
Introduction

Run-Out in Ag-Cu-Zr 
Active Braze Joints

     Braze joints exhibit optimum proces-
sibility as well as long-term reliability
when the amount of filler metal is con-
trolled in the gap. Too little filler metal
results in voids that compromise
strength and hermeticity. Excess filler
metal flows out of the gap where it col-
lects on exterior surfaces as one form of
run-out. Beside causing unsightly cos-
metic defects, run-out material can im-

pede visual and x-ray inspections, inter-
fere with next-assembly fitup or me-
chanical actuations, and generate ex-
cessive residual stresses that lead to
cracks in the base material.
     A second form of run-out occurs in
active braze joints. This phenomenon
was observed during development of
the 97Ag-1Cu-2Zr filler metal (wt-%,
abbreviated Ag-Cu-Zr) for joining Al2O3

ceramic (alumina) to the Kovar™ base
material (Refs. 1, 2). As illustrated in
Fig. 1, there is a localized area where a
filler metal “lobe” wets and spreads on
the Kovar™ spacer well beyond the im-

mediate joint footprint. The scanning
electron microscope (SEM) photograph
in Fig. 2 shows a metallographic cross
section of the run-out lobe. The run-out
behavior was confirmed to not be
caused by excessive filler metal.1 The
following section briefly summarizes
the important findings from an earlier
study of this behavior.

Important Findings from the
Alumina/Ag-Cu-Zr/Kovar™
Application

Reaction Layers

     The test specimen shown in Fig. 1
was used to assess run-out in the alumi-
na/Ag-Cu-Zr/Kovar™ application (Ref.
3). A photograph shows the entire speci-
men in Fig. 3. The base materials were
the two alumina buttons and the Ko-
var™ spacer. The spacer had 0.038-mm
(0.0015-in.) dimples that controlled the
joint clearance. The Ag-Cu-Zr filler met-
al was fabricated into an annular ring
having a footprint that matched the di-
mensions of the alumina faying sur-
faces: 10.2-mm (0.400-in.) inner diame-
ter (ID) and 15.8-mm (0.625-in.) outer
diameter (OD). The Ag-Cu-Zr preform
was 0.051 mm (0.002 in.) thick. The two
varieties of alumina ceramics, which
were distinguishable by different colors,
exhibited similar run-out behaviors. 
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ABSTRACT
    The run-out phenomenon was observed in Ag-Cu-Zr active braze joints made
between the alumina ceramic and Kovar™ base material. Run-out introduces a
significant yield loss by generating functional and/or cosmetic defects in
brazements. A prior study identified a correlation between run-out and the
aluminum (Al) released by the reduction/oxidation reaction with alumina and alu-
minum’s reaction with the Kovar™ base material. A study was undertaken to un-
derstand the fundamental principles of run-out by examining the interface reac-
tion between Ag-xAl filler metals (x = 2, 5, and 10 wt-%) and Kovar™ base
material. Sessile drop samples were fabricated using brazing temperatures of
965° (1769F) or 995°C (1823°F) and times of 5 or 20 min. The correlation was
made between the degree of wetting and spreading by the sessile drops and the
run-out phenomenon. Wetting and spreading increased with Al content (x) of the
Ag-xAl filler metal, but was largely insensitive to the brazing process parameters.
The increased Al concentration resulted in higher Al contents of the (Fe, Ni, Co)xAly
reaction layer. Run-out was predicted when the filler metal has a locally elevated
Al content exceeding 2–5 wt-%. Several mitigation strategies were proposed,
based upon these findings.
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Footnote:

1. The groove in the Kovar™ spacer was
placed there to prevent the run-out be-
havior; it was not successful at doing so.
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     The alumina/Ag-Cu-Zr/Kovar™
braze joint microstructure is shown in
Fig. 4. The brazing parameters were
985°C (1805°F), 5 min, and a 600-torr
argon (Ar) atmosphere. A reaction
zone formed next to the Ag-Cu-Zr/
alumina interface that was comprised of
ZrO2 particles generated by the reduc-
tion/oxidation (redox) reaction between
Zr from the filler metal and alumina.2 A
consequence of the redox reaction is the
release of elemental Al into the (molten)
filler metal. At the Ag-Cu-Zr/Kovar™ in-
terface (Fig. 5), energy-dispersive x-ray
(EDX) analysis identified three phases
in the reaction layer to within the ±1
μm spatial resolution of that technique.
There were two (Fe, Ni, Co)x(Al, Zr)y

compositions, one higher in Al (“high-
Al”) and the second composition lower
in Al (“low-Al”). Between them was a Zr-
rich layer (“high-Zr”) designated as (Fe,
Ni, Co)x(Zr, Al)y. The presence or ab-
sence as well as thicknesses of these lay-
ers varied along the interface. 
     A quantitative analysis was made of
reaction layer phases formed at the Ag-
Cu-Zr/Kovar™ interface using the elec-

tron probe
microanaly-
sis (EPMA)
technique.
The plot in
Fig. 6A
shows the
entire braze
joint. The
Ag-Cu-
Zr/Kovar™
interface is
magnified in
Fig. 6B. The

Fe trace shows a shallow peak (red ar-
row) next to the Kovar™ base material;
it was accompanied by reduced Ni and
Co signals. In the reaction layer, the po-
sitions of the low- and high-Al phases
are indicated by the orange and cyan ar-
rows, respectively. The Zr-rich phase is
identified by the purple arrow; it also
exhibited a significant Al content. The
Ni signal showed a small peak at the Zr-
rich phase. 
     The EPMA plot in Fig. 6B was used
to estimate the phase compositions.
The error range was relatively wide at
±2 at.-% due to the limited thickness
of each layer vs. the x-ray sampling
volume (1–2 μm diameter). The Fe, Ni,
and Co components were grouped to-
gether as one atomic fraction, x, while
Al and Zr (when present) were com-
bined as the second group having an
atomic fraction, y. The layer composi-
tions were estimated to be

• (Fe, Ni, Co)x(Al, Zr)y (high-Al)
= (Fe, Ni, Co)2Al; Al = 33 at.-%;
Zr ≈ 0 at.-%

• (Fe, Ni, Co)x(Zr, Al)y (high-Zr)
= (Fe, Ni, Co)7(Zr, Al)3;
Al = 26 at.-%; Zr = 4 at.-%

• (Fe, Ni, Co)x(Al, Zr)y (low-Al)
= (Fe, Ni, Co)9Al; Al = 10 at.-%;
Zr ≈ 0 at.-%

     A transmission electron microscopy
(TEM) sample was fabricated of the in-
terface by focused ion-beam (FIB) sec-
tioning. An elemental spectral image is
provided in Fig. 7. Beside the three reac-
tion layers above, the analysis also
shows the Fe-rich layer next to the Ko-
var™ base material (red arrow in Fig.
6B). That layer is designated (Fe, Ni,
Co)xAly. Quantitative TEM analysis
would be required to determine the ex-
act composition, but that evaluation
was outside the scope of the present
study.
     Lastly, the EPMA data indicated Fe,
Ni, and Co as well as Al and Zr were
completely absent from the Ag-Cu-Zr
filler metal to within the detection lim-
it. These elements were fully consumed
in the reaction layer development (Fig.
5). Copper was present in the filler met-
al at its same bulk material concentra-
tion because it did not have a role in the
reaction layer development.

Run-Out Interface Metallurgy

     The photograph in Fig. 8A shows
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Footnote:

2. This reaction is not spontaneous by the
balance of free energies (Ref. 4). Rather,
the solution activity of elemental Al in the
molten filler metal provides the added
driving force needed for spontaneity.

Fig. 1 — Photograph shows run-out by the Ag-Cu-Zr active braze
alloy used to join alumina parts to the Kovar™ spacer. 

Fig. 3 — Photograph shows the tensile test sample per ASTM F19-11.
There are two alumina buttons (white and purple) brazed to a
Kovar™ spacer using the Ag-Cu-Zr filler metal.

Fig. 2 — An SEM photograph shows the run-out ma-
terial by metallographic cross section.
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one side of an alumina/Ag-Cu-Zr/
Kovar™ tensile test specimen that was
pulled apart after brazing conditions
at 985°C (1805°F) for 5 min in 600-
torr Ar. The dashed circles outline the
faying surface footprint. Run-out was
present at location “1” and absent
from location “2.” The SEM photo-
graph in Fig. 8B was taken at location
“1.” A reaction zone extended 40 μm
away from the edge of the Ag-Cu-Zr
filler metal. There were three distinct
surface morphologies labeled: “A,” “B,”
and “C.” Energy-dispersive x-ray analy-
ses indicated strong Al signals within
regions “B” and “C,” which implies that
they were comprised of the high-Al,
(Fe, Ni, Co)x(Al, Zr)y phase. Conversely,
region “A” was the low-Al, (Fe, Ni,
Co)x(Al, Zr)y phase. Zirconium was ab-
sent from all three regions.
     A similar SEM analysis was per-
formed on location 2 — Fig. 8C. The re-
action phases formed an abrupt edge

rather than the extended zone in Fig.
8B. An EDX analysis identified particles
comprised of the high-Zr (Fe, Ni,
Co)x(Zr, Al)y phase surrounded by both
low-Al and high-Al (Fe, Ni, Co)x(Zr, Al)y

phases in addition to residual Ag-Cu-Zr
filler metal. A metallographic cross sec-
tion confirmed the presence of the Zr-
rich (Fe, Ni, Co)x(Zr, Al)y layer under-
neath the entire reaction layer footprint
unlike the run-out region that showed
only the high- and low-Al phases. The
Zr-rich (Fe, Ni, Co)x(Zr, Al)y phase domi-
nated the reaction layer in the non-run-
out region. This finding implies an asso-
ciation between run-out and the low-
and high-Al phases in the reaction zone.
     Run-out typically occurs at one, or
at most, two locations per braze joint.
The locations occur randomly around
the joint. This behavior suggests that,
once a run-out “event” has taken place,
the driving force is reduced for any
further such activities. Since it seems

unlikely that the specific condition re-
sponsible for run-out is limited to one
or two locations, the loss of driving
force is likely coupled to the added sur-
face energy resulting from creation of
the run-out lobe.

