
Introduction
     Superconducting radiofrequency
(SRF) cavities are key components of
modern particle accelerator systems
(Refs. 1, 2). Major benefits offered by
SRF cavities include reduced power
dissipation and possibility of operat-
ing with higher beam current. These
SRF cavities, made of niobium, are
submerged in a helium tank main-
tained at 2 K. At present, titanium is
being widely used as the material of
construction of the helium tank due to
the proximity of its coefficient of ex-

pansion with niobium [aTi/aNiobium =
1.16 (Refs. 3, 4)]. There are serious at-
tempts to replace titanium with AISI
316L stainless steel (SS) to make relat-
ed fabrication processes simpler and
cost effective (Refs. 5–9). However,
construction of an austenitic SS heli-
um tank of SRF cavities would necessi-
tate a dissimilar transition joint be-
tween niobium and austenitic SS. This
transition joint is not only required to
display a high level of hermeticity in
terms of helium leak tightness better
than 1 ¥ 10–10 mbar.lit/s at the room
temperature (RT) as well as at 2 K for

its operation in ultrahigh vacuum
(UHV) environment, but should also
withstand 10-h degassing heat treat-
ment at 873 K (Ref. 10), and thermal
cycling between RT and 2 K (Ref. 7). It
may be noted that the heat treatment
at 873 K is recommended for niobium
cavities to drive out hydrogen contam-
ination, introduced as a result of pre-
ceding mechanical and chemical treat-
ments (Ref. 10). This dissolved hydro-
gen is responsible for Q-disease (repre-
sents severe degradation of the SRF
cavities’ quality factor) and the same
must be removed in order to avoid for-
mation of normal conducting niobium
hydride on the niobium surface during
the cool down of the cavity (Ref. 11).
Major challenges involved in establish-
ing sound niobium-316L SS transition
joint include 1) large mismatch in co-
efficients of thermal expansion 
[aNiobium: 6.9 ¥ 10–6 K–1 (Ref. 12);
a316SS: 15.3 ¥ 10–6 K–1 (Ref. 13)], and
2) strong tendency of niobium to form
brittle intermetallic compounds with
Fe in fusion welding (Ref. 14). Solid-
state joining processes like hot isostat-
ic pressing (HIP) (Ref. 15), explosion
bonding (Ref. 16), and vacuum furnace
brazing (Refs. 17–20) have been devel-
oped to establish satisfactory joining
of these two metals to facilitate fabri-
cation of 316L SS helium tanks for the
SRF cavities. 
     Vacuum brazing, due to its versatil-
ity, ease, familiarity, and availability of
technology in almost all particle accel-
erator laboratories, is the most attrac-
tive method for the above application.
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ABSTRACT
      This paper describes a new brazing recipe for making intermetallic-free and ductile nio-
bium-316L stainless steel transition joints for application in superconducting radio frequen-
cy cavities. Brittle Fe-Nb intermetallic compounds have remained a matter of concern in
niobium-stainless steel joints made with the global practice of vacuum brazing that uses
pure copper as the filler metal. Important measures adopted to suppress brittle inter-
metallic formation include the use of nickel plating on mating stainless steel surface as a
diffusion barrier and wettability enhancer, and lower temperature, titanium-free brazing
filler metal BVAg8. The resultant joints were free of brittle intermetallic compounds, which
translated into ductile fracture in tensile and shear tests. The brazed joints displayed ten-
sile and shear strengths of 150–191 and 103–118 MPa, respectively. The joints demon-
strated a required level of hermeticity for service in ultrahigh vacuum; a capability to with-
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quency cavities; and also low-cycle thermal fatigue between the room temperature and
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In 1984, J. Susta of European Organi-
zation for Nuclear Research (CERN),
Geneva, reported vacuum brazing of
niobium to SS while using 80Au-20Cu
as the brazing filler metal (BFM) (Ref.
17). The resultant brazed joints, al-
though leak tight, were found to be
unreliable when subjected to large
forces. Poor mechanical properties of
the brazed joint were attributed to a
brittle intermetallic formation at the
niobium/braze interface. In 1987,
Bacher et al of CERN reported brazing
of AISI 316LN SS to niobium using
pure copper as the BFM (Ref. 18). The
brazed joints, in spite of associated
brittleness due to formation of Fe-rich
compounds at the niobium/braze in-
terface, satisfied all the criteria for
their application in ultrahigh vacuum.
It was suggested that during brazing
Fe diffused across braze metal (pure
copper) to form a layer of Fe-Nb inter-
metallic compound at the

