in. (102 X 12.7 X 6.4 mm). 
The configuration was a simple square-
groove butt joint. The apparatus used for 
fixturing and heating the samples is illus
trated in Fig. 1. This apparatus permitted 
one to apply a constant pressure across 
the joint during brazing by use of set 
weights acting through leaf springs. A cy
lindrical Plexiglass chamber enclosed the 
brazing apparatus and was flushed with 
argon prior to brazing. A constant argon 
flow rate was maintained during the heat
ing and cooling cycles. 

For joints brazed with the silver-copper 
eutectic filler metal, a piece of the brazing 
sheet approximately Vi X VA in. was 
placed between the ends of the two 
ADHC specimens. For joints utilizing pure 
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silver electroplate, one of the two speci
mens was electroplated prior to brazing. 
Both surfaces were cleaned prior to braz
ing with nitric acid and/or acetone. When 
used, flux was manually applied as a thin 
layer to both surfaces. 

The expansion of the metal on melting 
produced pressure in the joint region 
during the heating cycle, which tended to 
separate the two pieces of the base metal. 
The expansion pressure was countered 
and held to a constant value by the use of 
the leaf springs. Additional pressure could 
be imposed on the joint by placing brass 
weights coaxial with the sample. Addi
tional weight of about 1.5 kilograms (3.6 
Ib) was used in some experiments. This 
corresponds to an additional stress of ap
proximately 29 psi (200 MPa). 

Temperature measurement was at
tempted by placing a type "K " thermo
couple in a small hole in the sample 
surface, approximately 1 cm (0.4 in.) from 
the joint, as in Fig. 1. When using induction 
brazing, a reliable temperature reading 
can only be obtained when the radio-fre
quency current to the induction coil is 
temporarily switched off. Switching off 
the current in this manner during control 
experiments revealed that a temperature 
of approximately 760°C (1400°F) was at
tained in a cycle time of 3 min when using 
an induction unit with 2.5 kW of output 
power. Due to the difficulties of accu
rately calibrating the temperature mea
surement and control system, it was as
sumed that this figure is a lower limit on 
the heating cycle. (The melting tempera
ture of the eutectic braze is 780°C.) It was 
further assumed that the induction heating 
unit delivers consistent power, so that 
similar heating cycle times correspond to 
similar quantities of heat delivered to 
samples of equal size, for equivalent 
power settings on the induction power 
supply. Hence, all joints should attain sim
ilar temperatures. 

Joint Characterization 

Metallography was performed on the 
wetting test samples, as well as samples 
from the coalescent region of the brazing 
experiments. Mechanical grinding and pol
ishing were carried out to a 0.3-micron 
alumina finish. The polished samples con
taining eutectic braze alloy were etched 
with a solution of saturated aqueous chro
mium trioxide (&O3). The silver braze 
samples were etched with a dilute solution 
containing equal parts of ammonium hy
droxide (NH4OH) and hydrogen peroxide 
(H2O2). One sample plated with nickel 
was ground and polished as above and 
etched with Marble's reagent. 

Wetting test samples were examined 
using the SEM. In addition, fractography 
was conducted on the fracture surfaces of 
the brazed samples following mechanical 
testing. These surfaces were also scanned 

5 0 / i m Fig. 2-
Microstructure of 
the 860°C wetted 
sample (200 X). 

to obtain an energy dispersive spectrum 
(EDS) in order to identify the elements 
present. 

Mechanical Testing 

Some of the preliminary brazed sam
ples (1 through 7 in Table 2) were ma
chined into specimens for tensile testing. 
The results from these tensile tests indi
cated that the joints possessed poor me
chanical properties (see the results section 
for details). Some of the samples gener
ated for tensile testing broke during han
dling. Hence, the latter samples (8 through 
15 in Table 2) were tested manually im
mediately after brazing. Subsequent me
chanical tests were conducted by bending 
the samples manually to obtain a qualita
tive measure of the bond strength before 
additional samples were machined for 
mechanical testing. This was done to save 
time as well as machining effort. 

Two peel tests were also performed to 
compare the performance of brazed joints 
in pure copper with that in ADHC. Sam
ples were brazed on a workbench utiliz
ing a manual torch and a flux. The filler 
metal was BAg-1 in wire form. Two over
lapping pieces were brazed in an "X" 
configuration. The piece was then sec
tioned through the joint, and the peel test 
performed on one section by placing one 
leg in a vise and pulling on the other leg 
until failure of the joint was obtained. 