Geometry Effect

     The role of surface energy was exam-
ined by considering the effect of braze
joint geometry using the tension test
sample — Fig. 3. The test matrix is de-
scribed by the four cells in Fig. 9A. The
upper left-hand cell represents the “all-
Kovar™” joint in which both the buttons
and spacer were fabricated from Ko-
var™. The upper right-hand cell (blue) is
the baseline case — alumina buttons
and a Kovar™ spacer. The lower left-
hand cell is the reverse to the baseline
condition by having Kovar™ buttons
and alumina spacer. Lastly, there is the
“all-ceramic” sample (lower right-hand
cell) that has both buttons and spacer
constructed of alumina. The buttons
and spacers were brazed together using
a 51-μm-(0.002-in.-) thick Ag-Cu-Zr
filler metal preform. The process condi-
tions were 985°C (1805°F), 5 min, and
600-torr Ar. The joint clearance was
controlled by dimples placed in the Ko-
var™ spacer. In the case of the alumina
ceramic spacer, 25.4-μm- (0.001-in.-)
thick Kovar™ ribbons controlled the
joint clearence. Duplicate samples were
fabricated for each case. After brazing,
each sample was inspected for run-out.
     The occurrence of run-out is summa-
rized by the schematic diagram in Fig.
9B. Only the baseline sample exhibited
run-out. The absence of run-out in the
all-Kovar™ braze joints confirmed that
elemental Al was required for run-out to
take place. The Zr component of the Ag-
Cu-Zr filler metal formed Zr-rich (Fe,
Ni, Co)x(Zr, Al)y phase at the two Ag-Cu-
Zr/Kovar™ interfaces. The absence of
run-out concurred with the earlier dis-
cussion about Fig. 8C that this phenom-
enon is not supported by the Zr-rich re-
action layer. 
     The test sample having Kovar™ but-
tons and a ceramic spacer did not exhib-
it run-out. The fillet is shown in Fig.
10A from one braze joint. The top edge
of the fillet (yellow box) is shown at
higher magnification in Fig. 10B, along
with the corresponding Al EDX map.
The SEM and EDX analyses identified
the high-Al (Fe, Ni, Co)x(Al, Zr)y reaction
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Fig. 4 — SEM photograph shows the overall microstructure of the alumina/Ag-Cu-
Zr/Kovar™ braze joint. The process conditions were 985°C (1805°F), 5 min, and a
600-torr Ar atmosphere.

Fig. 5 — A — SEM photograph identifies the phases in the reaction layer along the
Kovar™/Ag-Cu-Zr interface [985°C (1805°F), 5 min, 600-torr Ar].

Vianco Paper 201784 February 2018.qxp_Layout 1  1/11/18  3:22 PM  Page 37



layer, which reached up the Kovar™ but-
ton side wall well beyond the edge of the
Ag-Cu-Zr fillet. Yet run-out was absent. 
     An explanation for the absence of
run-out in Fig. 10B is based on the
schematic diagram in Fig. 10C. The sol-
id blue line marks the limit of the solder
fillet. The fillet shape, which is required
to support run-out up the Kovar™ but-
ton side wall, is described by the dashed
blue trace. That fillet geometry, which is
controlled by the molten Ag-Cu-Zr sur-
face tension, would require the filler
metal to wet an additional distance “A”
farther out on the alumina surface.
However, the Ag-Cu-Zr active braze al-
loy cannot spontaneously spread on the
ceramic surface. Therefore, although a
reaction layer was generated between Al
and the Kovar™ base material that
would support run-out, the molten
filler metal’s surface tension prevented
the latter from taking place. 
     The final configuration was the all-
alumina test specimen. As expected, the
redox reaction took place at both Ag-
Cu-Zr/alumina interfaces, generating el-
emental Al. Run-out was not observed,
which confirmed the need for the Ko-
var™ base material and its reaction with
Al. The Al released by the redox reaction
remained in the filler metal. Electron
probe microanalysis (EPMA) deter-
mined the elemental Al content to be
0.7–0.9 wt-%. These Al concentrations
formed the basis of the test program de-
scribed later in this report.
     In summary, the above findings con-
firmed two critical aspects of run-out.
First, the primary driving force is the re-
action between the Kovar™ base materi-

al and Al released by the redox reaction.
The reaction between Kovar™ and Zr
did not support run-out. Secondly, the
surface energy of molten filler metal is
of a magnitude, which when combined
with braze joint geometry (and gravity),
can affect the run-out event. The inef-
fectiveness of the groove in Fig. 2 to
curtail run-out provides a size scale be-
low which geometric contingencies
(here, sharp corners) are ineffective.

Present Study 

     The present study was undertaken to
understand the role of Al and its reac-
tion with Kovar™ as the underlying
mechanism responsible for run-out.
Test filler metals were fabricated by
making Al additions to a 100 Ag filler
metal. Because the review, above, con-
cluded that neither Cu nor Zr had ex-

plicit roles in the run-out phenomenon,
they were not included in the filler met-
al. The second objective was to investi-
gate the effect of sample geometry. Two
test sample configurations were used
for this effort: a) the sessile drop and b)
the Kovar™/Ag-xAl/Kovar™ braze joint.
The sessile drop results are presented in
this Part 1 report; the braze joint data
will be described in Part 2. The long-
term goal is to use these results to de-
velop one or more mitigation strategies
that would eliminate the occurrence of
the run-out phenomenon.

Experimental Procedures

Base Material

     The base material was a Kovar™
disk measuring 19.2 mm (0.75 in.) in
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Fig. 6 — A — Electron probe microanalysis (EPMA) plot shows the elemental concentration profiles across the Kovar™/Ag-Cu-
Zr/alumina braze joint [985°C (1805°F), 5 min, 600 torr Ar.] B — Magnified view shows the Ag-Cu-Zr/Kovar™ interface reaction layer.
The red arrow identifies the shallow Fe peak (8 μm position) while the orange arrow (9 μm) and cyan arrow (11 μm) indicate the
low-Al and high-Al phases, respectively. The purple arrow points to the high-Zr phase.

Fig. 7 — Spectral image (TEM) shows the reaction layers at the Kovar™/Ag-Cu-Zr in-
terface, including the high-Fe layer. 

A B
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diameter and 0.56 mm (0.022 in.) in
thickness. The surface roughness was
measured at two locations using a
laser scanning microscope. The Sa val-
ues were 0.916 μm (3.6  10–5 in.) and
0.920 μm (3.6  10–5 in.).

Filler Metal

     The filler metal variants began with

a 100Ag preform that
was 51 μm (0.002 in.)
thick and 3.0 mm (0.13
in.) in diameter. Alu-

minum additions were made by success-
fully depositing an Al coating onto one
surface of the preform using the evapo-
ration technique. Aluminum layer thick-
nesses were 22 μm (8.7  10–4 in.), 11
μm (4.3  10–4 in.), and 4.4 μm (1.7 
10–4 in.), which rendered Al concentra-
tions of 10, 5, and 2 wt-%. These con-
centrations were selected based upon
the Al concentration of 0.7–0.9 wt-%

observed in the filler metal of the all-
alumina samples and the hypothesis
that run-out is caused by a localized ex-
cess of Al. The range of 2–10 wt-% pro-
vided an upper bound, which consid-
ered those two premises.

Brazing Process

     Duplicate sessile drop test samples
were brazed under one of the four com-
binations of temperature, 965°or 995°C
(1769° or 1823°F), and time duration, 5
or 20 min. The brazing process ramp
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Fig. 8 — A — Photograph shows a tensile test sample that was
pulled apart. The dashed circles identify the footprint of the faying
surfaces. Run-out is observed at location “1” on the Kovar™ spacer
[985°C (1805°F), 5 min, and 600 torr Ar.] Location “2” did not have
run-out. B — SEM image shows the edge of the run-out at “1”. A re-
action zone (white arrow) was comprised of three surface mor-
phologies: A, B, and C. C — SEM image shows the edge of the filler
metal at “2” where run-out was absent.

