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ABSTRACT A ?E R

Active metal braze alloys reduce the number of processes required for the
joining of metal to ceramic components by eliminating the need for
metallization and/or Ni plating of the ceramic surfaces. Titanium (Ti), V, and
Zr are examples of active eclement additions which have been used
successfully in such braze alloys. Since the braze alloy is expected to
accommodate thermal expansion mismatch strains between the metal and
ceramic materials, a knowledge of its elevated temperature mechanical
properties is important. In particular, the issue of whether or not the creep
strength of an active metal braze alloy is increased or decreased relative to its
non-activated counterpart is important when designing new brazing processes
and alloy systems.

This paper presents a survey of high temperature mechanical properties for
two pairs of conventional braze alloys and their active metal counterparts: (a)
the conventional 72Ag-28Cu (Cusil) alloy, and the active braze alloy 62.2Ag-
36.2Cu-1.6Ti (Cusil ABA), and (b) the 82Au-18Ni (Nioro) alloy and the
active braze alloy 82Au-15.5Ni-0.75Mo-1.75V (Nioro ABA). For the case of
the Cusil/Cusil ABA pair, the active metal addition contributes to solid
solution strengthening of the braze alloy, resulting in a higher creep strength
as compared to the non-active alloy. In the case of the Nioro/Nioro ABA pair,
the Mo and V additions cause the active braze alloy to have a two-phase
microstructure, which results in a reduced creep strength than the conventional
braze alloy. The Garofalo sinh equation has been used to quantitatively
describe the stress and temperature dependence of the deformation behavior.
It will be observed that the effective stress exponent in the Garofalo sinh
equation is a function of the instantaneous value of the stress argument.

INTRODUCTION

Metal/ceramic brazing technology has been used for high voltage, high
vacuum electronic devices for nearly three decades (1). In the most common
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implementation of this technology, 94% alumina ceramic is metallized by the
Mo-Mn process, followed by the electrodeposition of a Ni layer which
supports wetting of the braze alloy. The metallic member - most often a
controlled expansion alloy such as the Fe-29Ni-17Co (Kovar™) alloy or a
low-expansion refractory metal such as Mo - is brazed to the ceramic under
reducing conditions such as hydrogen or forming gas. Copper pinchoff tubes
are also brazed into the device, which usually implies the use of step brazing
processes for that and similar sub-assemblies. A number of parameters
influence successful implementation of this brazing technology: braze joint
geometry, materials and selection based on braze alloy mechanical and
physical properties, and control of brazing process parameters are all needed
to insure good product. Ceramic cracking problems can arise from creep
strengthening of the alloy during overbrazing (2,3), the use of braze alloys
which order during subsequent processing (4), and excessively rapid
cooldown profiles that raise residual stresses in the ceramic (5). The lack of
data for high temperature creep and tensile properties of braze alloys had
previously limited the usefulness of Finite Element Analysis (FEA)
calculations of residual stresses in brazed metal/ceramic assemblies
However, as will be discussed in this paper, a number of braze alloys have
been investigated, and creep/plasticity models, which are useful for FEA
calculations, have been developed (6).

Conventional metal/ceramic brazing - as described above - is often
criticized for the relatively large number of processing steps needed to realize
a final product. This has motivated a number new approacheds in recent
years, including the use of diffusion bonded or braze shut devices that can
eliminate pinchoff tubes. Active metal brazing simplifies brazing processes by
eliminating the metallize and nickel plating normally used on alumina
ceramics for hermetic joints. However, active metal brazing also raises some
new technical issues, including problems with fixturing (active braze alloys
also wet fixture materials and may necessitate redesign of fixturing). In
addition, the question must be considered whether the active braze addition
leads to strengthening of the braze alloy with the consequence of increase
residual stresses in the joint members. The number of process steps saved by
active metal brazing will not be realize an advantage if it causes higher
frequencies of ceramic cracking due to large increases in braze alloy strength.

The mechanical properties described in this paper were generated in
support of development programs at Sandia to evaluate the strength of active
braze alloys with the ultimate goal of using these specific alloys in component
and hardware applications. In the interest of conserving space, we will not
discuss the microstructures of deformed samples in any detail, nor present
complete tabulations of the data generated. This information will be made
available in the near future in the form of refereed journal articles .

MATERIALS AND TESTING PROCEDURES

All of the materials used in this investigation were supplied by WESGO,
Inc., Belmont, CA. Tables 1 and 2 show the chemical composition of each
alloy based on chemical analyses furnished by the supplier at the time of
purchase. For the case of Cusil and Cusil ABA alloys, all material was
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stabilized by annealing at 750°C - 64 hr. and 168 hr., respectively - then
swaged at room temperature to approximately 39% RA. The as-swaged
material was annealed at 750°C for 2 hr. prior to machining into compression
samples measuring 6.35 mm diameter by 12.7 mm high.

