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Abstract

Inadvertent alloying of Cu braze metal can compromise metal/ceramic seals by
increasing the creep strength of the braze joint, thereby causing cracking in the
ceramic. Electron microprobe analyses (EMPA) have quantified the alloying of
Cu brazes in metal/ceramic feedthroughs. Pin material and processing param-
eters (peak temperature and time at temperature above 1084°(2) both affect
alloying levels. Using either Kovar m (Fe-29Ni-17Co) or Ni-plated 316L
stainless steel pins limits alloying as compared to using Palco _ (65wt.%Pd-
35Co) pins. Minimizing the time during which the braze is molten also avoids
excessive alloying. The original thickness of the Ni plating on the Mo-Mn
metallization of the ceramic also influences the alloying content of these brazes.

Metal/ceramic brazes made with long brazing cycles, Mo-Mn metallization, and
Kovar _ components grow a layer of intermetallic Mo6(Fe3.5Co3.5)7 on the
metallization. The presence of this layer suggests that the piece part was re-
brazed using a belt furnace. The layer thicknesses observed do not appear to
compromise joint integrity.

Previous work on creep strengthening of Cu by Class II solid solution alloying
- in particular, the Cu-Ni system - permits a qualitative estimate of the creep
properties of the alloyed brazements. Ni additions of approximately 10 and 20
wt. % to Cu apparently cause significant increases in the stress required to
maintain creep rates required for stress relaxation during cooldown from the
brazing temperature. Relative to unalloyed Cu, this strengthening effect tends
to increase as temperature is decreased.

This work conducted at Sandia National Laboratories, supported by U.S. Dept.
of Energy under contract number DE-AC04-76DP00789.

Note: "Kovar" is a registered trademark of Carpenter Technology Corporation,
and "Palco" is a trademark of Wesgo, Inc.
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Background

While process metallurgists recognize that extensive alloying of braze metal by
base materials should be avoided (1), this is especially true for metal/ceramic
brazes because they are designed to accommodate thermal expansion mismatches
by stress relaxation of the braze metal and/or base metal (2). Factors
influencing the final stress state in a metal/ceramic braze joint include the
constituent materials and their' mechanical properties, brazing parameters, and
joint geometry. Shear-type braze joints, followed by tension-compression braze
,joints, offer the most potential for stress relaxation of the braze metal because
they do not cause significant hydrostatic stresses (2).

This paper documents the results of an engineering and electron microprobe
study aimed at reducing the level of alloying, and thereby controlling detri-
mental cracking of the ceramic, in a metal/ceramic "area seal" braze joint used
for a vacuum-sealed, electronic component. Figure la is an optical micrograph
of the specific area seal geometry under consideration. While all of the area
seals discussed in this paper were made with braze preforms of electronic grade
Cu (UNS #C10100), Kovar TM washers, and Mo-Mn metallized 94% alumina, the
feedthrough pins were Kovar TM, Ni-plated 316L stainless steel (316L SS), or
Palco TM. The seals are assembled in a fixture to permit belt-furnace brazing
using a wet-hydrogen atmosphere.

Quantitative electron microprobe analyses reveal that pin material and
parameters of the brazing cycle determine braze metal alloying levels. Long
braze times with Palco TM pins cause extensive alloying of the braze metal which
often lead to cracking in the ceramic as shown in Figures lb and lc (3,4). These
cracks are quite frequent in rebrazed area seals with Palco TM pins, and less
frequent in singly-brazed area seals using a 10 minute braze cycle with a peak
temperature of 1109°C. These cracks also occur at a higher frequency following
subsequent device processing- which includes an exhaust/pinch-off cycle of
approximately 10 hrs. at 600°C.

Two types of cracks occur in the area seal geometry under consideration. Type
A cracks (Figure lb) extend from the end of the metailization into the bulk of
the alumina ceramic at roughly a 30 ° angle while Type B cracks run along the
interface between the alumina and the Mo-Mn metallization. While both types of
cracks are undesirable, vacuum integrity for the ceramic part used in this
assembly is not compromised until crack lengths exceed 200 I.tm. Thus Type B
cracks, which are usually short compared to Type A cracks, tend to be less
worrisome. Cracks are not always present; shorter braze cycle area seals have
lower alloying levels in the braze metal and exhibit no significant cracking in
the alumina.

Samples which were re-brazed using a 10 minute/ll09°C brazing cycle formed a
pseudo-binary Mo/Fe+Co intermetallic layer on the Mo-Mn metallization. While
the presence of the intermetallic did not lead to problems with vacuum integrity,
we include this information to fully document the microstructure of the
metal/ceramic braze joint.