Fig. 9 — A — Schematic identifies the four variants of button and spacer materials used to investigate the geometry effect. B —
The same diagram shows the presence (red) or absence (green) of run-out after the brazing step.

A

C

B

A B
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rates were as follows: a) 10°C/min
(18°F/min) from 25° to 900°C (77° to
1652°F); b) 5°C/min (9°F/min) from
900°C (1652°F) to the peak tempera-
ture; c) 20°C/min (36°F/min) from the
peak temperature to approximately
750°C (1382°F); and d) an average of
10°C/min (18°F/min) from 750° to
400°C (1382° to 752°F). All brazing op-
erations were performed under a high
vacuum of better than 10–7 torr to pre-
vent oxidation of the Al coating. The
drawback of using high vacuum was the
evaporation of Ag from the molten ses-
sile drop, particularly at the higher braz-
ing temperature and longer time. The
loss of Ag did not affect the reactions
between Al and Kovar™ base material
because those reactions occurred very
rapidly (Ref. 1).
     The sessile drop test samples were
fabricated by having the side of the
preform with the Al film placed away
from the Kovar™ surface. This configu-
ration simulated the requirement for
Al to “cross” the molten filler metal to
reach the Kovar™ interface as in the
actual Kovar™-to-alumina braze joint.

Specimen Analysis

     The sessile drop samples were first
inspected for run-out as the latter ap-
pears in Fig. 1. Then the specimens
were examined using the SEM. Qualita-
tive chemical analyses were obtained by
the EDX technique. Next, the sessile
drops were cross sectioned using stan-
dard metallographic techniques. Once
again, EDX analysis provided qualitative
elemental summaries of the interface
microstructures. Electron probe micro-
analysis (EPMA) provided quantitative
compositional assessments by taking
traces across the Kovar™/filler metal in-

terface reac-
tion layers.
The traces
were contin-
ued for a dis-
tance into
both the filler
metal and Ko-
var™ base ma-
terial beyond
the immedi-
ate reaction
layer. The ac-
celerating
voltage was
15 keV and the beam current was 20
nA. Data acquisition was performed in
0.5-μm steps with the understanding
that the spatial resolution is limited by
the x-ray sampling volume of a diameter
of 1–2 μm. Triplicate traces were per-
formed for each analysis. 

Results 

Analysis of the Sessile Drop
Surfaces 

     Photographs show one of the dupli-
cate sessile drop samples representing
the four Al contents in Fig. 11. The
brazing time was 5 min (vacuum) and
the brazing temperatures were 965°C
(1769°F) for Fig. 11A and 995°C
(1823°F) for Fig. 11B. The wetting-
and-spreading behavior was uniform
over the base material surface with re-
spect to the size scale of the surface
roughness topography. At either braz-
ing temperature, the sessile drop foot-
print increased monotonically with Al
content. The Ag-0Al sessile drop expe-
rienced nonwetting at 965°C (1769°F)
and only wetting, but without observ-
able spreading, at 995°C (1823°F).

Otherwise, the wetting and spreading
did not differ significantly between
the two temperatures. Run-out, as is
exemplified in Fig. 1, was not observed
in any of the samples. 
     Generally, increasing the brazing
time to 20 min caused the sessile drop
footprints to be comparable to, or only
slightly greater than, those observed
after 5 min. This trend suggests that
the Ag-xAl/Kovar™ reaction layer was
largely completed well before even the
five-minute interval. 
     A more detailed discussion is pre-
sented below of the physical metallur-
gy of each sessile drop composition.

     Ag – xAl, x = 0 and 2 wt-%

     The SEM and EDX surface analyses
began with the Ag-xAl alloys (x = 0 or
2 wt-%) brazed at 965°C (1769°F) for 5
min. As noted above, the 100Ag filler
metal did not wet the Kovar™ base ma-
terial — Fig. 11A. The Ag-2Al sessile
drop is shown in Fig. 12. The inset
photograph indicates the location (yel-
low box) of the higher magnification
SEM photograph. The two locations,
“A” and “B” were investigated further,
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Fig. 10 — A — SEM image shows a cross section of the Ag-Cu-Zr braze
joint fabricated with an alumina spacer and Kovar™ buttons [985°C
(1805°F), 5 min, and 600-torr Ar.] B — SEM image and corresponding Al
EDX map show the high-Al (Fe, Ni, Co)x(Al, Zr)y reaction layer. C —
Schematic shows the distance, “A,” that the molten filler metal would
have to extend spontaneously from its original position (solid blue
line) to the final position (dashed blue trace) that would allow run-out
to follow the aluminide reaction layer up the Kovar™ button.

A B

C
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beginning with “A,” which is shown at
higher magnification in Fig. 13. The
reaction layer topography was visible
10–15 μm from the Ag-2Al edge and
was comprised of Al, Fe, Ni, and Co as
shown by the EDX maps in Fig. 14.
The Fe, Ni, and Co contents were low-
er than, higher than, and similar to,
respectively, the nominal Kovar™ com-
position. Although difficult to distin-
guish in Fig. 14, there was a thin Fe-
rich zone that bordered the reaction
layer and Kovar™ base material. Alu-
minum was not detected in the filler
metal above the background signal.
These observations are like those col-

lected for reaction
layers in the alu-

mina/Ag-Cu-Zr/Kovar™ base metal
case (Ref. 1). This similarity under-
scores the ability of the Ag-xAl/Ko-
var™ base metal reactions to represent
those of the Ag-Cu-Zr active braze 
alloy. 
     The area “B” in Fig. 12 shows the
exposed reaction layer due to a local-
ized evaporation of the filler metal
that is thinner at the sessile drop edge.
A high-magnification SEM photograph
is provided in Fig. 15. The reaction lay-
er exhibited a grain-like topography.
The EDX analysis confirmed it to be
comprised of Fe, Ni, Co, and Al. The
grain boundary-like artifact had a

slightly higher Fe concentration and,
correspondingly, lower Ni and Co con-
tents than the interior areas. The Al
content was constant across the to-
pography. Cracks were not observed in
the reaction layer. 
     Increasing the brazing time to 20
min at 965°C (1769°F) caused a slight-
ly greater degree of Ag-2Al evapora-
tion. However, the exposed reaction
layer maintained the same topography
as that observed in Fig. 15. Also, the
EDX elemental maps did not change
for a longer brazing time. 
     The Ag-xAl sessile drops having x =
0 and 2 were examined that were made
under the brazing conditions of 995°C
(1823°F) and 5 min. The Ag-0Al filler
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Fig. 11 — Photographs show the sessile drop samples for Ag-xAl alloys, x = 0, 2, 5, and 10 wt-%, that were fabricated at — A —
965°C (1769°F); B — 995°C (1823°F). The brazing time was 5 min (vacuum). 

Fig. 12 — SEM image shows the edge of the Ag-2Al sessile
drop made at 965°C (1769°F) and 5 min. The image location is
indicated by the yellow box in the inset photograph. Two re-
gions of interest are indicated as “A” and “B.”

Fig. 13 — SEM photograph shows the location “A” of the Ag-
2Al sample of Fig. 12 at higher magnification.

A B
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metal showed limited wetting of the
Kovar™ base material — Fig. 11B. The
filler metal did not spread or exhibit a
reaction layer at the edge of the sessile
drop. 
     The morphology of the Ag-2Al ses-
sile drop was like that shown in Fig.
12. The only difference was a slightly
wider expanse of the exposed reaction
layer (location “B”) due to filler metal
evaporation. The EDX maps in Fig. 14
were equally representative of the ses-
sile drop edge. The reaction layer ex-
hibited the same topography as shown
in Fig. 15.
     The brazing time was increased to 20
min [995°C (1823°F)]. The Ag-0Al alloy
wet the Kovar™ surface and formed a
sessile drop, but it did not spread be-
yond the preform footprint. A reaction
layer was not observed at the edge of
the Ag-0Al sessile drop. The Ag-2Al ses-
sile drop is shown in Fig. 16A. The yel-
low box indicates the location of the
SEM image in Fig. 16B. The remaining
filler metal “islands” (light) were 100Ag
to within the EDX detection limit. The
reaction layer (dark), which was ex-
posed by filler metal evaporation, is
shown at higher magnification in Fig.
16C. The reaction layer topography was
like that in Fig. 15, and it exhibited
identical EDX maps. Cracks were not
observed in the reaction layer.

Ag – xAl, x = 
5 and 10 wt-%

   The Ag-5Al
sessile drop,
which was
formed at 965°C
(1769°F) and 5
min, had the
filler metal cover
the reaction lay-
er except at the
edge where the
latter extended
out by approxi-
mately 10 μm.
The EDX analy-
sis confirmed
the reaction lay-
er there had the
same elemental
distributions as
were observed in Fig. 14. 
     When the brazing time was length-
ened to 20 min [965°C (1769°F)], the
Ag-5Al filler metal was completely lost
from the sessile drop. The photograph
in Fig. 17A identifies the edge and cen-
tral regions, which are shown by the
high-magnification SEM images in Fig.
17B, C, respectively. Three distinct
topographies characterized the reac-
tion layer in Fig. 17B. The “A” region
has a mottled appearance while the “B”

region has a relatively smooth topog-
raphy. The “C” region, which had a to-
pography like that in Fig. 15, extended
to the interior of the footprint. The
EDX analysis determined the reaction
layer had elemental distributions like
those observed for the Ag-2Al filler
metal.
     Figure 17C presents the first in-
stance in which cracks were observed in
the reaction layer (magenta arrows).
Cracks suggest the presence of tensile
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Fig. 14 — SEM photograph and corresponding EDX maps show the distributions of Ag, Al, Fe, Ni, and Co at the edge of the sessile
belonging to the Ag-2Al sample [965°C (1769°F), 5 min].