The Nioro and Nioro ABA alloys were procured in the form of 3.18 mm
; diameter rod and were machined into miniature tensile specimens as described
inref. 7.

Table 1
Chemical composition (wt.%) of Cusil and Cusil ABA materials

Alloy Ag Cu Ti Al Zn Pd
Cusil 7120 28.80 ----- <0.0001 0.0004 0.0005
Cusil ABA* 62.24 36.2 1.56 0.060 0.0004 0.0010

* additional trace elements reported for Cusil ABA: Mg <0.0002; Fe 0.0030;
Ni 0.0050; Au 0.0020; Pb not detected; Mn 0.0020; Si 0.0060 and Y 0.0030.

Table 2
Chemical composition (wt. %) of Nioro and Nioro ABA materials

Alloy Au Ni Mo A\ Ag Fe
Nioro* 81.69 1831  ---- ---- 0.0040 0.0030
Nioro ABA** 8198 15.14 0.73 2.13 0.002 0.001

* additional trace elements reported for Nioro: Al 0.0003; Mg <0.001; Mn
0.0020; Pd 0.0070; Cu 0.03; Si 0.003; In 0.002.

** additional trace elements reported for Nioro ABA: Mg <0.0001; Cu 0.002;
Ca 0.01; Cr 0.002; Fe 0.001; Pb<0.001.

Both Nioro and Nioro ABA alloys were annealed for 2 hrs. at 810°C,
followed by water quenching. Since the Nioro alloy is prone to spinodal
decomposition, these samples were then reheated to 810°C, held for 10
minutes, and then allowed to undergo a cooldown cycle based on a braze
furnace cooldown (avg. cooling rate of 12°C/min.) to the intended testing
temperature, water quenched, and then reheated and tested at that specific
testing temperature. The Nioro ABA samples were determined to have a two-
phase microstructure that is highly resistant to coarsening. As such, samples
prior to testing were reheated to 810°C, held for 10 minutes, then allowed to
cool to the test temperature at an avg. rate of 12°C/minute. In all tests,
samples were held for 30 minutes at the testing temperature prior to
application of load.

All testing and data collection were performed using a MTS servo-
hydraulic testing system, equipped with Testar control. The specimens were
heated using a Research Incorporated radiant heating furnace. The stress-
strain curves were converted to true stress-true strain to permit determination
of 0.2% yield stress and maximum true stress achieved in the test. For the
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case of Nioro and Nioro ABA (run in tension), the uniform strain and strain to
fracture were also obtained from the test data.

The Cusil and Cusil ABA samples were tested in compression using a
compression cage fixture fabricated from a Ni base superalloy; samples were
able to undergo deformation of about 0.18 to 0.20 eng. strain prior to the
observation of significant barreling. The test strain was measured using an
Inconel 601 extensometer attached directly to the top and bottom of the
compression cage - this arrangement permitted strain determination across the
platens with an LVDT mounted external to the heating zone. Two types of
mechanical tests were run for these alloys: (a) constant true strain rate
compression tests, run at 1.67E-4 s-1 (0.01/minute) and (b) constant load
compression creep tests. The true strain rate compression tests were run prior
to the creep tests at a given temperature to permit an estimation of the
necessary stress levels for the subsequent creep tests. The stress-strain tests
were run with the Testar system operating in "Playback mode" up to
approximately 0.17 true strain in compression. The constant load
compression creep tests used a constant loading rate of about 5 MPa/sec to
permit controlled ramping up to the creep test load. Following the test, the
minimum engineering strain rate was determined, and the true minimum strain
rate and true stress were determined at the cngmeermg strain point which
constituted the midpoint of the strain range where the minimum creep rate was
observed.

The Nioro and Nioro ABA alloys were studied using constant true strain
rate tensile testing at three strain rates: 1.67E-6, 3.79E-5, and 8.33E-4 s-1. At
700°C, testing was also performed at 1.83E-2 s'! for the Nioro alloy only.
Because of the relatively small sample size, the extensometer was attached to
grooves that were machined in the sample grips, adjacent to where the
samples were threaded in. Further details on the tensile sample testing are
contained in Reference 7.

EXPERIMENTAL RESULTS
A. Cusil and Cusil ABA alloys

Compressive stress-strain curves for Cusil and Cusil ABA obtained at
250°C are shown in Figure 1. The data at 250°C, which were typical of the
low temperature regime, from room temperature up to 450°C and indicate that
Cusil ABA has generally higher yield and flow stress properties than the
conventional Cusil alloy. The trends for yield stress and maximum
compressive stress for both alloys as a function of temperature, obtained at a
strain rate of 1.67E-4 s-1, are shown in Figures 2 and 3, respectively. Cusil
ABA is apparently strengthened by the addition of Ti, which segregates to the
Cu-rich phase of the two-phase structure. To a limited extent, a third phase,
apparently Cu4Ti, is also observed. Electron microprobe analysis and
wavelength dispersive X-ray maps confirmed this result (8).