Results 

Wetting Tests 

It was found that the silver-copper 
eutectic alloy wet the ADHC at all three 
test temperatures: 805°, 860 : and 
>900°C. However, for the sample at 
>900°C, delamination of the copper clad
ding was observed on surfaces other than 
the test surface. Small cracks in the base 
metal were also observed at this temper
ature. In a control sample heated to the 
same temperature, without any filler 
metal, no delamination or cracking was 
observed. 

Figure 2 depicts the microstructure of 
the 860°C wetting test sample at 200X. 
This photomicrograph is a section through 

the wetted surface showing the extent of 
wetting and surface penetration. The 
etched eutectic material appears darker 
than the base metal. Clear evidence of 
grain boundary penetration by the filler 
metal is seen. The contact angle between 
the filler metal and the base metal is 
essentially zero, i.e., complete wetting has 
occurred. 

Table 1 is a preliminary test matrix of 
brazing conditions. These tests were con
ducted to determine the feasibility of 
brazing as a joining process for ADHC. 
The three important variables were: 1) the 
filler metal (Ag-Cu eutectic or Ag electro
plated onto one of the joint faces), 2) the 
atmosphere (air or Ar), and 3) the external 
load. No external load was imposed on 
the joints fabricated in air. Joints were 
fabricated using both filler metals under 
argon (both with and without weights). 
The experimental setup described earlier 
was used to fabricate the preliminary test 
samples. 

A set of samples was prepared initially 
to define the brazing conditions (Table 2). 
These initial samples (1 through 7) were 
brazed under argon using flux and by im
posing an additional stress of 29 psi on the 
assembly. The only parameter that varied 
in these preliminary tests was the duration 
of the heating cycle. The brazing condi
tions for the remaining samples (8 through 
15 in Table 2) were determined based on 
the results of the metallography and me
chanical tests conducted on the prelimi
nary samples. The latter samples were 
fabricated without use of flux. One sam
ple (15) was produced that possessed 
joint surfaces plated with nickel (Ref. 3) 
prior to brazing. Another sample (14) was 

Table 1—Preliminary Test Matrix 

Alloy 
Composition 

Ag-Cu Eutectic 
Silver Electroplate 

Air Argon 

X|a> X 
X 

Argon+ 
External 
Stress 

(29 psi) 

X 
X 

(a) X = Completed successfully. 
Heating cycles: Ag-Cu eutectic — 5 min.; Ag plate — 8 min. 
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Table 2-

Sample 
No. 

1 

2 

3 

4 

5 

7 

8 
9 

10 
11 

12 

14 

15 

-Samples for Mechanical Testing 

Heating 
Time 

5 min, 50 s 

5 min 

4 min 

5 min 

6 min, 50 s 

5 min, 30 s 

10 min 
7 min, 15 s 

10 min 
10 min 

3.5 min 

3 min 

3.5 min 

Atmosphere 

Argon 

Argon 

Argon 

Argon 

Argon 

Argon 

Argon 
Argon 
Argon 
Argon 

Argon 

Argon 

Argon 

External 
Stress 

29 psi 

29 psi 

29 psi 

29 psi 

29 psi 

29 psi 

29 psi 
29 psi 
29 psi 
29 psi 

29 psi 

29 psi 

29 psi 

Filler Metal 

5 jjm Ag 

5 nm Ag 

5 jum Ag 

5 jim Ag 

5 Mm Ag 

5 jum Ag 

5 jjm Ag 
5 /im Ag 
16-mil Ag foil 
Ag-Cu eutectic 

5 mils 
Ag-Cu eutectic 

5 mils 
Ag-Cu eutectic 

5 mils 
Ag-Cu eutectic 

5 mils 

Flux 

AWS 
Type 

AWS 
Type 

AWS 
Type 

AWS 
Type 

AWS 
Type 

AWS 
Type 

NIL 
NIL 
NIL 
NIL 

NIL 

NIL 

NIL 

3A 

3A 

3A 

3A 

3A 

3A 

Plating 

NIL 

NIL 

NIL 

NIL 

NIL 

NIL 

NIL 
NIL 
NIL 
NIL 

NIL 

Cu clad 

Ni plate 
5 microns 

joined with the copper cladding intact on 
the joint faces (for all other samples, this 
cladding was removed from the faces). In 
Table 2, Samples 1 through 9 utilized the 
5-micron silver electroplate as filler metal. 
Sample 10 was made with an 800-/im pure 
silver foil. Samples 11 through 15 were 
made with the 125-ju,m silver-copper eu
tectic foil as filler metal. 