Fig. 15 — SEM image shows the general morphology of the re-
action layer that formed under the Ag-2Al sessile drop [965°C
(1769°F), 5 min]. This image is of location “B” in Fig. 12.
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residual stresses in the layer. A likely
source of those stresses is the mismatch
of coefficients of thermal expansion
(CTE) between the reaction layer and
base material. The assumption is made
that the reaction layer can be suitably
represented by the Ni3Al composition
that has a CTE = 12–15 ppm/K (Ref. 5).
Kovar™ has a CTE = 5–7 ppm/K (Ref. 6).
Upon cooling from the brazing tempera-
ture, the faster contraction of the reac-
tion layer is hindered by the Kovar™
base material, resulting in tensile resid-
ual stresses in the former that are re-
sponsible for the cracks. 
     The Ag-5Al sessile drop was ana-
lyzed after brazing at 995°C (1823°F).
The reaction layer topographies were
nearly identical between the 5 and 20
min brazing times and did not differ
from those observed at the lower braz-
ing temperature (e.g., Fig. 17B, C). 
     The analysis turned to the Ag-10Al
filler metal samples. After brazing at
965°C (1769°F) for 5 min, a significant
layer of filler metal covered the reaction
layer. Regions of exposed reaction layer

had a topography
like that in Fig. 17C,
including the cracks. 
      The Ag-10Al re-
action layer exhibit-
ed additional topo-
graphical features af-
ter brazing for 20
min at 965°C

(1769°F) — Fig. 18. The yellow boxes in
Fig. 18A indicate the areas of higher
magnification shown in Fig. 18B, C. The
“B/A” and “C” topographies in Fig. 18B
are identical to the “A,” “B,” and “C” re-
gions in Fig. 17B, including the exis-
tence of cracks in “C.” The EDX tech-
nique did not find differences in reac-
tion layer compositions when compared
to those of the other Ag-xAl filler metals
or brazing parameters discussed above.
     However, the “D” and “E” regions in
Fig. 18C were unique to the Ag-10Al re-
action layer. The “D” topography, which
is shown at higher magnification in Fig.
19A, had a mottled appearance super-
imposed on the previously observed,
grain-like structure. Cracks were preva-
lent in this reaction layer (magenta ar-
rows). The “E” region is shown in Fig.
19B. Spheroid-like features were added
to the same topography observed in “D.”
Cracks were present in the “E” region
(magenta arrows). 
     The reaction layer topographies il-
lustrated in Figs. 18 and 19 were also
observed on the Ag-10Al specimens

created at 995°C (1823°F) and for ei-
ther 5 or 20 min brazing times.
Several important observations can be
summarized, below, that were com-
piled from the surface SEM and EDX
analyses of Ag-xAl sessile drops: 
     1. The edge of all sessile drops ex-
hibited a thin reaction zone that in-
cluded Al as well as Ni and Fe that
were richer and poorer, respectively,
than the nominal Kovar™ composi-
tion. The reaction zone topography
transitioned from relatively smooth at
that edge to a grain-like structure to-
ward the sessile drop center. 
     2. The Ag-10Al was distinguished
from the other two filler metals by
having the additional mottled and
spheroidal topographies, “D” and “E,”
respectively, at the sessile drop center. 
     3. Cracks were absent from all Ag-
2Al reaction layers. However, such
cracks were observed for all Ag-5Al
and Ag-10Al sessile drops, regardless
of brazing parameters.
     4. The EDX analysis did not identi-
fy, qualitatively, significant variations
of Al, Fe, Ni, and Co contents in the re-
action layers as a function of Ag-xAl
composition or brazing conditions. 

Analysis of the Sessile Drop
Cross Sections 

     Metallographic cross sections were
made through the sessile drops to fur-
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Fig. 16 — A — Photograph shows the sessile drop created by
the Ag-2Al filler metal brazed at 995°C (1823°F) for 20 min. The
yellow box indicates the location of the SEM image in B. B —
SEM photograph shows the mixture of exposed reaction layer
(dark) and remaining filler metal (light). C — High-magnification
SEM photograph highlights the reaction layer topography. 

A

C

B
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ther understand the reaction layer mi-
crostructure. Electron probe micro-
analysis (EPMA) was used to deter-
mine, quantitatively, the reaction layer
composition(s). The Ag-0Al filler met-
al wetted the Kovar™ base material
only when brazed at 995°C (1823°F)
for 20 min. A contact angle of approxi-
mately 35 deg was measured at the
edge of the sessile drop. Despite the
satisfactory wetting performance, a
discernable reaction layer was absent
from the Ag-0Al/Kovar™ interface and
no further analysis addressed this
filler metal. 
     An SEM image is shown in Fig. 20A
of the Ag-2Al sessile drop brazed at
965°C (1769°F) and 5 min. The reac-
tion layer extended approximately 10
μm from the edge of the filler metal,
which corresponds to the surface view
in Fig. 13. The layer became thicker to-
ward the center, albeit the thickness
varied along the interface — Fig. 20B.
Cracks were absent from the layer. 
     The location of the EPMA trace is
identified by the yellow line in Fig.
20B. Because the layer was only slight-
ly thicker than the x-ray sampling vol-
ume, elemental variations could not be
deciphered within it. When the Fe, Ni,
and Co elemental concentrations were
combined, a single, pseudo-binary
composition was determined to be (Fe,
Ni, Co)73±3Al27±3 ≈ (Fe, Ni, Co)3Al. The
error range is derived from the stan-
dard deviation of concentrations
measured in the three traces. This
composition is similar to the high-Al
phase, (Fe, Ni, Co)2Al, observed in the
reaction layer between Kovar™ and the
Ag-Cu-Zr filler metal. 
     The Ag-2Al sessile drop was exam-
ined that was brazed at 965°C
(1769°F) and the longer brazing time
of 20 min. An SEM photograph shows
the layer in Fig. 21A. Cracks were not
observed in the reaction layer. The
EMPA trace was made across the reac-
tion layer, which was sufficiently thick
for the technique to detect composi-
tional variations within it. One of
three EPMA plots is shown in Fig. 21B.
An Al gradient was confirmed within
the Kovar™ base material adjacent to
the reaction layer (left of the red ar-
row), which included an increasing Fe
signal and decreasing Ni and Co sig-
nals (left to right). The broad Al peak
between the red and cyan arrows
marked the reaction layer. Across the

latter, the Co signal remained largely
unchanged while the Ni and Al signals
both showed peak concentration. The
Fe trace decreased across the reaction
layer. The trends differ from those as-
sociated with the Al gradient in the

Kovar™ base material (left of the red 
arrow).
     A peak in the Fe trace (red arrow)
was observed between the Kovar™
base material and the reaction layer.
Unfortunately, it was too narrow for
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Fig. 18 — A — Photograph of the sessile drop sample formed by the Ag-10Al filler
metal under the brazing conditions of 965°C (1769°F) and 20 min. The yellow boxes
indicate the locations of the SEM photographs in B and C. B — SEM image shows
the edge of the sessile drop and topographies identified as “B/A” and “C.” C — This
SEM photograph indicates the “D” and “E” topographies observed toward the center
of the sessile drop.

Fig. 17 — A — Photograph shows the sessile drop created by the Ag-5Al filler metal
brazed at 965°C (1769°F) and 20 min. Yellow boxes indicate the edge and center lo-
cations that are shown by the SEM images B and C, respectively. B — SEM photo-
graph identifies three reaction layer topographies indicated as “A,” “B,” and “C.” C —
The reaction layer “C” exhibited cracks (magenta arrows).

A
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A
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the EPMA to determine a precise com-
position. Nickel, and to a lesser extent,
Co, decreased when proceeding from
the Kovar™ base material toward the
Fe peak. These trends suggest that Ni
and Co were drawn from the Kovar™
to create the reaction layer, leaving the
higher Fe concentration along with the
Al gradient of 0–10 at.-% in the nearby
base material.
     The broad EPMA reaction layer pro-
file in Fig. 21B indicated the likelihood
of multiple phases in the reaction lay-
er. A methodology was developed to
assign compositions to the two phas-
es. Using Fig. 21B to illustrate the pro-
cedure, the orange arrow designates
the location at which is determined
the low-Al composition phase. That lo-

cation is where the slope of the Al
traces is at a minimum. The high-Al
phase had its composition designated
by the cyan arrow; it occurs at the Al
peak. In the latter case, a second stipu-
lation was that the Ag concentration
be less than 0.1 at.-% when there was
remaining filler metal. 
     The above methodology determined
the high-Al and low-Al phase composi-
tions in Fig. 21B to be as follows:

• High-Al phase: (Fe, Ni, Co)67±1Al32±1

≈ (Fe, Ni, Co)2Al
• Low-Al phase: (Fe, Ni, Co)74±1 Al26±1

≈ (Fe, Ni, Co)3Al.

