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ABSTRACT. Using silver as an intermedi
ate layer, samples of Type 316 stainless 
steel specimens were diffusion welded to 
two aluminum alloys (1100 and 6061) and 
to 99.999% pure aluminum, utilizing the 
hot hollow cathode faying surface coat
ing technique. The three types of welds 
formed were aged at temperatures rang
ing from 423 to 513 K* (302 to 464°F), 
and their tensile strengths were deter
mined as functions of time and tempera
ture of aging. 

Little or no change in weld strength 
was observed with specimens aged at 
423 K (302°F). In contrast, specimens 
aged at 473 and 513 K (392 and 464°F) 
experienced a significant decrease in their 
tensile strength and by as much as 60% 

*273 K = 0°C (orOK = -273.1°C). 
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for the 1100 alloy. Changes in the 
mechanical properties of the welds were 
correlated with the formation and 
growth of intermetallic phases between 
silver and aluminum. Microscopic and 
electron microprobe analyses of aged 
welds showed the formation of Ag2AI 
with smaller amounts of Ag3AI. 

Variations in the weld strength of the 
three joint types investigated are dis
cussed in light of differences in the mor
phologies of the silver-aluminum inter
faces and the existence of voids at the 
weld interface. 

Introduction 

The use of diffusion welding as a 
joining method has been successfully 
demonstrated in a variety of cases involv
ing similar and dissimilar metals (Refs. 1-5). 
As is explicitly indicated by the designa
tion of this joining method, diffusional 
processes are essential in establishing a 
metallic bond between faying surfaces. 
For these transport processes to be oper
ative, surfaces which are to be joined 
must be brought in intimate contact. 
Also, for them to be effective, atomic 
mobilities must be sufficiently high to 
cause mass transport across and along 

the interface. In practical terms these 
requirements can be satisfied by the 
application of pressure to bring about 
better surface-surface contacts and by 
increasing the temperature to enhance 
atomic mobilities. 

Diffusion welded joints have been 
made with the aid of an intermediate 
layer. Such layers are used in the form of 
foils (Ref. 6) or are deposited onto the 
surfaces to be joined by electrolytic (Refs. 
4, 7) or vapor phase techniques (Ref. 5). 
The effect of this layer on the properties 
of the resulting joint depends upon inter-
diffusion (Ref. 8) and the formation of 
brittle intermetallic phases (Refs. 9, 10). 
When aluminum alloys were joined to 
stainless steel with silver as an intermedi
ate layer, the formation of two interme
tallic compounds was observed (Refs. 9, 
10). The predominant compound, zeta 
phase, Ag2AI, is formed near the alumi
num-silver interface and smaller amounts 
of the mu phase, Ag3AI, are formed at 
the silver-rich boundary of Ag2AI (Ref. 
10). 

In the cited work of Doyle et al. (Ref. 
9), it was observed that the strength of 
the weld between 1100 aluminum and 
Type 316 stainless steel decreased with 
increasing thickness of the total interme-
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tallic layer, w i th an abrupt decrease 
occurr ing at a total thickness of 10 yum. In 
the w o r k of Na imon et al. (Ref. 10), 
howeve r , the joint tensile strength 
decreased linearly w i th increasing inter
metallic thickness to the max imum thick
ness investigated o f approx imate ly 21 
fim.* 

M o r e reveal ing, howeve r , is the 
dependence o f the impact strength o n 
intermetall ic thickness. Because of the 
brit t le nature of the newly f o r m e d phase, 
its ef fect o n impact strength is drastic. 
Na imon ef al. (Ref. 10) s h o w e d that an 
intermetall ic layer o f mo re than approx i 
mately 4 j i m causes the joint to become 
markedly bri t t le. At a thickness of about 6 
Aim, the impact strength is approximately 
5 joules for joints b e t w e e n 1100 alumi
num alloy and Type 316 stainless steel 
bars w i t h 0.76 cm (0.3 in.) diameters. 

Since the fo rmat ion and g r o w t h of the 
intermetall ic phase are di f fusion con
t ro l led, the parameters of temperature 
and t ime play a dominant role. Na imon et 
al. (Ref. 10) f ound that dur ing we ld ing 
carr ied out at 117 MPa (17 ksi) and 477 K 
(399°F) fo r 10 min , the intermetall ic Ag 2Al 
f o r m e d and g r e w to a thickness of 
approximate ly 0.5 ^ m . Subsequent iso
thermal heating of the joints s h o w e d a 
linear dependence o f the thickness of the 
intermetall ic layer w i t h the square-root of 
t ime. 