Metallography 

All of the samples that were prepared 
for metallography were brazed with flux. 
Figures 3A and B, at 50X and 400X, 
respectively, depict the macrostructure 
and microstructure of the joint brazed us
ing the Ag-Cu eutectic filler metal in an Ar 
atmosphere without use of external 
weights; whereas, Figs. 4A and B, at 50X 
and 400X, respectively, depict a joint 

brazed under identical conditions but with 
an external load of 1.5 kg (3.7 Ib) that cor
responds to a stress of 29 psi. Similarly, 
Figs. 5A and B, at 50X and 40CX, respec
tively, depict a joint brazed under Ar us
ing electroplated Ag as a filler metal with 
no external load imposed; whereas, Figs. 
6A and B, at 50X and 400X, respectively, 
depict a joint brazed under identical con
ditions but with an external stress of 29 psi. 

Examination of Figs. 3 to 6 clearly indi
cates that regardless of the tiller metal 
used, the imposition of external stress re
duced the porosity in the joint. It is also 
seen that application of the additional 
stress reduced the joint thickness from 
approximately 235 to 20 /^m in I he case of 
the Ag-Cu eutectic filler metal. However, 
the joint width remained unchanged at 
200 jun for the joint brazed using Ag 
electroplate, lt was also found that sam

ples brazed in air contained higher poros
ity than those brazed in Ar. The observed 
reduction in porosity with an increase in 
applied stress is consistent with the results 
obtained by Rabinkin (Ref. 5). 

Metallography was conducted, prior to 
brazing, on one test sample that had been 
Ni plated to determine the quality of the 
Ni plating. In general, there were no voids 
or pores observed at the plating-base 
metal interface, suggesting that the over
all quality of the plating was satisfactory. 
However, there were some regions that 
exhibited poor adherence to the base 
metal. The plating was approximately 5 
microns thick. 

Mechanical Testing 

As mentioned earlier, some of the pre
liminary brazed samples were tensile 
tested to determine their strengths. Ten
sile tests for two brazed samples (3 and 5 
in Table 2) are presented in Table 3. These 
specimens were both brazed without any 
external stress under argon. Flux was used 
to braze both samples and a 5-yu.m layer of 
electroplated Ag served as the interlayer 
material. For comparison, data from a 
similar test on the base metal ADHC 
(AI-25), as well as data from the literature 
for pure annealed copper (Ref. 3) are also 
presented. 

It is clear from Table 3 that the ultimate 
tensile strength of the ADHC joints is 
much lower than that of the base metal. 
No yield strength could be obtained for 
these joints from the load-displacement 
curves since the specimens failed in a brit
tle manner. The negligible values of elon
gation and reduction in area underscore 
the brittle nature of these joints. 

As mentioned earlier, subsequent sam
ples were tested manually to save the time 
and effort expended in preparing tensile 
specimens. Manual testing of the subse
quent brazed specimens (8 through 15 in 
Table 2) revealed that the ductility of these 
brazed joints was also extremely low. It 
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Fig. 6—A- Microstructure of brazed joint fabricated under a protective argon atmosphere with an external load of 29 psi. The filler metal used was 
Ag electroplated onto one of the base metals (50 X); B — microstructure of brazed joint fabricated under a protective argon atmosphere with an external 
load of 29 psi. The filler metal used was Ag electroplated onto one of the base metals (400 X). 
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Fig. 7 —Fracture 
surface of ADHC 

sample brazed 
under argon without 

flux, under an 
additional stress of 

29 psi and using 
electroplated Ag as 

a filler metal. 

Table 3— 

Sample 

Pure Cu 
Pure 

ADHC 
Sample 3 
Sample 5 

Results of Tensile Tests 

07 

Yield Elonga-
Strength UTS tion 

10.9 ksi 32.2 ksi 54% 
70 ksi 80 ksi 10% 

N/A 32.4 ksi 0.2% 
N/A 20.8 ksi 0.15% 

Reduc
tion 

in Area 

86% 
43% 

0% 
0% 

(a) UTS = Ultimate tensile strength 

was possible to induce fracture in these 
brazed joints (which possessed a coa
lesced area of 0.8 cm2) by manual testing. 
Thus, all of the brazed ADHC specimens 
failed in the joint region and exhibited 
poor strength and low ductility. 