niobium/braze interface. CERN’s vacu-
um brazing scheme was subsequently
adopted by Argonne National Labora-
tory (ANL) to develop leak-tight and
reliable niobium/SS brazed transition
joints for use in the drift-tube SRF
cavities of the Rare Isotope Accelera-
tor (Ref. 19). The resultant transition
joints were successfully operating on a
prototype two-cell spoke cavity. On
the basis of works reported by Bacher
et al. (Ref. 18) and Fuerst et al. (Ref.
19), Ristori et al. proposed a modified
joint design for joining an austenitic
SS ring stiffener with its niobium
counterpart (Ref. 7). In a recently re-
ported experimental study performed
in the authors’ laboratory, a new lower
temperature brazing scheme was
adopted to obtain leak-tight, strong,
and ductile niobium/austenitic SS
brazed joints free of a brittle layer of
Fe-Nb intermetallic compounds (Ref.
20). 

     The two-pronged approach, adopted
to minimize formation of a brittle layer
of Fe-Nb intermetallic compounds in
the brazed joint, relied on good wetta-
bility of titanium-activated silver-based
BFM (63Ag-35.25Cu-1.75Ti) of a lower
melting range (1053–1088 K) and the
use of nickel plating (on SS part) as a
diffusion barrier. The resultant brazed
joints not only exhibited required her-
meticity (helium leak tightness better
than 1 ¥ 10–10 mbar.lit/s) for service in
ultrahigh vacuum, but also withstood a
12-h degassing heat treatment at 873 K
and 10 thermal cycles between RT and
liquid nitrogen (LN2) temperature, with
no noticeable degradation in the mi-
crostructure and the hermeticity. The
vacuum-brazed joints, made with titani-
um-activated silver-based BFM, dis-
played no brittle intermetallic layers on
any of its interfaces, but instead carried
well-distributed intermetallic particles
in the ductile matrix. This resulted in
improved joint ductility over that re-
ported for joints made through existing
global practice using pure copper as the
BFM. The intermetallic particles were
formed as a result of the reaction of Ti
present in the BFM with Cu and Ni. 
     In subsequent efforts, directed at
minimizing brittle intermetallic for-
mation, some of the brazed specimens
were made with BFM BVAg8 (72Ag-
28Cu eutectic; TM = 1053 K) of AWS
specification A5.8 (Ref. 23). This BFM,
with no titanium content, displayed
good metallic bonding with both the
substrates viz. niobium and Ni-plated
316L SS. The results were surprising
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Fig. 1 — Details of vacuum-brazed niobium-316L stainless steel specimens used for the
study.

Fig. 2 — Exploded view of prebraze assembly of niobium and stainless steel parts in a
specially made fixture for preparing tensile test specimens.

Fig. 3 — Helium leak testing of vacuum-
brazed niobium-316L stainless steel speci-
men at room temperature.

A

B

C

Kumar  8-15_Layout 1  7/10/15  12:57 PM  Page 242



in view of a previously reported poor
wettability of the niobium surface by
this BFM (Ref. 22). 
     In light of the above finding, the
present experimental study was taken
up with an objective to further im-
prove ductility of niobium-316L SS
transition joints by completely elimi-
nating brittle intermetallic formation.
The approach, adopted to form sound
intermetallic-free niobium-316L SS
braze joints, included the use of vacu-
um-grade, titanium-free BVAg8 BFM,
shorter time at brazing temperature,
use of nickel plating as a diffusion bar-
rier on SS part, improved surface
cleanliness, and narrower joint clear-
ance between mating surfaces. A simi-
lar approach has been reported for
brazing Ti-6Al-4V and 17-4 PH SS
(Refs. 23, 24). 
     To the best of our knowledge, the
present work represents the first use
of BVAg8 filler metal for making
brazed joints involving niobium and
nickel-plated austenitic SS.