The correlation between alloying of the braze metal and cracking in the alumina
is understandable in the context of solid solution strengthening of the Cu braze

_ metal. Substitutional solid-solution alloying of Cu with Ni has a strong effect
on decreasing the minimum creep rate. _as the alloying of the Cu
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increases, creep-induced stress relaxation, during cooldown from the braze
cycle, decreases, resulting in higher tensile stress in the braze and underlying
ceramic. The buildup of tensile stress in the ceramic may be sufficient to crack
it. Data from the literature on Cu-Ni alloys can be used to estimate the creep
strength of the alloyed braze metals. The technique will be demonstrated in the
final section of this paper.

1Experimental Procedures

Brazing Conditions

Ali of the samples examined in this study have the geometry shown in Figure
la. The 94% alumina was metallized with two coats of WESGO #547B
metallization paint applied by brush with a firing at 1540°C for 35 minutes in a
wet hydrogen atmosphere after each coat. The metallized surface was plated
with a nominal thickness of 2.5 _tm (100 microinches) of Ni then fired for 35
minutes at 960°C in wet hydrogen to eliminate residual gases To insure that the
desired geometry was obtained, ali samples were brazed (with the pin end up)
using 99% alumina fixtures. Ali of the area seals examined in this study were
made with Cu (UNS #C10100) braze preforms and Kovar TM (Fe-29Ni-17Co)
washers (see Figure la) and were brazed in a wet hydrogen atmosphere (dew
point approximately 20-23°C) • Belt furnace processing used hydrogen obtained
from dissociated ammonia while batch furnace processing used bottled hydrogen
gas.

A number of different brazing conditions were utilized to fabricate the samples
examined. The majority of the samples were brazed in a three-zone BTU
Transheat model #EGS-1 belt furnace using belt speeds that produced either a 3
or 10 minute thermal hold above the melting point of Cu (1084°C) • Figure 3 of
reference 2 shows the time-temperature record for a 10 minute thermal cycle
with a peak temperature of 1109°C • The peak temperature indicated for a
particular sample is based on the results of a calibr_.tion run using a dummy,
thermocoupled assembly which recorded not only the peak temperature but also
the entire thermal cycle of the braze.

Several Palco TM pin samples were made using a batch braze, Centorr Model 17
hydrogen furnace to demonstrate the minimum possible level of alloying in this
assembly. The furnace was programmed to heat and cool the assemblies using a
ramping profile which approximated that of the belt furnace. However, the time
above 1084°C was the minimum necessary to achieve flow of the Cu braze
metal. The cooldown cycle, also modeled after the braze cooldown cycle
observed with the belt furnace, was -20°C/min. from 1084 ° to 1000°C;
_70oC/min. from 1000 ° to 400°C; and -25°C/rain. from 400°C to room
temperature.

M_tallographic Sample Preparation

Ali of the microprobed samples were prepared using techniques designed for
optical metallography. Each sample was separately mounted in epoxy (Shell
Epon 828 resin/DEA catalyst) and oriented to expose a longitudinal cross-
section. The epoxy was mixed, then degassed under vacuum. After the samples
were placed in molds and the epoxy added, they were placed under vacuum to
assure complete impregnation. Flat "windows" prepared on the sides of the
mounts and extreme care during grinding ensured .l_¢a4i_g- the diametrical
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(center) plane of each specimen _. Samples were polished using 1 _tm diamond
paste, followed by 0.06 I.tm colloidal silica on a vibratory polisher. An
electrically conductive layer of carbon was vacuum evaporated on each polished
mount before microprobe analysis.

Electron Microprobe Techniques

The metallographically prepared samples were quantitatively examined with an
automated JEOL (Japanese Electron Optics Laboratory) model 8600 electron
microprobe x-ray analyzer contrblled by use of the Sandia TASK8 software
package (5). In addition, back-scattered and secondary electron images and
elemental distribution photomicrographs of relevant areas were obtained to
document trace paths. Pure metal standards were used to calibrate X-ray line
.positions and intensities for all the elements in these samples and for both
operating modes. Most of the probe work utilized the instrument in the
quantitative analysis mode (6) on long traces of hundreds of points
approximately two microns apart. These analyses were performed using the
instrument's wavelength dispersive detectors and an electronically stabilized
beam of <ll.tm diameter at an accelerating voltage of 25 KeV and a current of
approximately 25 nanoamperes. Quantitative analytical traces (or linescans,
traverses, etc.) were defined by pairs of points and the analytical positions were
spaced along those vectors at predetermined intervals. Two generic types of
traces were acquired for these samples, as indicated in Figure 2" (a) the
"Washer-to-Ceramic" (W-C) scans extended from the bottom end of the Kovar rM
washer to the very end of the braze (b) the "Pin-to-Braze" (P-B) scans extended
from the area seal pin into the braze parallel to the top of the Kovar rM washer.
Average braze compositions were determined by selecting and averaging (7) data
points which were positioned in the bulk of the braze metal" we excluded those
analyses where the braze metal exhibited large gradients in alloying elements,
such as at the edge of the braze adjacent to the pin. This paper emphasizes the
results for the W-C scans because they reveal the composition of the braze
immediately adjacent to the end of the braze fillet, where the highest stresses in
the alumina ceramic are expected during cooldown from the brazing process (2).

