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Joining MoSi, to 316L stainless steel

S. D. CONZONE, D. P. BUTT, A. H. BARTLETT
Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos,
NM 87545, USA

The feasibility of joining MoSi, to 316L stainless steel using active brazing techniques was
investigated using two interlayer systems: cusil/Nb/cusil and cusil/Ni/cusil (where cusil is
a commercially available Cu-Ag eutectic). Dense, uniform joints were obtained with the
cusil/Nb/cusil interlayer system, because the coefficient of thermal expansion (CTE) of
niobium closely matched that of MoSi, over a wide temperature range. Matching the CTEs of
MoSi, and the interlayer material shielded the low-toughness MoSi, from residual stresses
formed during cooling from the joint-processing temperature (830 °C). The cusil/Ni/cusil
interlayer, however, failed to produce adequate joints because of the large CTE difference

between nickel and MoSi,.

1. Introduction

Molybdenum disilicide (MoSi,) has great potential
as a high-temperature structural material, owing to
its excellent oxidation resistance, high melting tem-
perature, good electrical conductivity, relatively low
coefficient of thermal expansion (CTE), a brittle to
ductile transition near 1000°C, and stability in a
variety of corrosive environments [1-5]. Some po-
tential uses for MoSi, include furnace components,
gas burners and ignitors, high-temperature filters, gas
injection tubes, and high-temperature nozzles [1, 6].

In order for MoSi, to be used in many of the
aforementioned applications it must first be joined to
other materials, such as ferrous and non-ferrous
alloys. However, direct bonding of MoSi, to most
metals is not possible owing to differences in CTE and
the necessity for high joining temperatures, which can
lead to joint failure upon cooling because of large
residual stresses. Low-temperature brazing techniques
and the use of ductile interlayers of intermediate CTE
can reduce these thermal stresses developed upon
cooling from the bonding temperature.

This is the first published work to examine the
joining of MoSi, to a dissimilar material. Niobium
and nickel were used as ductile intermediate layers.
Joining was achieved at moderate temperatures
by traditional active brazing techniques using a
copper-silver eutectic (Cusil™, Wesgo Inc., Belmont,
CA 94002) as the brazing medium.

2. Experimental procedure

MoSi, powder was obtained commercially (Cerac,
Inc., Milwaukee, WI 53201) and hot pressed into bil-
lets with densities > 95% theoretical. 316L L stainless
steel was obtained in the form of discs with a diameter
of 15.8 mm and a thickness of 2.4 mm (Metal Samples,
Inc., Munford, AL 36268). Foils, 125 um thick, of
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99.9% pure nickel and niobium were obtained com-
mercially (Aldrich Chemical, Inc., Milwaukee, WI
53233). Copper/silver eutectic foil (50 pm thick) was
purchased and subsequently rolled down to
20 pum.

A diamond wafering saw was used to cut 5 mm X
5mm x 3 mm rectangular bonding specimens from
the hot-pressed billets of MoSi,. These MoSi, speci-
mens were polished to 1 um diamond finish using
standard metallographic techniques. The niobium,
nickel, and cusil foils were cut into 5 mm x 5 mm
squares using steel shears. The MoSi, samples, foils
and as-received steel discs were then ultrasonically
cleaned in acetone followed by deionized water. After
cleaning, all samples were allowed to dry at 150°C
for 5 min.

Bonding was achieved using the block/inter-
layer/block assembly shown in Fig. 1. After arranging
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Figure 1 Pictorial representation of the block/interlayer/block
assembly used during joining.

3369



the foils and bonding specimens in the block/inter-
layer/block orientation, the entire assembly was
placed into a loading device composed of two Al,O;
plates and four Al,O; bolts. The Al,O3 press applied
a stress of approximately 10 MPa during bonding to
ensure sufficient contact. The loaded Al,O; press was
placed into a tube furnace which was vacuum purged
with ultra-high-purity Ar-6% H, gas (three times) at
room temperature and again at 250°C to remove
oxygen and absorbed water from the furnace and
bonding assembly. The ultra-high-purity Ar-6% H,
gas was gettered by passing it first through calcium
sulphate at room temperature and then 99.9% pure
copper at 650 °C. A ramp rate of 5°C min ! was used
to heat the furnace to the joining temperature of
830°C (50°C above the 780°C cusil eutectic). The
temperature was then held at 830 °C for 10 min before
cooling at 2°C min~! to room temperature. Gettered
Ar-6% H, gas was continuously leaked through the
furnace during the ramp and hold cycles. After bond-
ing, the specimens were characterized by scanning
electron microscopy (SEM) and electron probe micro-
analysis (EPMA).

In addition, 316L/Nb/MoSi, joints, 10 mm X
10 mm x 25 mm in size, were made in order to obtain
mechanical test specimens. After joining, beams
of approximate dimension 2 mm X2 mm X 25 mm
were cut by electro-discharge machining from the
joint. The tensile face of the beam was ground to a 600
grit finish, and the edges were bevelled to prevent
corner failures during mechanical testing. Four-point
bend tests of the joined specimens were done at room
temperature at a strain rate of 10~*s~!. Fracture
surface and crack path analysis were conducted
post-test.