Experimental Procedure
     The procedure adopted for nickel
electroplating on the SS part involved 1)
ultrasonic cleaning in trichloroethylene
for 20 min to remove oil, grease, and
dust particles; 2) soak cleaning in alka-
line solution of NaOH (20 g/L), Na2CO3
(20 g/L), and Na3PO4 (32 gm/L) for 20
min at 323–328 K; 3) chemical cleaning
for 15–20 min in a solution of HNO3,
(20% v/v) and HF (2%) at RT followed
by 1 min anodic and cathodic cleaning
in H2SO4 (20% v/v) at a current density
of 0.05 A/cm2; 4) nickel strike in chlo-
ride nickel bath (NiCl2 and HCl) for 5
min at a current density of 0.05 A/cm2;
5) nickel deposition for 5 min in Watts’
bath containing nickel sulfate, nickel
chloride, and boric acid at a current den-
sity of 0.03 A/cm2 at 323–328 K. The
thickness of nickel plating was found to
be 2–3 μm. On the other hand, the nio-
bium specimens used for vacuum braz-
ing were cleaned by buffer chemical pol-
ishing, involving immersion for 3 min

in a solution of HF, HNO3 and H3PO4
(in the ratio of 1:1:2). 
     Three sets of brazed specimens
were prepared for the study, as shown
in Fig. 1. The first set of brazed speci-
mens was made in lap configuration
between 3-mm-thick sheets of niobi-
um and 316L SS, while sandwiching
50-μm-thick foil of BVAg8. These spec-
imens were meant for conducting met-
allographic analysis and shear tests.
The second set of brazed specimens
was tensile test specimens made in
butt configuration between two 4-
mm-thick parts of niobium and 316L
SS, while using 50-μm-thick foil of
BFM. The tensile test specimens, with
BFM sandwiched between mating
faces of niobium and SS parts, were
preassembled in a nickel-plated (15
mm) low-carbon steel fixture, as
shown in Fig. 2. The choice of low-
carbon steel as the material of con-
struction of the fixture was based on
its mean coefficient of thermal expan-
sion between RT and 1073 K [15.4 ¥
10–6 m/m.K (Ref. 3)] which falls be-
tween those of niobium [7.72 ¥ 10–6

m/m.K (Ref. 4)] and 316L SS [19.4 ¥
10–6 m/m.K (Ref. 3)]. In order to keep
the joint under compression at brazing
temperature, the total expansion of
niobium and SS parts should be
matched by the expansion of the fix-
ture during brazing. This requires the
following equation to be satisfied:

                  aNb.LNb.DT + aSS.LSS.DT 
     = aFixture.LFixture.DT (1)

where, aNb, aSS, and aFixture represent
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Fig. 5 — Secondary electron image and associated EDS concentration
maps of Fe, Nb, Ni, Cu, and Ag across niobium-316L stainless steel (SS)
brazed joint. The region used for EDS analysis is marked as a rectangle on
secondary electron image.

Fig. 6 — Secondary electron image and associated EDS concentration profiles of Fe, Cr, Ni,
Cu, and Ag across Ni-plated 316L stainless steel (SS)/braze interface.

Fig. 4 — Cross section of niobium-316L stainless steel (SS)
brazed specimen.
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coefficients of thermal expansion of
Nb part, SS part (inclusive of bolt —
Fig. 2), and the fixture, respectively
and LNb, LSS and LFixture represent
lengths of Nb part, SS part (inclusive
of bolt — Fig. 2), and the fixture, re-
spectively.
     By considering mean coefficients of
thermal expansion of Nb, SS, and low-
carbon steel (fixture material), Equa-
tion 1 yields LFixture ≈ 3LNb ≈ 1.5LSS,
which has been used for designing 
the fixture for brazing tensile test
specimens.
     During preassembly, a small pre-
stress was applied to retain the BFM in
place during the heatup. The nickel
plating on the low-carbon steel fixture
was meant to provide a diffusion bar-
rier for the absorbed gases in the ma-
terial. In order to study capillary braz-
ing, a third specimen was prepared
(Fig. 1C); it involved brazing of niobi-
um pipe with 316L SS flange, 2¾ in.
OD as per ASTM E2734/E2734M-10
(Ref. 25) with 1.6-mm-diameter BFM
wires (Fig. 1). This brazed specimen
was subsequently characterized by he-
lium leak and other tests meant to de-
termine the joint’s hermeticity and its
capability to withstand 10-h degassing
heat treatment at 873 K and also serv-