For comparative purposes, a peel test 
was performed on joints made between 
two pieces of pure copper. The filler 
metal used was BAg-1. During the peel 
test, the copper sample underwent ex
tensive plastic deformation before failure 
began in the joint region. The filler metal 
in the joint region was also deformed 
considerably. This is in sharp contrast to 

the ADHC peel test sample, which exhib
ited no ductility prior to failure n the joint 
region. In the case of the ADHC joint, the 
filler metal also showed much ess defor
mation than in the copper sample. These 
observations strongly suggested that the 
ADHC brazed joints had been embrittled. 

To understand the nature of the em
brittling process, fractography was per
formed on the failed specimens. Visual 
examination of the fracture surfaces re
vealed a white-grey residue of a powdery 
nature. To further explore the nature of 
this residue material and the details of the 
fracture surface, the samples were exam
ined in a scanning electron microscope 
equipped with an energy dispersive x-ray 
analyzer. 

SEM and EDS Analyses 

Figure 7 depicts the fracture surface of 
Sample 9 (brazed under Ar, «vith addi
tional 29 psi load, no flux and a 5-micron 
Ag electroplate as an interlayer] as seen in 
the SEM. The fracture surface of this 
specimen is representative of other sam
ples also. A residue is clearly visible ex
tending over fairly large regions of the 
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Fig. 8 —EDS spectrum for whitish residue depicted in Fig. 7. 
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sample. Visual examination of the fracture 
surface suggested that the residue was 
white in color. Figure 8 depicts the EDS 
spectrum for the residue seen in Fig. 7. 
The EDS spectrum for the base metal 
(ADHC) is depicted in Fig. 9 for compara
tive purposes. These figures clearly indi
cate that the residue is rich in Al. The sig
nal corresponding to the Al peak is con
siderably stronger in the case of the 
residue, indicating that the level of Al in the 
residue is much greater than the level of Al 
in the ADHC material. 

Figure 10 is a fractograph depicting the 
features of the fracture surface corre
sponding to the sample brazed with the 
copper cladding intact. For this sample, 
the ADHC base metal was not in contact 
with the filler metal. No white residue was 
observed. The fracture morphology was 
also quite different for this sample; large 
regions of microvoid coalescence typical 
of ductile failure were seen. Dendrites of 
solidified filler metal were also visible. It 
was observed that this sample exhibited a 
much higher degree of ductility during the 
mechanical tests than other joints made 
from ADHC material. 

Figure 11 is a fractograph depicting the 
surface of the electroless Ni-plated sample 
after brazing with the Ag-Cu eutectic filler 
metal and mechanical testing. No whitish 
residue was observed on the broken joint 
faces. Regions of microvoid coalescence 
indicative of a ductile-type failure mode 
can be seen on the fractograph. The EDS 
spectrum for this sample, depicted in Fig. 
12, exhibits a very low level of aluminum. 
As expected, the Ni content is high. In ad
dition, the P level is also high since the Ni-
plating was conducted in a Ni-P bath. In 
the mechanical tests conducted on the 
Ni-plated sample, it did not exhibit a very 
high degree of ductility. 

To summarize the experimental obser
vations: 1) the Ag-Cu eutectic exhibited 
excellent wettability on the ADHC sub
strate; 2) brazing under load reduced the 
extent of porosity in the joint and also re
duced the thickness of the joint, 3) joints 
fabricated from ADHC material were em
brittled, possessing a low strength and al
most no ductility, and 4) fractographic 
analysis revealed the presence of a whit
ish grey residue on the fracture surfaces. 
EDS analysis suggested that this residue 
was rich in Al. joints made between two 
pieces of pure copper or between two 
pieces of copper-clad ADHC exhibited a 
high level of ductility and strength. The 
Ni-plated specimen exhibited a low duc
tility. No evidence of the whitish grey res
idue was found on any of the plated joints. 

Discussion 

Wettability of Brazing Alloys on ADHC 

The results of the wetting tests clearly 
indicate that the silver-copper eutectic 
material does wet ADHC. Evidently the 
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presence of the 0.25 vol-% alumina dis
persion does not impair wetting. 