In pure metals, the fo rmat ion o f inter
metallic compounds , as dictated by 
phase equil ibria, is dependent u p o n tem
perature and t ime only. In dealing w i th 
interdif fusion b e t w e e n commerc ia l al
loys, howeve r , o ther factors may play a 
significant role. In the limit, the nature o f 
the intermetall ic compounds may be 
altered by the presence of al loying ele
ments th rough the direct chemical 
invo lvement of these elements in the 
fo rmat ion of a n e w phase. M o r e likely, 
howeve r , is the ef fect of these alloying 
elements o n the mechanism of dif fusion 
and hence kinetics of f o rma t ion and 
g r o w t h of the intermetall ic phases. To 
examine this p h e n o m e n o n , an exper i 
mental investigation was conduc ted o n 
samples o f Type 316 stainless steel 
w e l d e d to pure a luminum, and to 6061 
and 1100 aluminum alloys. 

Experimental Materials and 
Methods 

The materials used in this investigation 
are listed in Table 1 along w i t h their 
composi t ions and heat t reatment histo
ries. A l imited number of determinat ions 
of the initial mechanical propert ies o f the 
6061 and 1100 alloys w e r e made. These 
included Brinell hardness measurements 
fo r the t w o alloys and the ul t imate and 

*1 Mm =0.00004 in. 

yield strengths for the 1100 alloy. 
W i t h a 500 kg (1102 lb) load and a 10 

m m (0.39 in.) ball, the Brinell hardness for 
the 1100 alloy was de termined as 33, a 
value cor responding to condi t ion H14 
w i t h a repor ted l i terature (Ref. 11) value 
o f 32. The hardness o f the 6061 alloy was 
measured on as-welded specimens w i t h 
a result o f 93 o n the same Brinell scale. 
This value is slightly l ower than the 
repo r ted value (Ref. 11) of 95 for cond i 
t ion T6. It is bel ieved that the relatively 
short we ld ing t ime of 10 min at 477 K 
(399 °F) is no t sufficient t o cause signifi
cant changes in the hardness o f the 6061 
alloy. 

The ul t imate and yield strengths of the 
as-received 1100 alloy w e r e de termined 
to be 140 and 128 MPa (20.3 and 18.6 
ksi), respectively. The cor responding val

ues repor ted in the l i terature (Ref. 11) for 
the H14 cond i t ion are 124 and 117 MPa 
(18 and 17 ksi). 

Pure silver (99.99%) was used as the 
intermediate layer b e t w e e n the alumi
num and stainless steel parts. Cylindrical 
specimens, each 12.6 m m (0.5 in.) in 
diameter and 63.5 m m (2'/2 in.) long, 
w e r e machined f r o m aluminum and stain
less steel stock. The surface to be coated 
w i t h silver was then lapped w i th alumina 
p o w d e r t o w i th in 0.5-1.0 wave length o f 
monochromat i c light (0.1 /urn). Lapped 
surfaces w e r e cleaned w i t h t r i f luorotr i -
ch loroethane and in t roduced into a hot -
ho l low cathode (HHC) system for subse
quent coat ing operat ions. 

Use of the HHC process to coat sur
faces be fo re we ld ing t hem has been 
descr ibed in previous publications (Refs. 

Table 1—Material Chemical Analysis 

Material 

Aluminum 99.99 percent pure(a) 

Annealed condition 

Element 

Ca 
Cu 
Fe 
II) 
Mg 
Mn 
Si 
Al 

Aluminum 6061 ( b ) ( c ) 

American Metal Society (AMS) 4150 
Condition T6 
(At start of evaluation) 

Cr 
Si 
re 
Cu 
Mn 
Mg 
Zn 
Ti 

Ga 
Zr 
Al 

Aluminum 1100<b>'<c> 
Condition H14 
American Society for Testing 
and Metals (ASTM) B-221 

Si 
Fe 
Cu 
Mn 
Mg 
Cr 
Zn 
Ti 
Ni 

Misc. (Ca, Zr) 
Al 

Stainless Steel 316(d) per 
QQ-S-763D condition A 

C 
Mn 
P 
S 
Si 
Cr 
Ni 
Mo 
Cu 
Co 
N 
Fe 

Weight percent 
(wt-%) 