Experimcn_;_l Results and Discussion

Area Seals With P_I¢o ru Pins" Effect of Brazing Time Qn Alloying of the Braze
Metal

Palco rM pins and a long brazing cycle produce brazes that are highly alloyed.
The brazing cycle is defined as the peak temperature and total "braze time,"
which is the time spent above the melting point of Cu (1084oc). Figure 3a is a
plot (7) of the results from a W-C probe trace and it shows the composition of a
highly alloyed braze. This sample was brazed in the belt furnace for 10
minutes at a peak temperature of 1109°C. The average composition of this
braze, shown in Table 1, reveals aCu content of only 89.57 wt. %" the Cu has
dissolved over 10 wt. % of the other metals. The corresponding average
composition for the "Pin-to- Braze" trace, shown in Table 2, reveals an average
Cu content of 87.68 wt. %. A second, identical, braze cycle clearly increases
the level of alloying in the braze as is shown in Figure 3b. When comparing
Figures 3a and 3b, note that the Cu content in the single braze sample (Figure
3a) exceeds 90 wt. % at two sections of the scans but is always less than 90 wt.
% in the re-brazed sample (Figure 3b).
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Increasing the belt speed of the furnace lowers peak temperatures and
significantly shortens braze times. This results in lower levels of alloying in
area seals with Palco TM pins. Figure 4 is a compositional plot of the W-C trace
of a sample brazed for 3 minutes with a peak temperature of 1097°C. Note that

the average Cu content of this braze is higher than the longer cycle brazes.. 4(__Similar results are shown in Table 1 for a 3 minute, l l00°C braze. These/ .
/

t. "_ •brazes have the minimum possible levels of alloying obtainable because faster ff_' ,_

belt speeds are not possible with the available belt furnaces. "_._,)y,

Batch-type braze furnaces can produce Palco TM pin area seals whose brazes have
lower levels of alloying than belt furnace brazes. The batch furnace results
presented here represent the minimum braze time which can be achieved using
this processing technique. Figure 5a shows the W-C probe results for an area
seal brazed for 7 seconds above 1084°C with a peak temperature of 1087°C
while Figure 5b shows the results for a second sample brazed for 6 seconds
above 1084'°C with a peak temperature of 1090°12. Average braze metal
compositions for these samples, shown at the top of Tables 1 and 2, indicate
that while alloying levels are quite low in both W-C traces, the P-B traces show
significantly higher alloying. This is mainly due to the Pd in the braze metal
and is undoubtedly caused by proximity to the Palco TM pin, source of the Pd,
along with the high equilibrium solubility of Pd in Cu at the temperatures used.

Area Seals With Ni-Plated 316L Stainless Steel or Kovar TM Pins

Area seals brazed with Ni-plated 316L SS pins are more tolerant of long, belt-
furnace braze cycles. This is illustrated in Figure 6 which shows the W-C
probe results for an area seal containing a Ni-plated 316L SS pin brazed using a
long (10 minute, 1109°(2) belt-furnace cycle• The average composition of this
braze (W-C trace shown in Table 1) is virtually identical to that of a sample with
an identical pin brazed using the shorter (3 minute, 1097°C) belt-furnace braze
cycle. Similar average compositions were also obtained from P-B results for
these samples as shown in Table 2. These results suggest that the absence of
Pd significantly reduces the alloying potential of the Cu braze metal.

Kovar TM pin results also indicate significantly lower alloying levels than for
Palco TM pins, irrespective of braze cycle. Figure 7 shows the results of a W-C
trace for a Kovar TM pin sample which was belt-furnace brazed for 3 minutes
above 1084°C with a peak temperature of ll00°C. Average braze compositions
for this sample are 94.74 wt. % Cu for the W-C trace (Table 1) and 94.84 wt.
% Cu for the P-B trace (Table 2). Figure 8 also shows W-C results but for a
sample brazed for 10 minutes above 1084°C with a peak temperature of 1106°(2.
This sample had a braze with average Cu contents of 94.95 wt. % (W-C) and
95.48 wt. % (P-B). Note that essentially ali the probe data standard deviations
for these Kovar TM pin samples overlap (see Tables 1 and 2). The one exception
will be discussed in the next paragraph• The absence of Pd again correlates
with less alloying• Even the alloying elements present (Ni, Fe and Co) are in
lower concentrations suggesting that the presence of Pd in the Cu may increase
the solubility of other metals in Cu.