ice-induced thermal cycling between
RT and 2 K. In the pipe/flange assem-
bly, the measures adopted to ensure
desired joint clearance at brazing tem-
perature included tight dimensional
tolerance of ±10 mm on the diameters
of the mating surfaces of niobium pipe
and SS flange, insertion of an
austenitic 316L SS plug (precooled in
LN2) into niobium pipe, and shrink fit-
ting of niobium pipe into SS flange.
The approach of insertion of
austenitic SS plug into niobium pipe
for controlling the brazing joint clear-
ance has also been adopted by CERN
and ANL as well as by the authors in
their recently reported experimental
study (Ref. 20). 
     Brazing of the specimens was per-
formed in an indigenously built hydro-
carbon-free vacuum furnace at a pres-
sure of 2 ¥ 10–5 mbar. The job tempera-
ture was measured by inserting Inconel-
sheathed N-type job thermocouples in
thermowells provided in the brazing fix-
ture of tensile test specimens and also
in the sacrificial SS plug of the pipe-
flange specimen in the close vicinity of
the braze location. The depth of the
thermowells was kept about 5 times its
diameter, which was slightly more than
the diameter of the sheathed thermo-

couple (3 mm) to facilitate its easy in-
sertion. The thermal cycle used for nio-
bium/316L SS brazing was RT; 523 K at
3 K/min, soaking at 523 K for 10 min;
523–823 K at 2 K/min, soaking at 823 K
for 10 min; 823–1033 K at 3 K/min,
soaking at 1033 K for 14 min;
1033–1073 K at 5 K/min, soaking at
1073 K for 1 min; followed by furnace
cooling to RT. At the brazing tempera-
ture, the partial pressures of oxygen and
water vapor were recorded as 2 ¥ 10–9

mbar and 4 ¥ 10–7 mbar, respectively.
After brazing, the sacrificial SS plug was
machined out before the brazed assem-
bly was subjected to further testing.
Simulated degassing heat treatment of
the brazed assembly was carried out in
the same vacuum furnace at 873 K. It
may be noted that in contrast to au-
thors’ recently reported study, the
brazed assembly was heat treated with-
out taking any precautionary measures
like inserting a removable SS plug into
niobium pipe and tightly wrapping the
outer surface of the SS flange with
molybdenum wire (Ref. 20).
     The brazed specimens were charac-
terized with respect to 1) microstruc-
ture and compositional details of the
brazed joint, 2) strength and fracture
mode in tensile and shear tests, 3) her-
meticity, and 4) their capability to
withstand 10-h degassing heat treat-
ment at 873 K and thermal cycling be-
tween RT and LN2 temperature (77 K).
The characterization techniques em-
ployed for microstructural and compo-
sitional analysis included scanning
electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), and X-
ray diffraction with CuKa characteris-
tic radiation (g = 1.54 Å). Helium leak
rate measurements were performed on
the vacuum-brazed tube/flange speci-
men (Fig. 1C) at RT as well as at LN2
temperature. During helium leak test-
ing (HLT) at RT, FKM (ASTM D1418-
10a) O-rings and FKM sheets were
used for sealing at SS flange and niobi-
um pipe interfaces, respectively. For
conducting HLT at LN2 temperature, a
250-mm-long, thin adapter pipe, with
one end welded to an ISO-KF 25
flange and the other end welded to a
316L SS type, 2¾-in.-OD flange (Ref.
25), was used to ensure temperature
gradient from RT to LN2 temperature
in the pipe. The SS pipe was connected
to the helium leak detector through a
standard SS bellow using the ISO-KF
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Fig. 7 — Secondary electron image and associated EDS concentration maps of Ag, Cu,
and Nb across niobium/braze interface.
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25 interface and a FKM O-ring. The SS
flange and the flat end face of niobium
pipe of the brazed specimen were
sealed with copper gasket and indium
wire, respectively. During HLT, her-
meticity of the brazed joint was deter-
mined by spraying helium from out-
side. Figure 3 presents helium leak
testing of niobium pipe/SS flange
specimen at RT. The thermal cycling
test involved exposure of the brazed
specimen to 10 thermal cycles be-
tween RT and the LN2 temperature. It
should be noted that most of the con-
traction of materials occurs between
300 and 77 K (Refs. 26–28). Hence,
the thermal cycling test between 300
and 77 K (in place of 2K) gives a pre-
liminary validation of reliability of
niobium-316L SS brazed joints against
service-induced low-cycle fatigue con-
ditions. After each thermal cycle, the
brazed joint’s integrity was deter-
mined by subjecting it to HLT. 