0.00001 
0.00007 
0.0003 
0.00003 
0.00001 
0.00001 
0.0002 

Bal 

0.2 (0.04-0.35) 
~0 .6 (0.4-0.8) 

0.2 (0.7 max) 
0.2 (0.15-0.40) 
0.07 (0.15 max) 
0.9 (0.8-1.2) 
0.02 (0.25 max) 
0.01 (0.15 max) 
0.01 

trace 
97.8 

~0 .8 (1.0 max) 
0.5 (0.05-0.20) 
0.1 

<0.004 (0.05 max) 
<0.5 
<0.001 

0.02 
0.01 
0.1 

<0.008 
98.3+ (99+) 

0.053 
1.54 
0.026 
0.024 
0.58 

17.19 
10.94 

2.17 
0.45 
0.15 
0.036 

Bal 

(a) Cominco American Electronics Materials Division. Spokane, W A 99216. 
(b) Analysis conducted as part of the study. 
(c) Quantities in parentheses are typical values as reported in Aluminum Standards and Data (Ref. 11). 
(d) Joseph T. Reyerson and Son, Inc.. Chicago, IL 60680. 
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F/g. 7 - Weld interface between stainless steel and 1100 aluminum alloy: A — unaged condition; 
B - after aging at 513 K for 4 h; C- after aging at 513 K for 76 h; D - after aging at 513 K for 49 
h 

10, 12-14). In this work, for any given 
material, 24 specimens were placed on a 
rotating substrate holder and were first 
ion-etched through the application of a 
bias voltage of 2 kV in a plasma of argon. 
Typically under these conditions, a layer 
of 750 A* thick is sputtered off the 
stainless steel and corresponding layers 
of 11750, 4250, and 6250 A thick are 
removed from the pure, 6061, and 1100 
aluminum samples. Following this step, 
the bias voltage is removed and the 
electron beam power is increased to 
raise the evaporation rate of the silver. A 
silver coating of 25 /*m thickness is depos
ited on each surface. 

Stainless steel specimens coated in this 
fashion were welded to coated alumi
num alloys at 477 K (399°F) for 10 min 
under an axial pressure of 103 MPa (149 
ksi) following procedures described 
before (Refs. 5, 9, 10). Welding was 
achieved in air in a hydraulic press in 
which the specimens were heated by 
induction to the desired temperature of 
477 K (399°F). Following welding, the 
specimens were machined into tensile 
testing configurations with a 7.6 mm (0.3 
in.) diameter for the test region contain-

*1 A = 3.9 X 1CT7 in 

ing the solid state weld between the steel 
and the aluminum alloys. 

The next step involved the aging of the 
specimens at the selected temperatures 
of 423, 473, and 513 K (302, 392, and 
464°F). Aging was done for periods of 
time ranging from zero to 225 h and 
involved three samples for each condi
tion for the three types of welds investi
gated (stainless steel/pure aluminum, 
stainless steel/1100 aluminum alloy, and 
stainless steel/6061 aluminum alloy). A 
Delta Design, Inc., cabinet furnace was 
typically preheated for one hour at the 
desired temperature before the introduc
tion of the samples. Because of the rela
tively small size of the specimens, thermal 
equilibration was attained within a rela
tively short period of time, typically 5 
min. The set furnace temperature was 
controlled to within a maximum deviation 
of 3 K (4.7°F) throughout all aging exper
iments. 

Tensile testing of the aged specimens 
was made on a Baldwin tensile testing 
machine (model PTF-105). Prior to testing, 
the samples were cooled in liquid nitro
gen for 10-15 min and were maintained 
at this temperature during testing. This 
was necessary to ensure that failure dur
ing tensile testing occurs in the welded 
joint rather than in the bulk aluminum. 

All specimens were tested at a strain 
rate of 1.0 mm/mm min in the silver 
welded joint. For metallographic obser
vations, the specimens were cut perpen
dicular to the plane of the joint and then 
prepared using standard techniques 
employing MgO (0.05 Aim) powder as a 
polishing medium. With a Zeiss (model 
Ultraphot II) metallograph, the resolution 
of the intermetallic thickness was ± 0.50 
tim. Identification of the intermetallic zeta 
and mu phases (Ag2AI and Ag3AI) was 
made quantitatively by a JEOL electron 
microprobe (model 733). 