Final Thickness of the Joints 

Massalski, et al. (Ref 2), has listed the 
main stages during TLP bonding. In stage 
one, the interlayer melts. Stage two in
volves erosion and dissolution of part of 
the base metal. Stage three is the equili
bration stage wherein the liquid metal 
achieves a constant composition. In the fi
nal stage, isothermal solidification com
mences. Each of these stages, as well as 
several other factors,determine the final 
joint thickness. In the initial stages of the 
process, the interlayer melts if the tem
perature exceeds the melting point of the 
filler metal (as in the case of the Ag-Cu 
eutectic). Alternately, diffusion of the Ag 
causes dissolution of the interlayer even 
though the temperature is below the 
melting point of the interlayer (as in the 
case of the pure Ag interlayer, which melts 
at 960°C). The dissolution time has been 
estimated by Rabinkin (Ref. 5) by using the 
Bertoud equation, and by Massalski, ef al. 
(Ref. 2). Both investigations conclude that 
the dissolution time is of the order of a few 
seconds or less. On the scale of the braz
ing cycle (e.g. a few minutes) this implies 
that the interlayer becomes molten almost 
instantaneously. 

Following dissolution of the interlayer, 
the liquid metal erodes part of the base 
metal since the liquid metal is supersatu
rated in Ag. Massalski, ef al. (Ref. 2), esti
mates that this process lasts only a few 
seconds. Thus, within the first 30 s, the in
terlayer is completely molten and has 
eroded the base metal, resulting in the 
maximum width of the molten zone dur
ing the entire process. 

The imposition of external stress com
plicates the phenomena occurring at the 
joint by squeezing the molten metal out of 
the joint clearance. It should be noted that 
the three phenomena —base metal ero
sion, interlayer dissolution and extrusion 
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Fig. 9 — EDS spectrum for ADHC base material. 

of the molten metal — all occur simulta
neously. The time to reduce the joint 
clearance from an initial clearance hi to a 
final clearance F12 can be estimated using 
the Stefan equation (Ref. 5). 

M®-&] (i) 

where t is the time, A is a numerical factor 
taken to be unity for square joints, P is the 
applied pressure, -q is the viscosity of the 
filler metal, L is the length of the joint and 
hi is the height of the joint. This equation 
may be used to estimate the time taken to 
reduce the joint clearance from its initial 
value to the final value observed in the 
microstructure. 

Smithell's handbook (Ref. 7) reports the 
viscosity of liquid copper at its melting 
point to be 4.0 mN s/m2 , whereas, that for 
Ag at its melting point is 3.88 mN s/m2. 
Hence, for the purposes of the present 
estimation, the viscosity of the Ag-Cu eu
tectic may be assumed to be approxi
mately 4.0 mN s/m2 . One may also com

pute the effective length of the square 
joint by assuming that the geometry is that 
of a square, and using the area of the joint 
to compute the side. Thus, for the present 
joint {Vi X VA in.) one computes 
L = 8.98 X 10~3m. Further, by assuming 
that the 1.5-kg load acts uniformly across 
the joint, one may compute the stress to 
be approximately 183,000 N/m2 . It is also 
known that the initial joint clearance for 
the Ag-Cu eutectic joints was 125 jum (the 
interlayer thickness). However, after base 
metal erosion and equilibration of the liq
uid, this must have increased to at least 
225 /am since the joints without load 
exhibit a 225 ^m joint width. Hence, 225 
jum may be taken as the maximum joint 
width. The application of load reduces this 
to 20 jixm, which may be taken as the final 
joint thickness. Substituting these values 
into the Stefan equation, one computes 
the times required to reduce the thickness 
of the joint from 225 to 20 /j.m as t = 0.47s. 

Since this time is much shorter than the 
total brazing time, it implies that there was 
sufficient time available to reduce the joint 

Fig. 10-Facture surface of Sample 14 brazed with the copper cladding 
intact. 

Fig. 11- Fracture surface of Sample 15 brazed after plating with Ni. 
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clearance in accord with the Stefan equa
tion. The fact that the joint clearance is not 
smaller than 20 ^m is indicative of the fact 
that the Stefan equation alone cannot de
scribe the phenomenon occurring at the 
joint, and that other simultaneous pro
cesses must be occurring that affect the 
joint width. For example, the dissolution is 
not uniform everywhere and the final joint 
thickness of 20 /xm may represent an ef
fective "roughness" of the dissolved in
terface. It should be mentioned that clear 
evidence of filler metal expulsion was 
seen on the sides of the brazed samples 
that were perpendicular to the joint face. 
For joints brazed under load, the filler 
metal had flowed out of the joint clear
ance and solidified on the side of the sam
ple — Fig. 3B. Although this figure depicts a 
sample brazed without load, evidence of 
filler metal expulsion can be seen. This ex
pulsion was caused by the weight of the 
top half of the sample. 