Results
     Metallographic examination of
transverse cross section of vacuum-
brazed specimens, made between nio-
bium and nickel-plated 316L SS sheets
in lap configuration, revealed sound
brazed joints, as shown in Fig. 4. The
joint did not exhibit any distinct layer
on either of its two interfaces, viz. nio-
bium/braze and SS/braze. There was
no intergranular penetration of BFM
into SS part (Ref. 29). The joint dis-
played two-phase microstructure, with
Ag-rich bright and Cu-rich dark phas-
es. It is to be noted that nickel, dif-
fused out of the electroplated layer,
was predominantly present in the Cu-
rich dark phase of the brazed joint.
The brazed joint was characterized by
a sharp niobium/braze interface due
to limited solubility of niobium in Ag
and Cu and vice versa. On the other
hand, SS/braze interface, due to un-

limited mutual solubility of copper
and nickel, was diffused in nature. 
     The average chemical composition
(in wt-%) of the brazed joint, as deter-
mined by EDS, was Ag = 68.23, Cu =
29, and Ni = 2.77. Figure 5 presents
mapping of various elements, as deter-
mined by EDS, across the transverse
cross section of the brazed joint. The
brazed joint displayed no noticeable
enrichment of any alloying element on
either of its interfaces viz. niobium/
braze and SS/braze. 
     The well-bonded nickel electroplated
layer on the surface of SS part remained
intact after brazing. The electroplated
layer displayed dilution from Cu (from
the brazing filler), Fe and Cr (from SS
part), beside some diffusion of Ni into
SS part. Figure 6 presents SEM pho-
tomicrograph and associated EDS pro-
file across SS/braze interface. Detailed
EDS analysis of the niobium/ braze in-
terface at a higher magnification did not
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Fig. 8 — Fracture surface of tensile tested niobium-316L stainless steel brazed specimen. A —
coarse and fine dimpled regions; B — magnified view of fine dimpled region — (C) coarse
dimpled region, (F) fine dimpled region.

Fig. 10 — Magnified view of fracture surface of shear-tested
niobium-316L stainless steel specimen.

Fig. 9 — X-ray diffraction plots of mating
fracture surfaces of tensile-tested nio-
bium 316L stainless steel specimen.

Fig. 11 — X-ray diffraction plots of fracture surface of shear
tested niobium-316L stainless steel specimen. 
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bring out any noticeable mutual diffu-
sion of niobium and Ag as well as niobi-
um and Cu, as shown in Fig. 7.
     Tensile testing of three numbers of
vacuum-brazed niobium/316L SS speci-
mens displayed joint strength of 150,
188, and 191 MPa, respectively. The site
of fracture remained in the braze metal.
Tensile fracture of the brazed specimens
in the braze metal suggests absence of
any brittleness at either of the two in-
terfaces (viz. niobium/braze and
SS/braze). Detailed examination of re-
sultant fracture surfaces revealed a dim-
pled fracture surface representing a duc-
tile mode of fracture. The fracture sur-
face exhibited mixed distribution of
coarse and fine dimples, as shown in
Fig. 8. Average chemical composition (in
wt-%) of the fracture surface (niobium
side of the fractured specimen) was Ag =
77.86, Cu = 18.3, Ni = 2.41, and Nb =
1.43 with no presence of Fe. It was con-
firmed that the presence of niobium on
the fracture surface was attributed to lo-
calized pinhole porosity in the braze lay-
er, which served to expose underneath
niobium. Fracture surfaces of tensile-
tested brazed specimens were analyzed
by X-ray diffraction to determine vari-
ous phases formed in the braze joint.
The results exhibited the presence of sil-
ver and copper on tensile fracture sur-
face. Figure 9 presents X-ray diffraction
plot of the fracture surface of tensile
tested niobium-316L SS specimen.
     On the other hand, shear testing of
two numbers of brazed specimens ex-
hibited joint strength of 103 and 118
MPa, with site of failure again falling
in the braze metal. Detailed fracto-
graphic examination of sheared frac-
ture surface revealed presence of fine
elongated dimples representing the
ductile mode of shear fracture. Figure
10 presents a scanning electron photo
micrograph showing elongated dim-