Results 

Microscopic observations of the as-
bonded specimens showed little evi
dence for the existence of any interme
tallic phase. In view of the earlier evi
dence by Doyle et al. (Ref. 9) that some 
(0.5 fim) Ag2AI forms during welding, our 
observation may be limited by the resolu
tion of the analytical method; this was as 
stated earlier, ± 0.5 (im. Nevertheless, 
the results show clearly that an interme
tallic phase develops and grows when 
the welded samples are subsequently 
aged. 

Figure 1 shows a sequence of micro
graphs for the stainless steel/1100 alumi
num alloy welds representing conditions 
of unaged (Fig. 1A) and aged for 4, 16, 
and 49 h, respectively, at 513 K (464°F). 
Similar observations were made on welds 
between the stainless steel and 6061 
aluminum alloy and pure aluminum. 

Quantitative results of the depen
dence of the intermetallic layer thickness 
on time for the three types of welds 
investigated are plotted in Fig. 2 for the 
aging temperatures of 423, 473, and 513 
K (302, 410, and 464°F), respectively. In 
all cases, a linear dependence of thick
ness on the square-root of time is 
observed. With the exception of the 423 
K (302 °F) data, the statistical factors 
showing how well the curve fits the data 
(correlation coefficients) for the linear fit 
exceed 90%. In general, as can be seen 
from Fig. 2, the rate of growth of the 
intermetallic layer for joints with pure 
aluminum and with 1100 aluminum alloy 
are roughly the same. In contrast, the 
growth rate is significantly lower for joints 
between stainless steel and the 6061 
alloy. 

The effect of aging on the tensile 
strength of the welded specimens is 
shown in Fig. 3 for the three types of 
joints aged at 423, 473, and 513 K (302, 
410, and 464°F), respectively. In these 
graphs the tensile strength is plotted vs. 
the square-root of the aging time. This is 
done to emphasize the influence of the 
intermetallic layer thickness on the 
decrease in joint strength. In this regard, 
the data for the 1100 alloy had the best fit 
to a linear behavior with correlation coef-
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Fig. 2—The time dependence of the growth of the intermetallic layer: 
A-T = 425 K;B-T = 473 K; C-T = 513 K 

ficients exceeding 90% for all tempera
tures. 

A reasonable fit is also observed with 
the pure aluminum results, but consider
able scatter was seen with the 6061 alloy 
data, especially the results obtained from 
the 513 K (464°F) aging experiments. In all 
cases, however, these results indicate 
essentially no change in the joint tensile 
strength when the aging is carried out at 
the lowest temperature, i.e., 423 K 
(302°F). The apparent slight increase in 
the strength of the 1100 alloy welds is 
within the uncertainty of the results. It 
should be emphasized here that the ten
sile strengths of all three joints were 
determined at liquid nitrogen tempera
ture. 

Observations were also made on the 
mode of failure of the three types of 
joints investigated. This was done first by 
a semi-quantitative determination of the 
degree of adherence of the silver to the 
aluminum or stainless steel surfaces. Thus, 
the absence of silver regions on the failed 
surfaces would indicate a 100% adhesion 
failure. In contrast, if the fracture surface 
is completely covered with silver, it is 
designated as zero percent adhesion fail
ure (i.e., 100% cohesive failure). 

The results showed that, with one 
exception, all 6061 alloy specimens failed 
in the silver layer, i.e., with zero percent 

adhesion failure. In contrast, the 1100 
alloy specimens showed as high as 100% 
adhesion failure but had a typical average 
of 60%. The pure aluminum specimens 
had failures with as high as 62% adhesion 
failure and a typical average of 30%. 
There was no apparent trend of the 
percent adhesion failure with time or 
temperature for these materials. 

Electron microprobe analyses were 
made on unaged specimens of all three 
types and on specimens which were 
subjected to the most severe aging con
ditions, i.e., aged at the highest tempera
ture for the longest time. In addition, one 
of two specimens showing a relatively 
high void concentration at the silver-silver 
interface was also analyzed. This particu
lar specimen represents a stainless steel/ 
6061 aluminum alloy weld which had 
been aged at 513 K (464°F) for 16 h and 
which had anomalously low tensile 
strength —see Fig. 3C. Analyses were 
made for Al, Ag, Mg, Si, and Fe for all 
specimens, and only a limited number of 
specimens were analyzed for S and Si. No 
systematic examinations were made for 
the minor alloying elements of Cu, Mn, 
Cr, Ti, and Zn, since they existed at such 
low levels they could not be detected. 