     The additional brazing time, while
not increasing the wetting and spread-

ing activity of the sessile drop, did al-
low formation of the high-Al, dark
phase. The latter phase’s composition
matched that of the high-Al phase ob-
served at the Ag-Cu-Zr/Kovar™ base
material interface — Figs. 5–7. The
low-Al phase had the same composi-
tion as the single reaction layer after 5
min. 
     A significant thickness of Ag-2Al
filler metal remained above the reac-
tion layer — Fig. 21A. The EPMA
measured its Al concentration to be
1.7–2.3 at.-% Al or 0.48–0.62 wt-%.
Therefore, only approximately three-
quarters of the original Al content in
the Ag-2Al filler metal participated in
the reaction layer formation.
     The cross sections were analyzed of
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Fig. 19 — High-magnification SEM images show the — A — “D” and B — “E” topographies of the reaction layer that belong to the
Ag-10Al sessile drop [965°C (1769°F), 20 min]. The magenta arrows identify cracks in the reaction layers.

Fig. 20 — A — SEM photograph shows a cross section at the edge of the Ag-2Al sessile drop. The process conditions were 965°C
(1769°F) and 5 min. B — The SEM image shows the reaction layer toward the center of the sessile drop. The yellow line identifies
the EPMA trace location. 
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the Ag-2Al sessile drops formed by
brazing at 995°C (1823°F). The inter-
face microstructures were similar be-
tween the 5- and 20-min brazing time;
therefore, only the latter case will be
discussed, here. The SEM photograph
in Fig. 22A shows the reaction layer.
Vertical grain boundaries are discern-
able in the image; the grain size corre-
sponded to the surface grain-like
structure in Fig. 16C. Cracks were not
observed in the reaction layer. 
     The magenta arrows in Fig. 22A in-
dicate areas of recrystallization in the
Kovar™ directly under the reaction lay-
er. The recrystallization is further
highlighted in Fig. 22B using the
backscattered electron (BSE) channel-
ing contrast technique (magenta ar-

rows). The recrystallization phenome-
non was also observed after 5 min at
995°C (1823°C). However, it occurred
only intermittently and had very limit-
ed thicknesses. Closer scrutiny was
given to previous SEM images of sam-
ples brazed at 965°C (1769°F). Those
photographs confirmed the presence
of recrystallization zones under the re-
action layer. Those zones were also in-
termittent and relatively thin. Cracks
were not observed in the recrystalliza-
tion zones.
     An analysis was performed to de-
termine whether the recrystallization
phenomenon was in response to a
chemical stimulus or mechanical stress
(dynamic recrystallization) introduced
by the reaction layer. The absence of

cracks in the reaction layer and recrys-
tallization zone suggests that mechan-
ical stress may have a lesser role.
Therefore, the analysis turned to the
compositional mechanism. Energy-
dispersive x-ray spectra were collected
from the recrystallized region and in
the far-field, Kovar™ base material.
Those measurements determined, al-
beit qualitatively, that there was an el-
evated Al concentration, as well as re-
duced concentrations of Fe and Ni,
in the recrystallized material when
compared to the nominal Kovar™
composition. 
     An EPMA analysis was performed
across the reaction layer, which includ-
ed the recrystallization zone in the Ko-
var™ base material. The trace position
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Fig. 21 — A — SEM photograph shows a cross section at the center of the Ag-2Al sessile drop. The process conditions were 965°C
(1769°F) and 20 min. The yellow line marks the EPMA trace. B — The EPMA plot shows the Fe, Ni, Co, Al, and Ag signals. The red arrow
marks the Fe peak; the orange and cyan arrows identify the measurement points of the low-Al and high-Al phases, respectively.

Fig. 22 — A — SEM image shows the reaction layer under the Ag-2Al sessile drop when brazed at 995°C (1823°F) for 20 min. The
magenta arrows indicate areas of recrystallization under the reaction layer. B — BSE channeling contrast image highlights the re-
crystallization areas (magenta arrows).
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is shown in Fig. 23A. The arrow at the
bottom indicates the trace ended out-
side the field of view. The high-Al,
low-Al, and high-Fe reaction layer
phases are identified by the blue,
orange, and red arrows, respectively. A
series of dark spots formed a bound-
ary between the high-Al and low-Al
phases. Their dimensions were too
small to have their composition(s) re-
solved by EPMA. Besides crossing the
reaction layer, the trace also crossed

the recrystallization
zone (“x”) and contin-
ued into the Kovar™
base material. The ele-
mental plot is shown
in Fig. 23B. The col-
ored arrows corre-
spond to those in Fig.
23A. The high-Fe
phase (red arrow)
marks the end of the
reaction layer and be-
ginning of the recrys-
tallization zone (“x”).
That zone is approxi-
mately 3 μm wide in
Fig. 23A and is indicat-
ed by the blue, dashed
arrow in Fig. 23B. An
Al gradient was pres-
ent, which ranged
from 0 to 10 at.-% in
the recrystallization
area and was accompa-
nied by reduced Fe, Ni,
and Co concentrations. 

     The role of Al in the Kovar™ recrys-
tallization zone was further substanti-
ated by performing the EPMA on a
wider such zone of ≈ 8 μm in the same
sample. The corresponding EPMA plot
is shown in Fig. 24. The dashed blue
arrow indicates the presence of an Al
gradient that extended farther into
the Kovar™ base material. The EPMA
data in Figs. 23B and 24 provide evi-
dence that the recrystallization was

more likely to have been composition-
ally induced by Al diffusion into the
Kovar™ base material. 
     The EPMA data shown in Figs. 23B
and 24 (plus a third trace) were used
to determine the compositions of the
high-Al and low-Al reaction layer
phases — the blue and orange arrows,
respectively, in Fig. 23A. Those com-
positions were

• High-Al phase: (Fe, Ni, Co)67±1Al32±2

≈ (Fe, Ni, Co)2Al
• Low-Al phase: (Fe, Ni, Co)76±3 Al24±1

≈ (Fe, Ni, Co)3Al.

     These compositions differed only
slightly from the same phases meas-
ured for the Ag-2Al sample when
brazed at 965°C (1769°F) for 20 min.
Lastly, the locations selected for EPMA
did not have Ag-2Al filler metal re-
maining above the reaction layer.
     The investigation turned to the Ag-
5Al filler metal. The analysis began
with the sessile drop brazed at 965°C
(1769°F) and 5 min. Cracks were not
present at the edge of the sessile drop
where the reaction layer was thin.
However, cracks were observed in the
reaction layer as it grew thicker toward
the center of the sessile drop. The
cracks initiated in the high-Al phase
and propagated into the low-Al phase
below it, but not into the Kovar™ base.
Small zones of recrystallization were
observed in the Kovar™ base material
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Fig. 23 — A — SEM image shows the EPMA trace across the reaction layer of the Ag-2Al sample fabricated at 995°C (1823°F) and
20 min. This trace crossed a recrystallization zone (“x”). The blue, orange, and red arrows indicate the high-Al, low-Al, and Fe-rich
layers, respectively. B — EPMA graph shows the Fe, Ni, Co, Al, and Ag traces across the reaction layer. The dashed blue arrow indi-
cates the recrystallization zone.

Fig. 24 — EPMA graph shows the Fe, Ni, Co, Al, and Ag
traces across the reaction layer of the Ag-2Al sample
formed at 995°C (1823°F) and 20 min. The blue, orange,
and red arrows indicate the high-Al, low-Al, and Fe-rich
layers, repectively. The dashed blue arrow indicates the
recrystallization zone.
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under the reaction layer. 
     The EPMA trace was performed
across the reaction layer as shown in
Fig. 25A; here, it crossed a very thin
recrystallization zone (1–2 μm). The
arrow heads indicate the trace began,
and ended, outside the field of view.
The corresponding EPMA graph is
shown in Fig. 25B. The recrystalliza-
tion area is identified in Fig. 25B by
the blue dashed arrow. Overall, the Fe,
Ni, Co, and Al traces showed the same
general trends as were observed with
the Ag-2Al filler metal across the braz-

ing conditions. The primary difference
was the thicker reaction layer in Fig.
25B (Ag-5Al, ≈ 8 μm) vs. that in Fig.
20B (Ag-2Al, ≈ 4 μm). A second differ-
ence was the consistent appearance of
an Fe peak at the reaction layer/filler
metal interface to the right of the cyan
arrow. The Al signal remained elevated
while the Ni and Co signals decreased
rapidly to 11 and 6 at.-%, respectively,
under that Fe peak. The Fe peak re-
gion was too thin to obtain a precise
composition.
     The orange and cyan arrows in Fig.