Effect of Ni-P!ate Thickness on Alloying of Braze Metal

The original thickness of the Ni-plate on the Mo-Mn metallized layer also affects
alloying of the braze metal, to a minor degree, because it is completely
dissolved into theCu during brazing. W-C probe results for duplicate samples
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processed under identical conditions (Table 1) show a significant variation in
the amount of Ni measured. Note that while Fe, Co, and Pd contents for ali
three Palco pin samples brazed for 3 minutes vary slightly, the Ni content
varies more. Kovar _ pin samples ali show similar results (also Table 1). By
contrast, the P-B probe results of the same samples show no significant
variation in Ni content (Table 2), probably because of the distance from the P-B
scan to the Ni-plated Mo-Mn metallization. The two Kovar rM pin samples
brazed for 10 minutes with a peak temperature of 1106°C are especially
illustrative. The average Ni content of the braze in the W-C area was 2.97 wt. %
in one sample and 4.20 wt. % in the second sample. Extra care was taken to
insure that the two microprobe traces traversed the braze along identical paths,
i.e. at an equal angle or starting and ending distances from the Mo-Mn
metallization. SEM photos, taken after the quantitative analyses, clearly show
the identical positions of the probe contamination marks. These data force us to
attribute compositional differences in these samples to differences in the
thickness of the Ni plate (now completely dissolved into the braze) on the Mo-
Mn metallization. Unfortunately we cannot quantify sample-to-sample
variations in Ni plate thicknesses because we did not examine "as-plated"
ceramic bodies prior to brazing. However, we have noticed that some samples
have unusually large amounts of Ni-plate near the end of the metallization, past
the position where the braze thins out. It is not unreasonable to expect
significant variations in the Ni-plate thickness. Controlling Ni plate thickness
should help to minimize alloying of the Cu in the most critical region of these
brazes .

Solubility of the Various Elements in Ctl

Table 3 lists data on the equilibrium solubility in Cu for the elements and
brazing temperatures of interest (1100 and lll0°C). These numbers are based
on binary equilibrium systems: unfortunately, phase diagrams of the appropriate
ternary systems are not available. Table 3 shows that the equilibrium solubility
for Pd (either weight % or atomic %) in Cu is substantially higher than that of
Ni, Fe, or Co. Pd also appears to increase the total amount of alloying possible
in a Cu braze. It is therefore important to avoid process cycles that create
equilibrium, or near-equilibrium, conditions when using Cu to braze Pd-
containing alloys such as Palco. This, in turn, impl!es that batch-furnace
brazing is better than belt-furnace brazing for processing Pd-bearing alloys
because the batch method can easily reduce the time that the braze is molten by
more than an order of magnitude.

Formation of a Mo-Fe-Co Intermetallic Compound in Re-brazed Sa_,:pl¢_

A layer containing primarily Mo, Co, and Fe forms on the Mo-Mn metallization
in long-cycle, rebrazed, Palco _ pin samples. This layer appears to form when
Co and Fe, dissolved into the Cu braze and diffused away from the Kovar _
washer, react with the Mo-Mn metallization exposed by the dissolution of the
Ni-plate. Total length of braze time (20 minutes), rather than re-flowing,
appears to be responsible for continuous layers of this material. Secondary
electron (Figure 9a)and back-scattered electron images (Figure 9b) of a re-
brazed sample show this reaction layer. The layer is marked by arrows and, in
Figure 9b, is intermediate in gray tone between the darker Cu braze metal and
the lighter Mo metallization. Quantitative analyses (Table 4) indicate that the
material is close in composition to the pseudobinary Mo6(Fe3.5Co3.5)7 with
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minor level of Ni and Cu present (the actual, complete formula is
Mo6(Co3.21Fe2.75Ni 62Cu.42)7). That is, the material appears to be the binary
Mo6Co7 with nearly "half the Co replaced by Fe, etc. The average Mo content of
46.13 at. % confirms the Mo6Co7 -like compound. The Mo-Fe phase diagram
also exhibits an intermetallic compound (Mo6FeT) with the same stoichiometry
and crystal structure as Mo6Co7.