Figure 4 shows a typical concentration 
distribution for Al at the aluminum alloy-
silver interface for an unaged stainless 

steel/6061 aluminum alloy sample. The 
lower (light) portion of this graph repre
sents the 6061 alloy and the upper (dark) 
portion represents the silver region. No 
contrast is discernible for the silver-stain
less steel interface. Figure 4 is typical of all 
unaged specimens for the three welds 
investigated. 

Evidence for the formation of an inter
metallic phase between silver and alumi
num is clearly shown in the X-ray maps of 
Fig. 5. Figure 5 shows the development of 
the intermetallic layer after a 49 h aging at 
513 K (464°F) for the Al/Ag interfaces for 
pure aluminum, 6061 aluminum alloy, and 
1100 aluminum alloy, respectively. A sim
ilar analysis was done for the silver distri
bution in these samples. Generally, the 
resulting distribution maps are unre-
vealing except as indicators of the pres
ence of voids, as shown in Fig. 6. 

In Fig. 6, a line of voids at the original 
welding (Ag-Ag) interface is clearly seen; 
also shown are the interfaces between 
the 6061 and Ag (lower interface) and the 
stainless steel and Ag (upper interface) for 
a joint which was aged at 513 K (464 °F) 
for 49 h. Concentration maps of this type 
gave little information concerning the 
distribution of the elements Mg, Si, and S. 
With respect to the distribution of Fe, the 
results show that iron atoms did not 
diffuse into the silver layer. 
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Results of the quantitative distribution 
of silver and aluminum and other alloying 
elements are shown in Fig. 7 for the 
unaged 6061/stainless steel specimen. In 
Fig. 7A, the results are plotted in a linear 
form of weight-percent (wt-%) vs. dis
tance (nm). The levels of Si and Mg are so 
low that they cannot be adequately dis
cerned without plotting the results in a 
logarithmic form, as shown in Fig. 7B. 
Both levels, which are at approximately 
1% in the aluminum phase, decrease 
drastically (by about two orders of mag
nitude) as one traverses the samples 
across the aluminum alloy-silver weld 
interface. 

The distributions of Al and Ag at the 
Al/Ag interfaces for the three aged 
bonds are shown in Fig. 8 for the pure 
aluminum, 6061 alloy, and 1100 alloy, 

280(40) 

Legend 
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H6061T6 Aluminum; 

A 99.999% Aluminum; 

1 
Correlation 
coefficient 

0.99 
0.05 
0.87 

70(10) 

6061 

Fig. 4 — Concentration distribution of Al at an 
unaged weld between stainless steel and 606 7 
aluminum alloy 

respectively. For the case of the 6061 
alloy, the distributions of Mg and Si were 
also measured and are shown in Fig. 9, 
which is a logarithmic plotting of the 
distribution shown in Fig. 8B. 

Discussion 

The degradation of the mechanical 
properties of joints between stainless 
steel and aluminum alloys as a result of 
the formation and growth of silver-alumi
num intermetallic layers has been previ
ously reported for 1100 aluminum alloy. 
No previous work has been conducted 
on stainless steel joints with 6061 alumi
num alloy or with pure aluminum. 

Figure 10 compares the results of this 
study on the 1100 alloy with the corre
sponding values reported by Naimon ef 
al. (Ref. 10). The results of this study, as 
well as those referred to above, show an 
inverse linear dependence of the 
strength of the bond with the intermetal-

4 

(Time)1 '2 , 

lie layer thickness. In the current study the 
results obtained from specimens aged at 
423 K (302°F) showed little growth of the 
intermetallic with time and thus were not 
included in Fig. 10. The corresponding 
results for joints made with the 6061 alloy 
and with pure aluminum show consider
able scatter —Fig. 11. However, an over
all decrease of the strength with increas
ing intermetallic layer thickness is clearly 
evident. 