25B identify the locations where the
compositions were determined for the
low- and high-Al phases, respectively.
Those compositions are listed below:

• High-Al phase: (Fe, Ni, Co)55±1Al45±2

≈ (Fe, Ni, Co)6Al5

• Low-Al phase: (Fe, Ni, Co)76±3 Al24±1

≈ (Fe, Ni, Co)3Al

     The low-Al phase had a composi-
tion that duplicated those measured
for the same layer under the Ag-2Al
filler metal. However, the high-Al
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Fig. 25 — A — SEM image shows the reaction layer and EPMA trace belonging to the Ag-5Al filler metal [965°C (1769°F)], 5 min. B —
EPMA graph shows the elemental distributions from the filler metal, across the reaction layer, and into the Kovar™ base material.
The blue, orange, and red arrows indicate the high-Al, low-Al, and Fe-rich layers, respectively. The dashed blue arrow identifies the
recrystallization zone.

Fig 26. — A — SEM image shows the reaction layer and EPMA trace location for the Ag-5Al sessile drop formed at 995°C (1823°F)
and 20 min. B — EPMA plot shows the elemental distributions. The blue, orange, and red arrows indicate the high-Al, low-Al, and
Fe-rich layers. The dshed blue arrow identifies the Al gradient characteristic of the recrystallization zone.
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phase was considerably richer in Al
than the reaction layers of those previ-
ous samples. 
     Sufficient Ag-5Al filler metal re-
mained over the reaction layer for the
EPMA to determine a retained Al con-
centration of 16–17 at.-%, or 4.5–5.0
wt-% — Fig. 25B. The absence of pre-
cipitates implies the Al was in solid so-
lution. These data indicate little Al
went toward development of the reac-
tion layer.
     The Ag-5Al samples, which were
fabricated at 965°C (1769°F), 20 min,
and 995°C (1823°F), 5 min, exhibited
an interface microstructure similar to
that in Fig. 25A. The EPMA was not
performed on these samples.
     The Ag-5Al sample is examined,
which was brazed at the most severe
conditions of 995°C (1823°F) and 20
min. The reaction layer was ≈ 9 μm
thick, which is only slightly thicker than
that formed at 965°C (1769°F) and 5
min. Crack development was observed
in both the high-Al and low-Al phases of
the reaction layer. The SEM image in
Fig. 26A shows the reaction layer. Sig-
nificant recrystallization activity oc-
curred in the Kovar™ base material. The
EPMA trace is shown in the image. The
arrowhead indicates that the trace ex-
tended outside the bottom of the image.
The corresponding elemental plot is
shown in Fig. 26B. The substantial re-
crystallization zone is mapped by the
dashed blue arrow in Fig. 26B. The red,
orange, and cyan arrows identify the Fe-

rich as well as low-Al and high-Al phas-
es, respectively. 
     The compositions of the high-Al
and low-Al phases are shown below. 

• High-Al phase: (Fe, Ni, Co)61±3Al39±1

≈ (Fe, Ni, Co)3Al2

• Low-Al phase: (Fe, Ni, Co)76±1 Al24±1

≈ (Fe, Ni, Co)3Al

     The composition of the low-Al
phase remained unchanged from all
previous analyses. The high-Al phase
composition exhibited an increased Al
content, which was similar to that ob-
served at 965°C (1769°F) and 5 min.
     The EPMA trace showed further de-
velopment of an Fe-rich layer near the
reaction layer/filler metal interface.
The layer was sufficiently thick to de-
termine an approximate composition
as (Fe, Ni, Co)64±1Al36±1 based on the
three traces. This composition is
slightly lower in Al than the high-Al,
(Fe, Ni, Co)61±3Al39±1 phase (cyan ar-
row), despite it being closer to the
filler metal. Also, the Fe peak was ac-
companied by minima in both the Ni
and Co contents. 
     The analysis moved on to the Ag-
10Al sessile drop cross sections, begin-
ning with the brazing conditions of
965°C (1769°F) and 5 min. The SEM
photograph in Fig. 27A shows particles
in the remaining filler metal. The parti-
cles, which became more numerous to-
ward the center of the sessile drop as
shown in Fig. 27B, had a gray tone like

that of the high-Al phase observed at
the interface. A “very dark” phase also
appeared with the particles in the filler
metal as well as intermittently along
the reaction layer/filler metal interface.
The darker gray tone implies a higher
Al content. Short cracks (magenta ar-
row) were observed in the high-Al
phase of the reaction layer. The EPMA
first addressed the interface reaction
layer phases and secondly, the particles
in the filler metal.
     Three EPMA traces, which targeted
the interface reaction layer, began in
the Ag-10Al filler metal, crossed that
reaction layer and modest recrystal-
lization zone, and ended in the Kovar™
base material — Fig. 28A. The arrow
heads indicate the trace began and ter-
minated outside the field of view of
Fig. 28A. The corresponding EPMA
plot is provided in Fig. 28B. The
dashed blue arrow signifies the Al con-
centration gradient within the small
recrystallization zone. The red arrow
shows the location of the Fe-rich
phase. The orange and cyan arrows
identify the low-Al and high-Al phases
in the reaction layer, respectively. The
compositions of the latter two layers
are listed below.

• High-Al phase: (Fe, Ni, Co)48±1Al52±1

≈ (Fe, Ni, Co)Al
• Low-Al phase: (Fe, Ni, Co)74±2 Al26±1

≈ (Fe, Ni, Co)3Al

     The high-Al composition, (Fe, Ni,
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Fig. 27 — A — SEM image shows the Ag-10Al sessile drop near to the edge of the sessile drop. The brazing conditions were 965°C
(1769°F) and 5 min. B — SEM image shows the sample microstructure at the sessile drop center. A “very dark” phase appears in the
filler metal. The magenta arrow identifies a crack in the reaction layer. The particle “A” appears to have spalled from the reaction layer.
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Co)Al, experienced a further increase
of Al content than the same layer that
formed with the Ag-5Al alloy and the
same brazing conditions. The compo-
sition of the low-Al phase remained
unchanged from the EPMA traces cor-
responding to the Ag-5Al and Ag-2Al
filler metals. 
     A yellow arrow in Fig. 28B identi-
fies the very dark layer that formed at
the reaction layer/filler metal interface
noted in Fig. 28A. That layer exhibited
a spike in the Al signal that was re-
peatable between the three traces. An
approximation was made of the phase
composition: (Fe, Ni, Co)46.8±0.5 Al53.2±0.3

≈ (Fe, Ni, Co)7Al8. The error terms rep-
resent the repeatability of the compo-
sition determination. The composition
is slightly higher in Al than the neigh-
boring high-Al phase (cyan arrow). 
     The three traces also measured the
Al content in the remaining filler metal
— Fig. 28A. The Al concentrations were
as follows: Trace 1, 8.6±0.1 wt-%
(27.0±0.2 at.-%); Trace 2, 8.5±0.2 wt-%
(26.9±0.5 at.-%); and Trace 3, 8.5±0.2
wt-% (26.8±0.4 at.-%). These data indi-
cate a relatively small amount of the Al
content was used to form the reaction
products (layers and particles). The Ag-
Al binary alloy phase diagram shows an
equivalent Al-8.5Ag composition would
solidify with a microstructure com-
prised of the d phase, Ag3Al2, together
with the Ag-6Al solid-solution phase
under equilibrium conditions (Ref. 7).
These results imply that the presence of

the reaction products perturbed that
equilibrium, thereby allowing for devel-
opment of the supersaturated, Ag-8.5Al
solid solution and an absence of the
Ag3Al2 phase.
     The compositions of the particles
were captured by four additional EPMA
traces. The SEM photograph in Fig. 29A
indicates the locations of traces #1 and
#3 that are examined in the current
analysis. Trace #1 intercepted two parti-
cles labeled A and B; the EPMA graph is
shown in Fig. 29B. The particle A com-
position was nearly identical to that of
the high-Al phase in the reaction layer.
Like the latter, particle A had the “very
dark” phase at its edge that faced the
filler metal and is indicated by the spike
in the Al signal.
     The particle B (Fig. 29B) exhibited
compositional variations as first indi-
cated by its gray tones in the Fig. 29A
SEM image. Three compositions were
analyzed and designated B-1, B-2, and
B-3 in Fig. 29B; they are listed below: 

• B-1: (Fe, Ni, Co)29±1Al71±1 ≈ (Fe, Ni,
Co)Al3

•    B-2: (Fe, Ni, Co)30±1Al70±2 ≈ (Fe, Ni,
Co)3Al7

• B-3: (Fe, Ni, Co)28±1Al72±1 ≈ (Fe, Ni,
Co)Al3.