Other important processes occurring at 
the joint are the dissolution of the inter
layer, which is followed by base metal 
erosion. The time scale for these pro
cesses ranges from less than one second 
to a few seconds (Refs. 2, 5). 

Thus, it is seen that the time scales for 
erosion of the base metal, dissolution of 
the interlayer and outflow of the molten 
metal are similar. This implies that these 
processes must mutually interfere. The 
situation is further complicated by one 
additional process that depletes the mol
ten filler metal of the solute. This additional 
process is grain boundary diffusion, which 
is very significant in the case of the ADHC 
material since the material possesses a 
very fine grain size (Ref. 8)(1). 

(1) The grain size of ADHC varies depending on 
the degree of cold work in the material. For ex
truded products that are subjected to large de
formations, the transverse grain size can be 
smaller than 0.1 ^m. In general, it can be said 
that the grain size is usually less than 5/xm. 

Depletion of the solute by g'ain bound
ary diffusion may help expla n why the 
joint thickness remained invariant with 
applied stress for the samples brazed us
ing a Ag electroplate as the filler metal. 
Diffusion down the grain boundary may 
cause the joint to appear wider than it ac
tually is. In any case, the exact reason for 
the invariance of the joint thickness with 
applied stress in the case of the Ag-plated 
samples is unclear. 

Embrittlement of Brazed Joints 

One of the most interesting phenom
ena recorded during this study was the 
observed embrittlement of the braze 
joints in ADHC materials. This was surpris
ing since the metallography results indi
cated that brazed joints and/or transient 
liquid phase bonds were achieved in the 
ADHC material. The joint microstructure 
in Fig. 6B suggests that only a lengthened 
heating cycle is necessary to homogenize 
the coalesced region and form a true 
transient liquid phase bond. However, the 
poor mechanical properties o : the joints, 
as well as the presence of the white-grey 
residue, raise doubts in this regard. In ad
dition, it is interesting to note that other 
researchers have also experienced similar 
problems in direct brazing of the ADHC 
material (Ref. 9). 

The embrittlement of the joints was 
caused by the presence of :he whitish 
grey residue at the fracture surface. This 
residue did not originate from the flux 
since the residue was present on the frac
ture surface of samples brazed without 
flux. Oxide formation can also be ruled 
out since the brazing operation was con
ducted under an Ar atmosphere. These 
observations and the large Al signal noted 
in the EDS spectrum of the residue suggest 
that the residue originates from the alu
mina dispersion in the ADHC material. 
Hence, the hypothesis proposed below. 

During brazing, erosion of the base 

metal occurs, which releases the alumina 
particles into the liquid metal. Since the 
brazing temperature is low compared to 
the melting point of alumina, the particles 
remain solid. Further, pure copper cannot 
dissociate aluminum oxide since copper 
oxide is much less stable than aluminum 
oxide. Hence, there is little chemical inter
action between the particles and the liquid 
metal, thereby, precluding any possibility 
of dissolution of the particles. 

During subsequent solidification, den
drites from the solid-liquid interface push 
the alumina particles ahead of the inter
face toward the centerline of the joint. In 
the final stages of solidification, the re
maining liquid contains a high percentage 
of alumina particles. This leads to a high 
level of alumina precipitates at the center-
line of the solidified joint. 

This hypothesis is supported by the fact 
that the aluminum-rich residue was not 
observed on the fracture surfaces of the 
samples that had been plated with Ni or 
Cu (Samples 14 and 15). Sample 14 was 
brazed with the copper cladding intact on 
the joint faces, whereas, Sample 15 was 
brazed with a nickel-plated layer on the 
joint faces. These layers act as barriers, 
preventing erosion of the ADHC material 
and thereby preventing the introduction 
of alumina particles into the molten zone. 

Further support for the proposed hy
pothesis is found in the observation that 
the sample with the copper cladding 
exhibited a higher degree of ductility than 
the other ADHC samples. However, the 
sample with the nickel eiectroless plating 
did not exhibit a high degree of ductility. 
This is attributed to the embrittling effect 
of phosphorus in the joint, which origi
nates from the eiectroless deposition bath. 