As shown in Fig. 2A, the growth of the 
intermetallic layer for the 6061 alloy spec
imens was consistently lower than the 
other two types of aluminum materials. 
Intermetallic growth for pure aluminum 
specimens is reasonably close to that for 
the 1100 samples, especially at 423 and 
473 K (302 and 410°F). The difference 
between the growth pattern of the inter
metallic layer for the 6061 alloy and the 
other two aluminum materials cannot be 
attributed to the direct role of alloying 
elements in the growth process of this 
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Fig. 6—Silver distribution at a stainless steel/ 
6061 aluminum alloy weld aged at 513 K for 4 
h. Dark line in the middle of this x-ray map is 
the consequence of voids 

layer. The concentration levels of alloying 
elements in 6061 and 1100 alloys are 
comparable and are significantly higher 
than those for the "pure" aluminum 
specimens. However, as can be seen 
from the microprobe results (Fig. 9), Mg 
and Si diffuse from the 6061 alloy into the 
zeta-phase (Ag2AI). 

No similar behavior of these alloying 
elements could be detected in the 1100 
alloy. The diffusion of Si and Mg took 
place during the aging process, as can be 
seen by comparing Figs. 9 and 7B. It is 
worth noting that these elements exist as 
a silicide phase, Mg2Si, in the 6061 alloy. 

As stated earlier, the growth of the 
total intermetallic layer is least in the case 
of the 6061 alloy. Since the thickness of 
the M'phase (Ag3AI) is approximately the 
same in all of these aluminum materials, it 
is possible to suggest that the existence of 
Mg and Si in the zeta-phase (Ag2AI) may 
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Fig. 7 — Linear concentration profiles at a silver/6061 aluminum alloy weld interface; as-welded 
condition. A — linear concentration profile; B — logarithmic concentration profile 
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Fig. 9 — Logarithmic concentration profiles at a silver/6061 aluminum alloy weld interface; specimen 
aged at 513 K for 49 h 

Fig. 10 — The depen
dence of the strength of 
the weld between stain
less steel and 1100 alumi
num alloy on the total 
thickness of the interme
tallic layer 

110-s| APRIL 1985 

^̂  ro 
Q-

b 

ovu 

280 

260 

240 

220 

200 

180 

160 

140 

120 

100 

I 

» 1100 

o 

- \ ° 
\ x 
\ 
\ 

X 

\ \ 

X 

1 

) 4 

I 

Alloy 

X 

\ 
\ 
\ 
\ 

1 

8 

1 

- -

\ 
\ 
\ 

X 

i 

12 

C( 

1 1 1 

This Work: 

• Unaged 
o Aged at 473 °K 
A Aged at 513 °K 

Othet Results: 

x Ref (10) 
Best Fit, 
Ref (10) 

-

-

x 

\ 
X N A 

X 1 1 1 

16 20 24 28 

pm) 

hinder the growth of this phase. In gener
al, the growth rate of the intermetallic 
layer was linear with the square-root of 
time. Such a dependence suggests a par
abolic rate of growth which is controlled 
by diffusion in the intermetallic layer. 

For the 1100 alloy, degradation of the 
mechanical properties of the joined spec
imens correlates very well with the 
increase in thickness of the intermetallic 
layer. However, a strong correlation is 
not obtained for the case of samples 
made with the 6061 alloy. The expecta
tion of an influence by the intermetallic 
layer is based on the assumed failure of 
the joints at these layers because of their 
brittle nature. Obviously, this expectation 
is not justifiable, if the joint contains 
defects which play a more dominant role 
in the failure mode of the joint. 

To evaluate such possibilities for the 
three materials investigated, fractograph-
ic examinations of selected samples were 
made. Unaged (as-welded) samples of all 
three types of materials failed cohesively, 
i.e., at the silver-silver interface. These 
fracture surfaces showed clear evidence 
of uncontacted (unwelded) regions. The 
6061 alloy showed a higher percentage 
of uncontacted area relative to the other 
two materials —compare Figs. 12A and 
12B. 

Examples of contacted regions are out
lined in black and are marked " a " in Fig. 
12. For aged samples, the mode of failure 
of the 6061 alloy remained qualitatively 
the same, i.e., cohesive failure in the 
silver layer. However, specimens made 
from pure aluminum and from the 1100 
alloy failed through a combination of 
cohesive failure and brittle failure in the 
intermetallic layer —Fig. 13A. 