     The two compositions B-1 and B-3
are identical. Although the B-2 compo-
sition is statistically the same as the B-
1 and B-3 cases, its lighter gray tone is
caused by the slightly greater concen-

tration of the (Fe, Ni, Co) group that
was owed largely to the Fe content.
The Ni and Co signals exhibited a slow
gradual drop in concentration within
the B-1 and B-2 fields, only to form a
plateau in the B-3 composition. A
small Al spike was also observed at the
particle edge facing the filler metal.
     The EPMA plot belonging to trace #3
is shown in Fig. 29C. Particle C, which
was located near the reaction layer, had
a composition identical to that of the
latter’s high-Al phase. Particle D had a
variable compositional profile across it
that was unlike that of particle B in
trace #1. The SEM image (Fig. 29A) did
not exhibit a discernable gray tone vari-
ation because the (Fe, Ni, Co) and Al
concentrations were constant. Rather,
the concentration variations occurred
within the (Fe, Ni, Co) group. The Fe
and Co concentrations exhibited a mini-
mum in the particle center that was ac-
companied by a maximum in the Ni sig-
nal. Both particles C and D exhibited an
Al spike on the filler metal side of their
respective geometries.
     Two mechanisms were hypothe-
sized to have generated the particles.
The first process required Fe, Ni, and
Co components to dissolve into the
molten filler metal from the Kovar™
base material, react with Al in the filler
metal, and lastly either precipitate im-
mediately in the molten filler metal or
upon solidification. The dissolution
mechanism appears to be unlikely. In
the present study, the very small Fe,
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Fig. 28 — A — SEM image shows the reaction layer and EPMA trace position for the Ag-10Al filler metal [965°C (1769°F), 5 min]. B —
EPMA plot shows the elemental distributions. The blue, orange, and red arrows indicate the high-Al, low-Al, and Fe-rich layers, re-
spectively. The yellow arrow indicates an Fe concentration peak near the interface. The dashed blue arrow identifies the Al gradi-
ent across the recrystallization zone.
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Ni, and Co concentrations were deter-
mined to be 0.27±0.06, 0.12±0.03, and
0.08±0.02 wt-%, respectively, which
are at, or slightly below, the measure-
ment error of this technique. An un-
published work by the present authors
examined Kovar™/100 Ag/Kovar™
braze joints fabricated at 995°C and 5
min (Ref. 8). The EPMA of metallo-
graphic cross sections also detected
low Fe (0.2–0.5 wt-%) as well as Ni and
Co concentration (both 0.1–0.3 wt-%)
in the filler metal. These data did not
indicate, explicitly, that Fe, Ni, and Co
dissolved in the filler metal to a degree
that, when combined with the Al con-
tent, would generate the particles. Of
course, a possible scenario is that the
Al addition to the filler metal en-
hanced the driving force and/or rate
kinetics for Fe, Ni, and Co dissolution
activity into a Ag-xAl alloy.
     The second mechanism begins with
growth of the reaction layer at the Ag-
10Al/Kovar™ interface that forms the
(Fe, Ni, Co)xAly phases. Then, localized
areas of the outboard, high-Al reaction
product grew faster than the surround-
ing layer and spalled off into the molten
filler metal. The particles drifted to the
center of the molten filler metal due to
buoyancy effects. The densities of metal
aluminides are in the range of 6–8
g/cm3 (375–500 lb/ft3) while that of sil-
ver is 10.50 g/cm3 (655 lb/ft3) (Refs. 9,
10). Once in the molten filler metal, the

particle compositions
changed into those
recorded for particles
B and D in traces #1
and #3, respectively.
Microstructural evi-
dence supports this
hypothesis. First, re-
call that particles A
and C in traces #1 and
#2, respectively,
which were closest to the reaction layer,
had the same composition as the latter.
Secondly, the SEM image in Fig. 27B
captured one such particle “A” just prior
to separating from the reaction layer.
     An Al concentration of 8.3±0.1 wt-
% was recorded in the remaining filler
metal between the 45- and 48-μm po-
sitions of Fig. 29B. This value is slight-
ly less than the 8.5–8.6 wt-% Al con-
centration measured near the inter-
face reaction layer. The Al content did
not exhibit a significant concentration
gradient in the filler metal.
     The next analysis examined the Ag-
10Al sessile drop formed at 995°C
(1823°F) and 20 min. The reaction lay-
er structure is illustrated by the SEM
image in Fig. 30A. Filler metal was lost
completely from above the reaction
layer. The high-Al and low-Al phases
were present along with the Fe-rich
layer. A significant recrystallization
zone was present in the Kovar™ base
material. A line of particles was ob-

served within the low-Al phase, which
resembled those observed in the low-
Al phase of the Ag-2Al alloy (Fig. 23A)
when the filler metals were brazed un-
der the same conditions. Although not
present in this view, numerous vertical
cracks developed in the reaction layer
that propagated through both high-Al
and low-Al phases. 
     The EPMA data are shown in Fig.
30B that were obtained from the trace
location shown in Fig. 30A. The re-
crystallization zone is identified by the
dashed blue arrow. The Fe-rich phase
is noted by the red arrow and was still
too thin to obtain an accurate compo-
sition measurement. The composi-
tions are listed below for the high-Al
phase (cyan arrow) and low-Al phase
(orange arrow):

• High-Al phase: (Fe, Ni, Co)57±2Al42±2

≈ (Fe, Ni, Co)4Al3

• Low-Al phase: (Fe, Ni, Co)75±2Al25±1

≈ (Fe, Ni, Co)3Al.

WELDING RESEARCH

FEBRUARY 2018/ WELDING JOURNAL 51-s

Fig. 29 — A — SEM image shows the particles within, and EPMA
trace positions #1 and #3 made across, the Ag-10Al filler metal
and interface [965°C (1769°F), 5 min]. Particles are labelled A, B,
C, and D. B, C — EPMA plots show the elemental distributions
across traces #1 and #3, respectively. The corresponding struc-
tures are labeled in both cases. 

A B

C
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     The high-Al phase had a slightly re-
duced Al concentration than was ob-
served under the less severe 965°C
(1769°F) and 5-min brazing condi-
tions. The low-Al phase had the same
composition as in all previous samples.
     A peak in the Fe signal was observed
near the interface between the reaction
layer and what would have been the Ag-
10Al filler metal. The Fe maximum was
compensated by minima in both the Ni
and Co signals within the (Fe, Ni, Co)
grouping. This behavior is very similar
to that observed for the Ag-10Al sessile
drop brazed at 965°C (1769°F) for 5 min
— Fig. 28B.
     The EPMA data in Fig. 30B substan-
tiate the more general trend observed
throughout this study. Although specif-
ic concentrations were given to the
high-Al and low-Al reaction layer phas-
es, in fact, the Fe Ni, Co, and Al concen-
trations varied across each of them.
Such variations were repeatable and sig-
nificant, particularly for the high-Al
phase as a function of filler metal com-
position and the brazing process. Such
composition changes are not unexpect-
ed, because interfaces do not necessarily
represent the equilibrium structures
that are reflected in binary or higher or-
der, alloy phase diagrams.

Discussion 

     The images in Figs. 11 and 12 do not
show the typical run-out lobes (e.g., Fig.
1) despite an abundance of Al in the
filler metal. Nevertheless, Figs. 11 and

12 illustrate that wetting and spreading
increased with Al content. At first
glance, the dependence on Al concentra-
tion suggests simply an Al availability
factor. However, the EPMA data indicat-
ed that, when measurable, the remain-
ing filler metals had an excess of Al after
the brazing process at all three addition
levels. Therefore, Al availability was not
the controlling factor. 
     The analysis investigated secondary
effects caused by the Al presence. The
extent of wetting and spreading at
equilibrium is predicted by Young’s
equation, which describes the balance
of surface tensions at the edge of a
sessile drop (Refs. 11, 12) — Fig. 31.
Young’s equation is written as:

     gSF – gSL = gLF cosc (1) 

where
• gSF is base material (S)/vacuum (F) in-

terfacial tension;
• gSL is base material (S)/liquid filler
metal (L) interfacial tension, which
has the base material replaced with
the reaction layer,
• gLF is liquid filler metal (L)/vacuum
(F) interfacial tension, and
• c is the contact angle.

     The smaller the value of c, greater
is the wetting and spreading by the
filler metal. 
     The trends of gSF, gSL, and gLF were
analyzed as follows: The value of gSF is
a constant for all Ag-xAl compositions
and brazing parameters. The brazing
conditions would not alter the surface
oxide of the Kovar™ base material. 
     A semiquantitative analysis exam-
ined the role of the interfacial (surface)
tension, gLF, vs. Ag-xAl composition. The
values of gLF are not known for the Ag-
xAl binary system and their determina-
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Fig. 30 — A — SEM image shows the reaction layer that formed by the Ag-10Al filler metal when brazed at 995°C (1823°F) for 20
min. The location of the EPMA trace is noted in the image. B — EPMA plot shows the elemental distributions. The blue, orange, and
red arrows indicate the high-Al, low-Al, and Fe-rich layers, respectively. The yellow arrow indicates an Fe concentration peak near
the interface. The dashed blue arrow shows the Al gradient across the recrystallization zone.