The presence of this reaction layer in and of itself does not appear to compro-
mise the vacuum integrity of the area seal but it does serve as evidence of
excessive brazing time. Etter, ft. al. (8) observed (qualitatively) a Mo-Fe-Co-
Ni compound on the Mo-Mn metallization in an alumina seal Ag-brazed to
Kovar TM. They observed that Fe, Co, and Ni had dissolved from the Kova frM,
migrated across the Ag braze, and reacted with the Mo-Mn metallization. The
low solubility of Ni in Ag explains why Ni is found in their intermetallic but not
in the Ag braze metal. The high solubility of Ni in Cu explains why Ni is found
in the Cu braze metal but is not a major element the intermetallic reported in this
paper. Long Ag-braze times were again responsible for the observed reaction
layer (8).

Ali of the experimental results obtained in this study indicate that solid-solution
alloys are formed in the braze as a result of Cu (UNS #C10100) preforms
alloying with dissolved (at pin material, (b) Kova r_ washer material, and (c)
the Ni plate on the Mo Mn metallization. While the actual, measured, compo-
sitions are multicomponent in nature, it is nevertheless instructive to considerro erties of binary, Cu-based, Class II solid-solution alloys
the effect on creep p^ .P . literature (9). The Cu-Ni system is an obvious

which have been ex_tmlned in the selYinve schoice because it has been extensively studied and clo models the present
system. We will briefly examine data from two previous tigations' the
study of Jones and Sellars (10), that examined the creep properties of a Cu-9.18
wt. % Ni alloy (Cu-9 86 at. % Ni) at 600 ° and 800 °C and the study of Monma,

• 11 . that examined a number of compositions across this system at
ft. al. ( ). .......... s in excess of ~0.58. In the following paragraphs weous tem _tu,,.homolog P from these investigations and compare
examine steady-state, creep-rate data
them to the creep correlation developed for pure Cu in reference 2.

• - te cree -rate (ess) of Cu-20.2
• al 11) characterized th e steady.sta 'P from 541 °t° 1006°C'Monma, et_ " ( • em eratures rang1 g .

.. o1..lq' (Cu-21 5 at. % N1) alloy atr P., _Av_ with the following power
wt. to ,,1 x " • _ c-,...._ 12 "7 a to ,+,_._ xr--,,,
and at stresses ranging ,_,'" "-"-
law equation:

ess (sl) = 2.428 (o(MPa)) 4"80 exp(-56,500 (cal/mole)/RT) (17

where c_is the true stress in MPa, R is the gas constant (1.987 cal/mole/Kelvin)
and T is the absolute temperature in Kelvin. Multivariable linear-regression
analysis of the 600 ° and 800 °C data of Jones and Sellars (10) for the Cu-9.18
wt. % Ni alloy leads to a power law equation as follows"

ess (s'l) = 6.221 (o(MPa)) 4'95 exp(-56,021 (cal/mole)/RT) (2)
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13 . a correlation coefficient (r2) of 0.992. Note that the activation energy for
with __.,_,,e.d from this data is very close to that of Monma, et. al. (11) for the
creep uu_ .....
Cu-20.2 wt. % Ni alloy. . tee properties of Cu-9.18 wt. %

the steady stateC P u developed in ref. 2 at

Figure 10 is a comparison of correlauon Ior pu.,. C Cu-20.2
Ni, Cu-20.2 wt. % Ni, and the is normal for a
800 ° and 600°C" Figure 10a indicates that both Cu-9.18 wt. % Ni andyen stronger, relative to pure

ignificantly stronger than Cu at 800°C" Thisi are s _ _ These alloys _e e _: .--r-ence in strength as a
II sohd-solutlon alloy nd Table 5)._.. ' mv_

• " , , •

wt. % _ ms. actlvauon energy forNcreep
Class ...,,or, ,t, ioure 10b a _ ,-. ,he dc,_.easlng. ,,_..1_ at 600 C). Other
Cu, at t)uu_ _ _--_£+,,_e is causea uL',.',,oo ,, ._ 8 kca_tn,u,,, should• tem _,"_"- lsuu-t-, ,-'-' -'-" Cu-Ni alloys
f anctionof .. p___a a kcal/mole at for creep of at
of pure _u ttrom -'-"" the
data (127 suggest that activation energy
decrease to a similar value (37.2 kcal/mole for a Cu-13.63 wt. % Ni alloy)
~500oC rather than 600°C" Thus the net effect of the Ni additions is to extend
the high temperature creep characteristics (high activation energy) to lower
temperatures, thus strengthening the alloy. Similar effects should occur in
alloys containing the other metals of interest here.