ples on sheared fracture
surface of brazed niobi-
um-316L SS specimen.
X-ray diffraction of
sheared fracture surface
of niobium/316L SS brazed specimens
exhibited presence of Ag and Cu, be-
side some niobium. Figure 11 presents
an X-ray diffraction plot of sheared
fracture surface of the niobium-316L
SS specimen.
     Figure 12 presents photographs of a
vacuum-brazed niobium pipe/SS
flange specimen (A) in as-brazed and
(B) machined conditions. The top sur-
face of the SS flange was unintention-
ally Ni plated because the surface was
not masked during the Ni plating. It
was found that the bottom BFM wire
was consumed in brazing in spite of
being completely concealed from ra-
diative heating, but the top wire,
which was exposed to radiative heat,
displayed preferential spread on the
nickel-plated top surface of the SS
flange — Fig. 12A. This indicates that
nickel plating should be restricted to
the SS surface to be brazed for guided
flow of molten BFM into the capillary
clearance. Helium leak testing of vac-
uum-brazed pipe/flange assembly (af-
ter machining of sacrificial SS plug) at
RT displayed helium leak tightness
better than 1.0 ¥ 10–10 mbar.lit/s,
thereby demonstrating suitability of
the joint for service in ultrahigh vacu-
um environment. The braze specimen
successfully withstood 10-h heat
treatment at 873 K without experi-
encing any degradation in its her-
meticity. 
     Metallographic examination of
niobium-316L SS brazed joint after
its exposure to ten-hour heat treat-
ment at 873 K did not bring out any
noticeable change in the microstruc-
ture, except further dissolution of the

Ni layer into Cu-rich phase of the
braze metal. Figure 13 presents a
magnified view of the cross section of
niobium-316L SS brazed joint. Like
the as-brazed specimen, the heat-
treated specimen also did not display
any distinct layer on any of the
brazed interfaces. Figure 14 presents
mapping of various elements, as de-
termined by EDS, across the trans-
verse cross section of the brazed joint
heat treated at 873 K. The heat treat-
ed brazed specimen was not found to
be associated with any iron, chromi-
um, or nickel migration toward the
niobium interface; and intergranular
penetration of BFM into the SS part.

Discussion
     One of the important characteris-
tics affecting the joining of refractory
metals is their poor oxidation resist-
ance, even at relatively low tempera-
tures (Ref. 30). Niobium, like other re-
fractory metals, is considered difficult
to braze as it quickly develops adher-
ent oxides when exposed to atmos-
phere at RT (Ref. 31). Surface oxide re-
moval is mandatory before brazing of
refractory metals, and the cleaning op-
eration should be performed immedi-
ately before brazing to prevent con-
tamination (Refs. 32, 33). It was rec-
ommended that the cleaned compo-
nents must be preserved and protect-
ed from contamination for successful
brazing of refractory metals (Ref. 34).
In an experimental study performed
by Liaw et al., it was demonstrated
that the niobium surface, ultrasonical-
ly cleaned followed by an acetone
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Fig. 13 — Cross section of vacuum-brazed niobium-316L
stainless steel (SS) specimen heat treated at 873 K.