Cleavage separation in the fracture 
surface seen in Figs. 12 and 13 is evidence 
for the brittle nature of this failure. Under 
severe aging conditions for both of these 
materials, the failure was dominated by 
the brittle nature of the intermetallic lay
er. With milder aging, however, the pure 
aluminum samples tended to show more 
cohesive failure in contrast to the 1100 
samples —Fig. 14A. X-ray dispersive anal
ysis on fracture surfaces confirmed the 
presence of the intermetallic Ag2AI in the 
severely aged 1100 and pure aluminum 
specimens and only Ag in the corre-
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Fig. 11 — The dependence of the strength of welds between stainless 
steel and pure aluminum and 6061 aluminum alloy on the thickness of 
the intermetallic layer 

sponding 6061 specimens. 
It is significant to note that metallo

graphic observations of sections made 
normal to the original faying surfaces 
showed a significantly higher concentra
tion of voids at the silver-silver (i.e., 
faying) interface for the 6061 alloy than 
the other two specimens. Thus, the lack 
of a more exact correlation between the 
strength of the joint in this material and 
the thickness of the intermetallic layer is 

Fig. 12 — Fracture surfaces of unaged welds: A - between stainless steel 
and pure aluminum; B — between stainless steel and 6061 aluminum 
alloy 

'MW 

Fig. 13 — Fracture surfaces of aged welds; specimens aged at 513 K for 49 h: A— between stainless steel and pure aluminum; B - between stainless steel 
and 7 700 aluminum alloy 
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Fig. 14 — Fracture surfaces of aged welds; specimens aged at 423 K for 225 h: 
steel and 7 700 aluminum alloy 

A —between stainless steel and pure aluminum; B-between stain/ess 

the result of the cont r ibut ion o f the voids 
to the failure process. The detr imental 
ef fect o f voids o n we ld strength has been 
po in ted ou t in a previous study (Ref. 12), 
and the l o w joint strength obta ined for 
samples aged at 513 K (464 °F) for 4 and 
16 h (see Fig. 3C) is attributed t o the 
existence of a high concent ra t ion o f voids 
at the silver-silver interface. 

Conclusions 

1. The aging o f dif fusion w e l d e d spec
imens of Type 316 stainless steel w i t h 
99.999% pure a luminum, and 1100 and 
6061 a luminum, resulted in the nucleat ion 
and g r o w t h of an intermetall ic layer at the 
A l / A g interface. The g r o w t h o f this layer 
was f ound to have a generally linear 
dependence on the square-root of t ime 
at any given aging temperature. The rates 
o f g r o w t h o f the intermetall ic layer for 
the pure a luminum and the 1100 alumi
n u m alloy w e r e similar, bu t w e r e consid
erably higher than the cor responding val
ue for the 6061 alloy. The observed 
segregation of Si and M g at the in terme
tallic layer is p roposed as a possible cause 
of the l o w rate o f g r o w t h o f the interme
tallic layer in the case o f the 6061 alumi
num alloy. 

2. Aging o f the w e l d e d specimens 
resulted in a decrease in their tensile 
strength. The decrease in strength had a 

generally direct correlat ion w i t h the thick
ness o f the intermetall ic layer. 

3. We lds b e t w e e n stainless steel and 
pure Al , the 1100 aluminum alloy, and the 
6061 a luminum alloy failed in significantly 
di f ferent modes . We lds b e t w e e n stain
less steel and the 6061 aluminum alloy 
failed almost exclusively in the cohesive 
mode , i.e., at the silver-silver interface. In 
contrast, we lds made w i t h the 1100 alloy 
failed in a predominant ly adhesive m o d e , 
i.e., at the si lver-aluminum or silver-stain
less steel interfaces. We lds b e t w e e n 
stainless steel and pure a luminum failed in 
a combinat ion of adhesive and cohesive 
modes. 

4. Metal lographic observat ions on 
sect ioned joints of the three types of 
welds s h o w e d a consistently higher con 
centrat ion of voids at the we ld (i.e., 
silver-silver) interface for the case o f the 
6061 a luminum alloy. This is bel ieved to 
p rov ide an explanat ion for the relatively 
poo r correlat ion b e t w e e n the thickness 
o f the intermetall ic layer and the tensile 
strength o f welds made w i th this alloy. 
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