3. Results and discussion

3.1. Residual stress analysis

A low-magnification scanning electron micrograph of
a joint produced using a cusil/Nb/cusil interlayer is
shown in Fig. 2. The cusil/Nb/cusil interlayer system
produced a joint with no cracking or porosity. Fig. 3
shows the cusil/Ni/cusil joint. In contrast, the nickel
interlayer system produced a joint with a porous inter-
face and catastrophic cracking through the MoSi,.
Cracking initiated at the free surface of the MoSi,,
a few micrometres from the interface. The cracks ap-
peared to travel parallel to the interface for ~ 10 um,
then turned towards and travelled a significant dis-
tance in the MoSi, (the lower modulus material), and
eventually propagated parallel to the interface. It
should be noted that we have joined MoSi, to 304L
using much thicker (&~ 500 um) layers of nickel under
otherwise similar conditions.

The occurrence of cracking in joints is a result of
large stresses developing due to CTE mismatch be-
tween the materials being joined. Plastic deformation
within the interlayer of a joint is one mechanism that
can partially relieve these stresses. Because the extent
of stress relaxation is directly related to the yield
strength, o, of the interlayer materials, indentation
testing was performed on the nickel and niobium
materials in the joints at temperatures ranging from
room temperature to 800°C, in order to obtain o,
data [7]. Fig. 4 plots o, as a function of temperature,
indicating o, of nickel is less than that of niobium
over the entire temperature range. Apparently, simple
stress relaxation by plastic deformation of the inter-
face is not a sufficient explanation for the absence of
cracking in the niobium joint as compared to the
catastrophic failure of the nickel joint. Therefore,

316 L stainless steel

Figure 2 Low-magnification, secondary electron scanning electron micrograph of a MoSi,/316L joint formed using a cusil/Nb/cusil

interlayer.
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316 L Stainless
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Figure 3 Low-magnification, secondary electron scanning electron micrograph of a MoSi,/316L joint formed using a cusil/Ni/cusil
interlayer. Note that the cracking initiated at the free surface, adjacent to the interface, and then propagated parallel to the interface entirely

through the MoSi,.
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Figure 4 Yield strength of (CJ) niobium and (@) nickel foils as
a function of temperature.

in addition to the magnitude of the stresses, their
location and orientation must also be considered.
According to finite element analytical models and
experimental findings [8—13], tensile axial stresses
form near the free surfaces of the low-expansion ma-
terial, adjacent to the interface, during cooling, when
joining materials of dissimilar CTEs. A pictorial
representation of these stresses, and predicted residual
stress-driven crack paths, is given in Fig. 5 [12]. Be-
cause nickel and the 316L have similar CTEs (Fig. 6),
tensile stresses were likely concentrated in the MoSi,,
adjacent to the Ni/MoSi, interface, during cooling.
These tensile stresses led to cracking and failure
through the low-toughness MoSi,. Conversely, the
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CTE [ Cparec craccpar stress contours
mismatch interf; .
ismatch interface High CTE
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Figure 5 The two-region system modelled by Drake et al. [9] using
finite element analysis. Note that the maximum tensile stress con-
tours exist at the free surface of the low-expansion material, in close
proximity to the interface.

absence of cracking when using the niobium interlayer
system can be rationalized by noting the location
where CTE mismatch stresses were maximized. In this
system, tensile stresses would be expected to be con-
centrated in the niobium foil (adjacent to the 316L/Nb
interface) during cooling. The low yield strength and
high toughness of the niobium relieved residual stres-
ses and prevented crack extension while shielding the
low-toughness MoSi, from tensile stresses.

3.2. Mechanical testing
Four-point bend tests showed linear strains to failure.
Four samples were tested, with an average failure
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Figure 6 Thermal expansion coefficient (CTE) of 316L stainless
steel, MoSi,, niobium and nickel.

strength of 85 MPa. Failure typically appeared to
initiate in the silicide, and propagated along a path
parallel to, and approximately 10 pm from, the inter-
face (Fig. 7). Typical strength values for hot-pressed
MoSi, of this quality are in the range of 400 MPa.
Because the strength of the joined specimens is effec-
tively limited by the strength of the MoSi,, residual
axial tensile stresses are responsible for reducing
the strength of the bond below the intrinsic strength
of the MoSi,. For instance, using the formulation of
Suganuma et al. [14] for joined cylinders, residual
tensile stresses of approximately 900 MPa could be

expected at the MoSi, free surface. This analysis does
not take into account reductions in stress due to
plasticity of the metal, but serves to illustrate that
large residual stresses are an inherent part of the
joining process and will reduce the measured strength
of the joints. Cracking parallel to the interface is often
seen in joints of dissimilar materials [15]. Plasticity of
the interlayer [16] and relative toughnesses of the
interface and the silicide [ 17] all favour cracking in the
MoSi,, though details such as the distance from
the interface at which the crack propagates, and the
above contributions to fracture energies, cannot be
predicted.