It should also be noted in Figure 3 that above 600°C, Cusil ABA is
relatively weaker than Cusil alloy. However, from the point of view of
metal/ceramic brazing (2,5), the lower temperature mechanical properties are
more important than those at the high homologous temperatures.
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The compressive creep data for both alloys over the temperature range 250-
750°C were fit to the Garofalo sinh equation (9)

€min (s'1) = A [sinh(co(MPa))]"' exp-(Q./RT) 1)

where n' is the apparent stress exponent, Q. is the activation energy for creep
(cal/mole), T is the temperature in Kelvin, and R is the gas constant (1.987
cal/ mole-K). It should be noted that the apparent stress exponent, n', is not
generally equal to the value of the effective stress exponent, neff, which is the

actual slope of the curve on the log £min - log © plot. By taking the natural

logarithm of eq. (1) and iterating the value of o{MPa1), the best least squares

fit to the data were obtained - based on the r2 parameter. The best fits to the
Cusil and Cusil ABA alloys are as follows:

Cusil: €mm (s'1) = 1.07E6 [sinh(0.0316706)]2-019 exp-(43,424RT)  (2)
Cusil ABA:  €min (s1) = 8.13E7 [sinh(0.019745)]! 867 exp-(46,707/RT) (3)

These least-square fits had 12 quality of fit parameters of 0.906 and 0.980 for
Cusil and Cusil ABA, respectively. By shifting the Arrhenius term in eq. (1)
to the left hand side of the equation, it is possible to show the creep data
compared to the fit based on one master curve - in the manner of Zener and
Holloman (10). The Zener-Holloman plots for both alloys are shown in
Figures 4 and 5, respectively. Based on Figures 4 and 5, both sets of data
indicate that the effective stress exponent neff is close to 2 at temperatures
above 450°C, suggesting that grain boundary sliding controls the creep
properties at these higher temperatures. However, at the lower temperatures,
neff is much higher, suggesting a transition to climb-controlled processes in
the so-called "power-law breakdown" regime.

Nioro and Nioro ABA Alloys

Unlike the Cusil/Cusil ABA materials, the Mo and V active metal addition
to Nioro alloy to produce Nioro ABA results in a decrease in strength. A
comparison of the room temperature stress-strain curves following a 2
hr./810°C anneal and water quench is shown in Figure 6. Note that the both
the yield stress and flow stress is generally higher for Nioro alloy than for
Nioro ABA; previous work (11) has also shown that the strain to fracture of
Nioro is quite sensitive to hold times at 400°C - i.e., just within the region of
spinodal decomposition on the Au-Ni phase diagram. Comparison of the
yield stress (Figure 3) and maximum true tensile stress (i.e., the true stress
equivalent of UTS), shown in Figure 4, also indicate that the Nioro alloy is
substantially stronger than Nioro ABA alloy at temperatures up to 500°C. The
data for Nioro alloy and Nioro ABA shown in Figures 3 and 4 were obtained

at a strain rate of 8.33E-4 s-1.

The microstructural reason for this decrease in strength (12) is that the
additions of Mo and V in Nioro ABA apparently causes a stable two-phase
microstructure to develop. The dominant volume fraction phase is a high Au
phase with approximately 4.8 wt.% Ni; the entire Mo and V additions appear
to segregate to the Ni-rich minor phase. On the other hand, Nioro alloy
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solidifies as a single phase FCC alloy, that is prone to spinodal decomposition
(along with increases in strength at intermediate temperatures (300-500°C).
The strength of the two-phase Nioro ABA material is clearly limited by the
low strength of the dominant Au-rich phase.

The maximum true stress data and strain rate data from 300-700°C were
used for both alloys to construct a Garofalo sinh correlation. The 200°C
tensile tests were found to consistently cause poor statistical correlations when
included, thus they were omitted from the correlations. The Garofalo sinh
correlation for Nioro alloy is as follows:

Nioro alloy: € (s-1) = 4.94ES [sinh(0.0090101nax)12224 exp-(50,225/RT) (4)

with a correlation coefficient (r2) equal to 0.880. The Zener-Holloman plot of
this correlation is shown in Figure 7. The Garofalo sinh correlation for Nioro
ABA was obtained:

Nioro ABA: £ (s-1) = 4.88E8 [sinh(0.01610 max)]2002 exp-(54,181/RT) (5)

with a correlation coefficient (r2) of 0.902. Figure 8 presents a comparison of
the data and fit for Nioro ABA.