A useful indicator of the amount of stress-relaxati°n possible in the braze alloy
is the stress required to produce a steady-state creep-rate of 10-'/ s'l at a given

e a typical strain rate if
.... _a-7 s -1 would b -,_ _.as a very strong

uring cooldown (smcts..;n rate of the braze cy.cLc _vels of 9 wt. %
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(_3_. lhls _ c°ns__s...,1,, when there _b " °"
ceramic is observeu u-.;
braze metal.

eals with a Cu braze metal that
• oin were found to exhibit

1. Belt-furnace processed metal/ceramic area s
ve either a K ovar_ or N1 plated 316L SS "Palco pins• The alloying

ha nlficantly less alloying than those brazed with by utilizing a batch brazing

_ei_el of Cu to Palco pin brazes can be minimized time that the braze alloy ismace that significantly reduceds the length of
molten during brazing• metallization

unt of alloying observed in the
sample variations in Ni-plate thickness on the Mo-Mn2. Sample't°T - a le effect on the.amo +_,,,,_ where multiple samples...... ,- have a measur _ .... _imental conu,t, ....

layer app""',.,2.._mic,, traces tor c^e ......
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were examined, metallization have

3. Long braze times with a Ko varr_ washer close to Mo-Mn reaction layer has
been shown to form a ternary Mo-Fe-Co reaction layer• This close
been found to also include Ni and Cu in small amounts, but appears to be
in composition to the compound M°6(Fe3"sC°3"5)7" in_ additions to Cu on

_. _ ,_ _.lid solution alloy __:..ol,, studied. The
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Figure Captions plane) of the "area seal"

Figure 1 Metallographic cross sections (diametral, • . This particular area sealometr discussed in this paper. (a) Overall view, with
g_entifiYtion of the construcuon materials
has a Palco TM pin and was brazed in a belt furnace for a total of 3
minutes above 1084°C, with a peak temperature of 1097°C- Both (b)
and (c) are from different samples and show a layer of Ni plated
onto the Cu braze metal - the Cu/Ni interface is marked by the upper
set of arrows. (b) Type A crack (lower arrows) proceeding into the
bulk of the alumina ceramic. (c) Type B crack (lower arrows)
running along the interface between the Mo-Mn metallization and the
alumina ceramic.

Figure2 Schematic diagram showing the locations of the "Washer to
Ceramic" and "Pin to Braze" electron microprobe traces on the
brazed, area-seal samples.

Plots f electron microprobe results for ,,Washer-to-Ceramic" traces
on two Pa lc°_ pin, area-seal samples brazedusingo a belt-furnace

Figure 3 ---ze c cles (10 minutes above 1084 C with a peakand long bra t ,,Yc_oc,_ ¢n_ Sin_ v-brazed sample with an average
temperature oi _lv_' ,-.j. ,-, __ .1
Cu content, in this section of the braze, equal to 89.57 wt. %. (b)
Re-brazed sample with an average Cu content, in the same section of
this braze, equal to 86.96 wt. %.

Figure 4 Plots of electron microprobe results for ,,Washer-to-Ceramic" traceson a Palco TM pin, area-seal sample brazed using a belt-furnace and
short braze cycle (3 minutes above 1084°C with a peak temperature
of 1097o(2) • The average Cu content in this section of the braze is
equal to 92.76 wt. %.

Figure 5 Plots of electron microprobe results for ,,Washer-to-Ceramic" traces
on a Palco TM pin, area-seal sample brazed using a batch furnace and
the shortest possible braze cycle. (a) Area seal brazed using a
thermal cycle of 7 seconds above 1084°C and a peak temperature ofntent in this section of the braze is

7oC. The average Cu co "n a thermal cycle of 6
_0868 wt. %. (b)_ Area seal ..brazed tSmngrature of 1090°C'. The
seconds above 108.4 _ wire _, f_'_ ,h braze metal is 98.7_ wt. ro.
average Cu content in th_ sect,,, ....... e



Figure 6 Plots of electron microprobe results for "Washer-to-Ceramic" traces
on a Ni-plated 316L stainless steel pin, area-seal sample brazed
using a belt-furnace and a braze cycle of 10 minutes above 1084°C
with a peak temperature of 1109°t2. r

Figure 7 Plots of electron microprobe results for "Washer-to-Ceramic" traces !
on a Kovar _ pin, area-seal sample brazed using a belt-furnace and
a braze cycle of 3 minutes above 1084°t2 with a peak temperature of
1100°C.

Figure 8 Plots of electron microprobe results for "Washer-to-Ceramic" traces
on a Kovar rM pin, area-seal sample brazed using a belt-furnace and
a braze cycle of 10 minutes above 1084°C with a peak temperature of
1106°C. The average Cu content in this section of the braze is
94.95 wt. %

Figure 9 Scanning electron micrographs of the interfacial region showing the
braze metal, Mo-Mn metallization and the alumina ceramic in a
sample which was apparently re-brazed using the ten minute/ll09°C
cycle described in Figure 3. In both photos, the region between the
arrows consists of the pseudobinary Mo-Fe-Co intermetallic
compound roughly corresponding to Mo6(Fe3.5Co3.5)7. (a)
Secondary electron image. (b) Back-scattered electron image.