3.3. Chemical analysis
Higher magnification scanning electron micrographs
of the diffusion zones produced at the 316L/Nb and
MoSi, /Nb interfaces are given in Figs 8 and 9, respec-
tively. The diffusion zones shown in Figs 8 and 9 are
relatively small (~10 um) and are composed of sev-
eral phases. Electron probe microanalysis (EPMA)
was used to identify each of the phases present at the
two interfaces. Chemical analysis was not performed
on the nickel bond shown in Fig. 3 because cata-
strophic cracking and large amounts of porosity make
that bond inappropriate for most applications.

Two major phases were present at the 316L/Nb
interface shown in Fig 8. Gross segregation of
the cusil eutectic during the bonding caused the

Figure 7 Crack path in MoSi,/Nb/316L joint after four-point bending.
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316 L stainless steel

Figure 8 Secondary electron scanning electron micrograph of the 316L/Nb interface.

Figure 9 Secondary electron scanning electron micrograph of the MoSi,/Nb interface.

formation of two Ag/Cu alloys rich in either silver
(Phase 1) or copper (Phase 2). These silver
(9294 at %) rich and copper (96-98 at %) rich alloys
have approximate melting temperatures of 925 and
1070 °C, respectively.

There were three major phases formed at the
MoSi,/Nb interface shown in Fig. 9. As with the
316L/Nb interface, gross segregation of the cusil
eutectic composition during bonding caused the
formation of Phase 1, a Cu/Ag alloy composed of
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92-94 at % Ag. Phase 2 was determined to be a Cu/Si
phase composed of 88-90 at % Cu. This Cu/Si phase
is a peritectic composition with a melting point of
852 °C. Phase 3 was determined to be MosSiz. M05Si;
phase formed near the interface as silicon diffused out
of the pure MoSi, to form the Cu/Si phase. MosSi; is
a refractory phase which has a melting temperature of
2180°C.

The melting temperature of the Cu/Si peritectic
phase (852°C) is the lowest of any phase identified.
Because the use temperature of a joint is limited by the
melting temperature of the least refractory phase, the
niobium joint produced cannot be used at tem-
peratures approaching or exceeding approximately
850°C.

4. Conclusion

Two interlayer systems were used to join MoSi, to
304L stainless steel: cusil/Nb/cusil and cusil/Ni/cusil.
Successful MoSi,/316L joints were produced when the
niobium interlayer system was used; however, crack-
ing in the MoSi, was observed when using the nickel
system. The niobium system was successful in produ-
cing a crack free joint because niobium has a CTE
which closely matches that of MoSi,. Matching the
CTEs of MoSi, and the interlayer allowed residual
stresses to be concentrated within the high-toughness
interlayer, shielding the MoSi, from tensile stresses.
Although an interlayer thickness of approximately
125 pm was used in this study, the optimal interlayer
thickness which would provide shielding from CTE
mismatch stresses while still yielding high strength
values is not known.

The reaction zones produced at the two cusil in-
terfaces were minimal in size and could be further
decreased using thin films rather than foils. Foils were
utilized in this study to prove the feasibility of using
solely commercially available materials and a rela-
tively simple experimental procedure to obtain
MoSi,/316L joints. The Cu/Si phase produced at the
MoSi,/Nb interface limits the use temperature of
MoSi,/316L joints because it has a relatively low
melting temperature (852°C). It should be noted
that the successful use of this joint at temperatures
approaching 852 °C could only be achieved in a non-
oxidizing environment.

These results indicate that it is possible to obtain
MoSi,/316L stainless steel joints at low processing
temperatures when interlayer systems with CTE
behaviour similar to that of MoSi, are utilized. Future
work will be concentrated in four major areas;

1. determining the optimal interlayer thickness for
joint strength and tensile stress shielding;

2. using other liquid-phase formers (such as pure
silver) in an attempt both to minimize reaction at the
interface and increase the refractoriness of the final
joint;

3. attempting to replace niobium with oxidation-
resistant alloys which have CTE behaviour similar to
MoSi, (such as Ni—Fe alloys), in an attempt to in-
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crease the use temperature of MoSi,/316L stainless
steel joints in oxidizing environments;

4. joining MoSi, to nickel-based superalloys and
other commercially available alloys.

Finally, it should be noted that the magnitude of the
residual stress in any joint is strongly affected by the
size and shape of the specimen. It has been demon-
strated [8, 18] that increasing the height or width of
a joining specimen will also increase the axial stresses
developed in the lower CTE material during cooling.
Thus, in evaluating other MoSi,/316L joints, careful
consideration must be given not only to the CTEs of
the materials, but also to specimen geometry.
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