Fig. 31 — Schematic shows one-half of a sessile drop configuration and the bal-
ance of surface tensions that determine the contact angle, c, according to
Young’s equation.
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tion was beyond the scope of this study.
Elemental Ag has values of gLF in the
range of 958–967 mN/m for tempera-
tures in the range of 965°–995°C
(1769°–1823°F) (Ref. 13). Molten Al has
a surface tension of 1009 mN/m at
680°C (1256°F) under vacuum (Ref. 14).
Beside these values being relatively
close to one another, the Al additions
are less than 10 wt-%, which would be
expected to cause only small changes to
the 100-Ag liquid surface tension (Ref.
15). So, gLF of the Ag-xAl alloys would be
relatively insensitive to the present
temperature range (Ref. 13). The con-
clusion was made that differences of gLF

are predicted to be minor between the
Ag-xAl compositions and, thus, unlikely
to significantly influence the wetting
and spreading activity.
     The remaining parameter, gSL, is de-
termined by the reaction layer that is
directly in contact with the molten Ag-
xAl filler metal. The Al concentration
in the reaction layer increased with Al
content in the filler metal, more so be-
tween the Ag-2Al and Ag-5Al reaction
layers. This point is exemplified with
data obtained from the brazing condi-
tions of 995°C (1823°F) and 20 min,
which is shown below:

• Ag-2Al: (Fe, Ni, Co)67±1Al32±2

≈ (Fe, Ni, Co)2Al
• Ag-5Al: (Fe, Ni, Co)61±3Al39±1

≈ (Fe, Ni, Co)3Al2

• Ag-10Al: (Fe, Ni, Co)57±2Al42±2

≈ (Fe, Ni, Co)4Al3.

     Unfortunately, the values of gSL are
not available to calculate Equation 1.
Under the above presumption that nei-
ther gSF or gLF changed significantly as a

function of filler metal composition or
brazing parameters, it was concluded
that gSL controlled c in Young’s equa-
tion. An increase of the quantity of Al in
the Ag-xAl filler metals led to an in-
creased Al content of the high-Al phase,
thereby causing a reduction of gSL that
resulted in the increased wetting and
spreading observed in Figs. 11 and 12.
The resulting increase in wetting and
spreading with higher Al content in the
filler metal was interpreted as the actual
run-out phenomenon. Based upon this
scenario, the wetting and spreading be-
havior responsible for a run-out lobe
(e.g., Fig. 1) is driven by a locally height-
ened, Al concentration in the molten
filler metal. 
     The next step is to establish quanti-
tative limits on the Al concentration re-
sponsible for run-out. The SEM analysis
of the reaction layer surfaces identified
similar topographies between the Ag-
2Al and Ag-5Al compositions, regard-
less of the brazing parameters. Howev-
er, the Ag-2Al and Ag-5Al filler metals
differed by crack development: it was
absent from all Ag-2Al samples, but
present in the Ag-5Al samples. This ob-
servation was verified by the metallo-
graphic cross sections. Concurrently,
there was a significant increase in Al
content observed between the Ag-2Al
and Ag-5Al reaction layers as demon-
strated by the above bulleted composi-
tions. The Ag-10Al sessile drops exhibit-
ed extensive wetting and spreading ac-
tivity. The reaction layers exhibited
cracking like those generated by the Ag-
5Al filler metal (beside the additional
mottling and nodules in Figs. 19A, B) as
well as the similar, elevated Al content
of the high-Al reaction layer. By consid-

ering the Ag-10Al composition as al-
ready being in the run-out regime, the 5
wt-% Al concentration is established as
the lower limit of that phenomenon.
Therefore, the transition between nom-
inal wetting and spreading vs. run-out
occurred in the range of 2–5 wt-% Al.
     The run-out phenomenon is de-
scribed by the following scenario: Run-
out is initiated by a localized spike of
2–5 wt-% Al in the molten filler. The
result is an increased Al concentration
in the high-Al, (Fe, Ni, Co)xAly phase.
The latter condition leads to a de-
crease in gSL and thus, a decrease of the
contact angle, c, causing an unstable
wetting and spreading event that re-
sults in the run-out lobe. 
     These results obtained in the pres-
ent study were compared to observa-
tions compiled in Ref. 1 that addressed
run-out by the Ag-Cu-Zr filler metal.
At locations where run-out was ab-
sent, cracks were also not observed in
the reaction layer. The reaction layer
composition was (Fe, Ni, Co)2Al [982°C
(1800°F) ≈ 15 min, 600 torr], which is
very similar to that of the low-Al
phase at the interface with the Ag-2Al
alloy. Unfortunately, a similar analysis
was not available of the reaction layer
under the Ag-Cu-Zr run-out lobe. Nev-
ertheless, this comparison suggests
that the Ag-xAl data correlate with the
run-out behavior observed by the Ag-
Cu-Zr filler metal. 
     Qualitative observations — includ-
ing a comparison between Figs. 11 and
12 — indicated the degree of wetting
and spreading was not strongly sensi-
tive to brazing time and only slightly
so with brazing temperature. The
EPMA data were analyzed to deter-
mine if this trend correlated with an
unchanging reaction layer composi-
tion. The Al concentrations are listed
in Table 1 as a function of the brazing
parameters for each Ag-xAl composi-
tion. The Ag-2Al alloy experienced a
modest increase from 24 to 33 at.-% Al
in the reaction layer when going from
5 to 20 min at 965°C (1769°F). The
corresponding sessile drops did not
show a significant difference in wet-
ting and spreading. The Al concentra-
tion remained unchanged between
965° and 995°C (1769° and 1823°F)
for the 20-min brazing time, which
correlated to an unchanged spreading
activity between the sessile drops. 
     The Ag-5Al and Ag-10Al filler met-
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Table 1 — Aluminum Concentration of the Phase Contacting the Ag-xAl Filler Metal
as a Function of Brazing Conditions

 Filler metal      965C (1769F),    965C (1769F),   995C (1823F),   995C (1823F),
                               5 min                 20 min                 5 min                 20 min

    Ag-2Al               24 at.-%                                33 at.-%                                          —                                           33 at.-%
                                                        (low-Al phase)    (high-Al phase)                             (high-Al phase)

    Ag-5Al              45 at.-%                                            —                                                      —                                           40 at.-%
                                                       (high-Al phase)                                                         (high-Al phase)

    Ag-10Al              50 at.-%                                            —                       —                                           43 at.-%
                                                       (high-Al phase)                                                                                                                                  (high-Al phase)
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als caused significantly higher Al con-
tents in the reaction layer phases,
which were accompanied by the
greater wetting and spreading per-
formances. The insensitivity of wet-
ting and spreading by the Ag-5Al and
Ag-10Al alloys to the brazing condi-
tions correlated with relatively small
changes in the Al concentration be-
tween their respective high-Al reaction
layers. In fact, the Al content de-
creased due to the Fe-peak near the re-
action layer/filler metal interface. This
analysis lends further evidence that
wetting and spreading behavior as a
whole, and the run-out instability in
particular, were controlled expressly
by the Al content of the reaction layer
phase adjacent to the filler metal. 
     The Ag-xAl filler metal was suscep-
tible to evaporation under the high-
vacuum brazing conditions. The de-
gree of evaporation increased with
brazing time and temperature; it also
increased with increasing Al content.
The latter was likely caused by a de-
pression of the solidus temperature.
Nevertheless, the reaction layer
topographies and chemistries were not
sensitive to filler metal evaporation
because the interface reaction oc-
curred too rapidly to be impacted by it. 
     The background discussion high-
lighted the importance of braze joint
geometry on run-out behavior. The
present study used only the sessile
drop configuration. By combining the
sessile drop data with observations
from Ref. 1, an accentuated run-out
behavior would be predicted for the
gap configuration. The gap geometry
eliminates the free surface of the filler
metal. The gLF in Fig. 31 is replaced
with the Kovar™ base material (gSL).
The second Kovar™ surface would pro-
vide an added driving force for run-out
under a locally elevated Al concentra-
tion. This hypothesis is examined fur-
ther in the Part 2 report.
     Lastly, a long-term objective of
this study is to use these data to de-
velop potential mitigation strategies
against run-out. Although details are
pending, clearly the present study un-
derscores the need to reduce the
quantity of Al reaching the filler met-
al/Kovar™ base material interface. 

Conclusions

     1. The run-out phenomenon has
been observed in active braze joints
made between alumina ceramic and Ko-
var™ base material using the filler met-
al, 97Ag-1Cu-2Zr (wt-%). Run-out can
be responsible for a significant yield loss
at production. A study was undertaken
to understand the fundamental princi-
ples behind run-out by examining the
interface reaction between Ag-xAl filler
metals (x = 2, 5, and 10 wt-%) and Ko-
var™ base material.
     2. Wetting and spreading increased
with Al content (x) of the Ag-xAl filler
metal, but was largely insensitive to
the brazing process parameters. 
     3. Increasing the Al concentration
of the filler metal raised the Al content
of the (Fe, Ni, Co)xAly reaction layer.
This trend was also not particularly
sensitive to brazing conditions. 
     4. The correlation was developed
between wetting and spreading, Al
concentration of the Ag-xAl alloy, and
Al content in the reaction layer, which
predicted that a run-out event would
occur when the filler metal has a local-
ly elevated Al concentration that ex-
ceeds 2–5 wt-%.
     5. Several mitigation strategies were
derived from this study as potential so-
lutions to the run-out defect, and will
be investigated in future studies.
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