Figure 10 Graph illustrating the effect of increasing Ni content on the steady-
state creep rate of Cu alloys. Data on Cu-20.2 wt. % Ni are from
Monma, et. al. (11), while the data for Cu-9.82 wt. % Ni are from
Jones and Sellars (10). The correlations for pure Cu were developed
in ref. 2. (a) Effect of alloying with Ni on the creep properties at
800°(2. (b) Effect of alloying with Ni on the creep properties at
600°C.

............................. _...... ._ ..... _..................... , ......... _ , ,._. _..................... _,_
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Table 1. Average "lower braze" compositions: the results of "Washer-to-
Ceramic" traces depicted in Figure 2. Normalized electron microprobe
results in wt. % with standard deviations shown in parenthesis.
Unless otherwise indicated as "batch" processed, the brazing was
done using a belt furnace; ali brazing was done in a wet hydrogen
atmosphere. Times shown denote the time spent above the melting
point of Cu (1084°(2) and the temperatures shown indicate the peak
temperature achieved during the run. "2x" denotes that a sample was
subjected tO a second brazing operation.

Braze Conditions Fe Co Ni Cu Pd

Brazes w/Palco ru Pin

Batch/6sec./1090°C 0.27(0.08) 0.10(0.04) 0.82(0.32)98.75(0.56) 0.06(0.02)
Batch/7sec./1087°C 0.II(0.06) 0.01(0.02) 0.20(0.13)99.68(0.49) 0.01(0.0!)
3min./1097°C 1.41(0.51) 0.66(0.20) 4.08(2.18) 92.76(2.70) 1.09(0.10)
3 min./1097°C 1.28(0.21) 0.66(0.12) 3.21(0.65) 93.44(0.95) 1.42(0.05)
3 rnin./ll00°C* 1.29(0.33) 0.59(0.18) 2.51(0.62) 94.22(1.10) 1.32(0.09)
10min./ll09°C 1.96(0.45) 1.16(0.26) 4.75(0.89) 89.57(1.48) 2.55(0.13)
2x 10 min./ll09°C ** 2.39(0.76) 1.62(0.60) 3.47(0.94) 86.96(2.22) 5.44(0.09)

Brazes w/Ni Plated 316L Pin

3 min./1097°C*** 1.35(0.32) 0.40(0.12) 3.72(0.93) 94.52(1.39)
10rnin./1109°C **** 1.61(0.19) 0.30(0.06) 3.91(0.42) 94.14(0.53)

Brazes w/Kovar zMPin

3 min./ll00°C+ 1.65(0.53) 0.26(0.18) 2.72(1.19) 95.32(1.50)
3 min./ll00°C++ 1.62(0.33) 0.49(0.11) 3.12(0.88) 94.74(1.34)
10 min./ll06°C +++ 1.94(0.29) 0.53(0.09) 4.20(0.69) 93.28(1.14)
10 min./ll06°C ++++ 1.57(0.20) 0.43(0.06) 2.97(0.43) 94.95(0.62) ...........

* 0.04(0.05) Mo and 0.02(0.04) Au were also measured.
** 0.02(0.03) Si, 0.03(0.01) Cr, 0.04(0.01) Mn, and 0.03 (0.02) Mo were also measured.
*** 0.01(0.01) Mn was also measured.
**** 0.01(0.01) Mn and 0.02(0.01) Mo were also measured.
+ 0.02(0.01) Mn and 0.03(0.02) Mo were also measured.
++ 0.01(0.01) Mn, 0.01(0.00) Cr and 0.01(0.01) Mo were also measured.
+++ 0.02(0.04) Al, 0.02(0.01) Mn and 0.02(0.02) Mo were also measured.
++++ 9.04(0.07) Al, 0.02(0.01) Mn and 0.02(0.03) Mo were also measured.
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Table 2. Average "upper braze" compositions" results of "Pin-to-Braze" traces
depicted in Figure 2. Normalized electron microprobe results in wt.
%, standard deviations are shown in parenthesis. Same remarks apply
as in Table 1.