Discussion - Creep Activation Energies for Cusil and Cusil ABA

The values of Q¢ observed for Cusil and Cusil ABA were 43.4 and 46.7
kcal/mole, respectively. The activation energy for lattice self-diffusion in Ag,
has been measured at 45.5 kcal/mole (13). Askill (13) has also tabulated the
activation energy for tracer diffusion of Ag in Cu (46.5 kcal/mole) and that for
Cu in Ag (46.1 kcal/mole). The activation enegy for lattice self-diffusion in
pure Cu has two closely clustered accepted values - 47.1 and 49.6 kcal/mole.
With all of these activation energies for bulk diffusion clustered within a
range of about 10%, it is clearly not possible to infer additional insight
regarding the measured values of Q¢ for the Cusil and Cusil ABA alloys -
except to note that the values obtained from the least-squares procedure
appear to be consistent with those from potential diffusion processes in the
Ag-Cu binary system.

Discussion - Creep Activation Energies and Stress Exponents for Au-Ni
Alloys

Itisinteresting to compare the values of Qcr and n' obtained for Nioro and
Nioro ABA alloys with some of the results for Au-Ni alloys generated by
Sellars and Quarrell (14). Table 3 shows the power law stress exponent and
Qcr values obtained by Sellars and Quarrell. Creep correlations for pure Au
obtained from a recent analysis of literature data (15), are also included.
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Table 3
Activation Energy and Stress Exponent Values for Au-Ni Alloys, Pure Ni
and Pure Au
Alloy (wt.%) Type of Equation Qg norn' Temp. Range Ref.
(kcal/mole) °C)

Pure Au Power Law 50.6 5.65 820-940 14
90.8Au-9.2Ni Power Law 60.5 3.27 820-940 14
76.4Au-23.5Ni Power Law 57.2 296 820-940 14

Pure Ni Power Law 66.2 5.65 820-940 14

Pure Au Power Law 48.3 549 820-940 15

Pure Au Garofalo sinh 24.1 3.06 395-500 15

Nioro Garofalo sinh 50.2 222 300-700 this work
Nioro ABA Garofalo sinh 54.2 2.00 300-700 this work

The values of Q¢r for Au-Ni alloys and Ni are clearly higher than that of pure
Au - this would be expected based because the melting point of Ni is higher
than that of Au. The activation energies observed in the tensile testing of
Nioro and Nioro ABA are reasonably consistent with the other high
temperature correlations shown in Table 3. For the case of pure Au at
intermediate temperatures (395-500°C), dislocation core diffusion acts as a
short circuit to lattice self-diffusion. Another important item to note in Table
3 is that the stress exponents for the Au-Ni alloys are close to 3 - because Au-
Ni is considered a Class I solid solution alloy based on the relative size of the
Au and Ni atoms (10). Thus, the source of the low values of n' observed for
Nioro and Nioro ABA in the present invetigation could be due to the Class I
solid solution effect when Ni is added to Au. However, the fact that the
values of n' obtained with the Garofalo sinh law are lower than 3 must be
interpreted with caution, as discussed in the next section.

Discussion - nefr for the Garofalo sinh Equation

It should be noted that the effective stress exponent, neff, for the Garofalo sinh
equation (i.e., the slope of the log €min-log ¢ plot) depends on the instan-

taneous value of the stress argument, ac. By taking the natural log of both
sides of eq. 1 and then differentiating, it can be shown that

neff = n' (G coth(o)) 6)

The ratio neff/n' is plotted as a function of as in Figure 9. Clearly, at low
values of as, the value of neff is equal to n'. However, as 0.G goes >>1, the

value of neff increases linearly with oo, since coth(oo) tends to 1. This
stress dependence for neff makes it somewhat difficult to compare stress
exponents obtained with a power law equation with those from the Garofalo
sinh equation. For example, with Nioro over the range of stress studied, negf
varies from 2.22 at the lowest stresses up to 4.22 at 200 MPa, and a high of
17.0 at the highest stresses shown in Figure 7. Similarly, for Nioro ABA
over the range of stresses studied, neff varies from 2.00 at the lowest stresses
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up to 6.44 at 200 MPa, and a high of 19.3 at the highest stresses shown in

Figure 8.
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Figure 9. Plot of negf/n', to illustrate the dependence of nesf on the
instantaneous value of oo in the Garofalo sinh equation (eq.1).

SUMMARY

1. The addition of Ti to the Cusil braze alloy to produce the active metal
alloy, Cusil ABA, results in significant material strengthening, as measured in
both compressive creep and monotonic, compressive stress-strain tests.

2. The addition of Mo and V to Nioro to produce Nioro ABA results in a net
decrease in tensile properties - due to the stabilization of a two-phase
microstructure.

3. The compressive creep data for Cusil and Cusil ABA, and the tensile
stress-strain data for Nioro and Nioro ABA, can be fit to the Garofalo sinh
equation. An analysis of the stress dependence of the effective stress
exponent when the Garofalo sinh equation is used has also been presented.
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