Fig. 12 — Vacuum brazed niobium pipe/316L stainless steel
flange specimen. A — in as-brazed condition; B — after machin-
ing. Note significant spread of braze filler on the surface of Ni-
plated SS flange.
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swab, cannot be wetted by BAg8 BFM
(72Ag-28Cu eutectic; TM = 1053 K) in
vacuum of 10–5 mbar (Ref. 21). Susta
et al. observed that a good preparation
of the base metal specimens is essen-
tial for successful brazing of niobium
with SS (Ref. 17). The prebraze clean-
ing procedure adopted by various au-
thors included cleaning with acetone
followed by chemical cleaning (Refs. 7,
17). In this regard, simplified sessile
drop measurements were performed
to evaluate the wettability of buffer
chemically polished niobium and ultra-
sonically cleaned Ni-plated SS sub-
strates by BVAg8. In the experiment, a
BVAg8 wire piece of 1.6 mm diameter
and 4 mm height was placed vertically
on each of the substrates and subject-
ed to experimental brazing thermal cy-
cle (within 1 h of surface cleaning). Af-
ter cooling down to RT, the specimens
were examined for contact angle meas-
urement. The results of the substudy
demonstrated that wettability of the
buffer chemically polished niobium
surface by BVAg8 remains poor (con-
tact angle Niobium ~ 160 deg), in con-
trast to excellent wettability of the Ni-
plated SS surface (contact angle SS316L

~ 0 deg).
     Capillary brazing is even more sensi-
tive to wettability of the surface as
compared to sandwich brazing (Ref.
35). Poor wettability of niobium surface
for BVAg8 does not explain the forma-
tion of sound braze joints in sandwich
as well as capillary configuration. It
may be noted that in the present case,
the brazed joint was made between two

dissimilar surfaces (niobium and Ni-
plated SS), with widely different wet-
ting characteristics. In contrast to nio-
bium,  the Ni-plated SS surface is
known for its excellent wettability for
BVAg8 (Ref. 36), which was also con-
firmed by the wettability experiment.
In this type of joint, wetting of both the
surfaces by the molten BFM must be
taken into account. The criterion for
spontaneous ingress of BFM into the
capillary is niobium + 316L < 180 deg
(Ref. 35). Therefore, it can be inferred
that poor wettability of the niobium
surface was adequately compensated by
excellent wettability of the Ni-plated SS
surface, thereby facilitating sponta-
neous ingress of brazing filler metal
BVAg8 into the capillary joint clear-
ance. Extremely limited solubility of
niobium in Ag and Cu and vice versa
(Ref. 37) also helped in free flow of
BVAg8 over the niobium interface due
to little change in its eutectic composi-
tion (Ref. 38). 
     Distinct features of the vacuum-
brazed niobium-316L SS joint were the
absence of any distinct layer on either of
its two interfaces, and the absence  of
intergranular penetration of BFM into
SS part. Compositional mapping of the
brazed joint did not bring out any no-
ticeable presence of Fe, Cr, or Ni as re-
ported in niobium-SS brazed joints
made with pure copper as the BFM on
the niobium/ braze interface (Refs. 18,
19). Distinct presence of the electroplat-
ed nickel layer (with some dilution from
Cu and SS) on the SS/braze interface is
indicative of the fact that the nickel lay-