Braze Conditions Fe Co Ni Cu Pd

Braes w/PalcorMPin

Batch/6sec.ll090°C 0.44(0.13) 0.59(0.13) 0.18(0.08) 97.42(0.51) 1.38(0.10)
Batch17sec./1087°C 0.17(0.06) 0.31(0.06) 0.05(0.03) 98.48(0.40) 0.99(0.13)
3min./1097°C 1.60(0.44) 1.82(0.49) 1.68(0.39) 91.11(1.38) 3.79(0.14)
3min./1097°C 1.55(0.44) 1.76(0.52) 1.87(0.46) 91.18(1.62) 3.65(0.06)
10min./ll09°C 2.09(0.76) 2.27(1.01) 3.04(0.76) 87.68(2.58) 4.92(0.23)
2xl0min./ll09°C 1.78(0.49) 1.95(0.61) 2.72(0.67) 87.55(192) 6.0!(0.20)

Brazes w/Ni Plated 316L Pin

3min./1097°C 1.58(0.37) 0.52(0.14) 3.56(0.83) 94.32(1.26)
10min./ll09°C 1.47(0.27) 0.29(0.12) 3.86(1.03) 94.38(1.39)

Brazes w/Kovar rMPin

3 min./ll00°C * 2.01(0.43) 0.42(0.16) 2.67(0.63) 94.84(1.10)
10min./ll06°C** 1.71(0.36) 0.48(0.13) 2.41(0.55) 95.32(1.07)
10min./ll06°C *** 1.59(0.43) 0.43(0.15) 2.42(0.68) 95.48(1.32)

• 0.03(0.00) Mn, 0.01(0.00) Cr and 0.02(0.02) Mo were also measured.
• * 0.03(0.10) Al, 0.03(0.01) Mn and 0.01(0.02) Mo were also measured.
• ** 0.04(0.07) Al, C_.02(0.01)Mn and 0.01(0.02) Mo were also measured.

Table 3. Equilibrium solubility of Co, Fe, Ni and Pd, respectively, in molten
Cu at 1100°C and 1 1 10°C. Data shown are for binary systems. (Data
from T. R. Massalski, Binary Allgy Phase Diagrams, AS M, 1986)

Solute Element Ea_uilibdum Solubility. wt. % (at. %) in Molten Cu at:

lll0°C

Cobalt 2.79(3.00) 4.63(4.97)
Iron 3.63(4.11) 3.87(4.38)
Nickel 2.94(3.18) 3.85(4.15)
Palladium 15.87(10.13) 21.11(13.78)



Table 4. Results of quantitative point analyses in wt. % (with normalized
atomic % shown in parenthesis) of the intermetallic layer (primarily
Mo-Fe-Co) found in a sample which had been rebrazed, i.e.,
processed through two belt furnace cycles consisting of 10 minutes
above 1084°C with a peak temperature of 1109°(2. Analyses were
performed using Ka lines for ali elements except Mo, where the Lcx
line was used. "Pure compound" refers to the calculated composition
for stoichiometric Mo6(Fe3.sCo3.5)7.

point # Fe Co Ni Cu ]k_

1 15.31(20.72) 19.29(24.74) 3.48(4.48) 2.46(2.92) 59.84(47.14)
2 15.50(20.98) 18.76(24.07) 3.90(5.02) 4.23(5.04) 56.96(44.89)
3 15.62(21.29) 19.06(24.62) 3.77(4.89) 2.05(2.46) 58.90(46.73)
4 15.38(20.85) 19.84(25.50) 3.61(4.65) 2.04(2.43) 59.00(46.57)
5 16.37(22.10) 19.27(24.67) 3.68(4.73) 2.69(3.20) 57.63(45,30)

Avg. 15.64(21.19) 19.24(24.72) 3.69(4.75) 2.69(3.21) 58.47(46.13)

Pure 20.00(26.92) 21.10(26.92) ............... 58.90(46.15)
Compound

Table 5. Stress, a(MPa), necessary to generate steady-state creep rates of 10 -5
and 10 -7 s "1 at 600 ° and 800°C, respectively, for Cu, Cu-9.18 wt. %
Ni (Cu-9.86 at. % Ni) and Cu-20.2 wt. % Ni (Cu-21.5 at. % Ni).
Data for the alloys were obtained for references 10 and 11, and the
correlation for Cu is from reference 2.

SS. Creep Rate. s-1 _ (MPa) Necessary to ObtainDesired Steady-State CreepRate for:

Cu .Cu-9.18 Ni Cu-20.2 Ni

At 800°C:

10 -5 7.96 13.67 18.98

10-7 2.56 5.38 7.25

At 600°C:

10 "5 24.49 46.01 66.99

10-7 6.59 18.11 25.62
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Figure 9 Scanning electron micrographs of the interfacial region showing the
braze metal, Mo-Mn metallization and the alumina ceramic in a

sample which was apparently re-brazed using the ten minute/1109°C
cycle described in Figure 3. In both photos, the region between the
arrows consists of the pseudobinary Mo-Fe-Co intermetallic"

compound roughly corresponding to Mo6(Fe3.sCo3.5)7. (a)
Secondary electron image. (b) Back-scattered electron image.
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