The mechanism of the alumina particle 
segregation must involve liquation of the 
ADHC base metal. Solid-state diffusion 
can be ruled out on two grounds. First, the 
particle size of the precipitates is 50 ang
stroms, which is at least an order of mag
nitude larger than the typical defect size in 
a metal. Second, diffusion of a significant 
number of particles would involve times 
much longer than that of the typical braz
ing cycle (5-10 min). 

Prevention of Embrittlement 

Since erosion of the ADHC material has 
been identified as the primary cause for 
the observed embrittlement, any modifi
cation that will prevent erosion will pre
vent embrittlement. This implies that if 
brazing is to be considered as a potential 
joining process for ADHC, then a barrier 
must be created by some means (plating, 
spraying, etc.). In other words, indirect 
brazing is preferable to direct brazing. 

The indirect brazing approach has been 
successfully used by Hosking (Ref. 10), as 
well as by Samal (Ref. 11). The study by 
Hosking used a 40-/jm-thick layer of cop-
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per to prevent diffusion of the Ag into the 
ADHC base metal. By using this approach, 
Hosking was able to successfully produce 
joints between tubes of ADHC (9.5-mm 
OD and 0.76-mm wall thickness) and Type 
316L stainless steel. The brazed joints 
were tested to 10.34 MPa (1500 psi) with
out a failure. 

Similarly, Samal (Ref. 11) has successfully 
produced brazed joints between two 
pieces of ADHC by plating the surface of 
the ADHC with nickel and copper. By 
plating the ADHC with a 10-/xm layer of 
nickel, and brazing with the Ag-Cu eutec
tic alloy, Samal was able to obtain a shear 
strength of 20,800 psi (143 MPa) at room 
temperature. Similar experiments con
ducted by plating a 17.5-,um layer of cop
per on the ADHC resulted in a room-tem
perature shear strength of 32,400 psi (223 
MPa). 

These results support our conclusion 
that ADHC can be brazed by creating a 
suitable barrier to prevent erosion of the 
ADHC material. Alternately, one may con
sider other joining techniques such as sol
id-state diffusion brazing. 

Implications 

In recent times, the usage of advanced 
particulate-reinforced composites and dis
persion hardened materials has increased 
significantly and is expected to increase 
further in the future. Although this study 
focused on alumina-reinforced copper, 
the general conclusions are applicable to 
several other material systems. This im
plies that direct brazing of such materials 
may lead to brittle joints and that indirect 
brazing may need to be employed for 
joining such materials. In addition, this 
study shows that a relatively low volume 
fraction of insoluble inclusions can have a 
marked effect on the strength of brazed 
joints. It is possible that stronger brazed 
joints are attainable in cleaner base metals. 

Finally, with regard to the Tokomak re
actor, it should be pointed out that ADHC 
continues to be a candidate material for 
fabrication of the coils. However, it is now 
anticipated that the material will not be 
joined using direct brazing. 

Conclusions 

The following conclusions may be 
drawn from this investigation: 

1) Excellent wetting of the Ag-Cu eu
tectic on the ADHC material was ob
served, indicating that 0.25 vol-% disper
sion does not deteriorate the wettability. 

2) The application of load reduces the 
porosity in the joint and improves the 
soundness of the joint. Simultaneously, 
the joint thickness is also reduced. 

3) Direct brazing of ADHC leads to 
embrittled joints. The embrittlement is a 
direct consequence of base metal ero
sion, which enriches the liquid with insol
uble alumina that is pushed to the center-
line of the joint by the solidification front, 
resulting in a high local concentration of 
hard second phase particles. Hence, the 
mechanical properties of direct brazed 
joints in ADHC are significantly inferior to 
joints made in pure copper. 

4) Indirect brazing of ADHC, that is 
brazing after electroplating with a barrier 
coating, can alleviate the embrittlement 
problem. By plating a 17.5-yixm layer of 
copper on the ADHC prior to brazing, 
other researchers have obtained shear 
strengths as high as 32,400 psi. Alter
nately, processes such as solid-state weld
ing should be considered when joining 
such materials. 

5) Relatively small volume fractions of 
insoluble inclusions in the base metal may 
segregate during the brazing process and 
significantly reduce the joint strength. 
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