er did play its intended role as a diffu-
sion barrier against migration of Fe to-
ward niobium during brazing, while pre-
venting intergranular penetration of Cu
into the SS part. In addition, nickel plat-
ing also served to enhance wettability of
BVAg8 on the SS surface.
     Sharp niobium/braze interface is
suggestive of little mutual diffusion
across the interface. It may be noted
that the Nb-Cu binary system displays
little mutual solubility [Nb in Cu (at
293–1073 K) = 0.14–0.15 at.-%; Cu in
niobium (at 1073–1273 K) = 0.6–0.7
at.-%] with respect to practically no
mutual solubility for Nb-Ag binary sys-
tem (Ref. 37). In view of the very limit-
ed mutual solubility of these two ele-
ments [falling well below the practical
detectability limit of EDS (~ 1 at.-%)],
coupled with ~ 1 m lateral spread of
the region yielding the X-ray signal, it is
extremely difficult to comment on the
extent of mutual diffusion of copper
and niobium across the niobium/braze
interface. 
     The formation of an integrally bond-
ed brazed joint is controlled by solid sol-
ubility relationship between the BFM
and the base metals. This requires diffu-
sion of base metal into BFM or vice ver-
sa, even to the extent of a few atomic
layers from the interface (Ref. 39). It is
believed that despite limited mutual sol-
id solubility of copper and niobium
across the niobium/braze interface, a
few atomic layers of interdiffusion of
niobium and copper would have taken
place to establish bonding between nio-
bium and the braze metal. Ten-hour ex-
posure of the brazed specimen to de-
gassing heat treatment at 873 K did not
introduce any noticeable degradation in
the joint’s microstructure. Failure of
both tensile and shear-tested specimens
exhibited dimpled fracture surfaces
(with no signature of brittle intermetal-
lic compounds), representing ductile
fracture. It may be noted that ductile
fracture occurs through formation of
microvoids whose growth and subse-
quent coalescence gives a dimpled ap-
pearance to the resultant fracture sur-
face. The process of microvoid growth
involves considerable localized plastic
deformation and requires the expendi-
ture of large amounts of energy (Ref.
40). Coarser dimples, therefore, signify
a greater degree of plastic deformation
before microvoids coalesce to bring
about fracture. Relatively higher ductili-

WELDING RESEARCH

AUGUST 2015 / WELDING JOURNAL 247-s

Fig. 14 — Secondary electron image and associated EDS concentration maps of Fe, Nb, Ni,
Cu, and Ag across Nb-316L stainless steel (SS) brazed joint heat treated at 873 K. The re-
gion used for EDS analysis is marked as a rectangle on the secondary electron image. 
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ty of the Ag-rich phase over the Cu-rich
phase is responsible for mixed distribu-
tion of dimples on the resultant fracture
surface. Absence of Ti in the BVAg8 (as
compared to titanium-activated silver-
based BFM) contributed to the elimina-
tion of brittle intermetallic compounds,
thereby enhancing joint ductility. 
     Improved ductility of the brazed
joint was largely responsible for the
fact that the joint retained its her-
meticity even after undergoing 10-h
degassing heat treatment at 873 K and
10 thermal cycles between RT and LN2
temperature. The results not only es-
tablished suitability of the vacuum-
brazed niobium-316L SS for operation
in ultrahigh vacuum environments but
also its capability to withstand subse-
quent processing and service-induced
low-cycle fatigue conditions imposed
by thermal cycling between RT and 2
K. However, for producing sound
brazed joints, the nickel plating on the
SS part needs to be strictly confined to
the site of brazing so that uncontrolled
spread of BFM (Fig. 12A) is avoided
and sufficient braze metal is available
to fill the capillary clearance. 

Conclusions 
     The results of the present investiga-
tion have demonstrated that vacuum
brazing of niobium to nickel-plated
austenitic SS with BVAg8 resulted in a
sound transition joint without brittle
intermetallic formation in spite of its
reportedly poor wettability on niobi-
um surface. Development of a vaccu-
um-brazed joint, free of brittle inter-
metallic compounds, not only marked
significant improvement over existing
global vacuum brazing practice that
uses pure copper as the filler metal,
but also over the authors’ own recently
reported results with titanium-activat-
ed silver-based BFM where the brazed
joint displayed well-distributed inter-
metallic compounds in the ductile
phase. Vacuum-brazed specimens dis-
played helium leak tightness better
than 1 ¥ 10–10 mbar.lit/s and also
withstood 10-h degassing heat treat-
ment at 873 K and 10 thermal cycles
between 300 and 77 K without any
degradation in the joint’s hermeticity;
thereby establishing its suitability to
withstand service-induced low-cycle
fatigue conditions. Important con-
tributing factors for establishment of

a sound and ductile niobium-316L SS
transition joint were 1) use of BVAg8
BFM, 2) use of nickel-plating as a dif-
fusion barrier to suppress iron migra-
tion from SS part toward niobium, and
3) excellent wettability of nickel-
plated SS surface, which compensated
for poor wettability of the niobium
surface. On the basis of the results of
the study, a new lower temperature
brazing route is proposed to make nio-
bium-316L SS transition joints with
improved microstructure and ductility
for application in SRF cavities.
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