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Diffusion bonding and brazing of high purity copper were investigated to develop procedures for
joining precision machined copper components for the Next Linear Collider (NLC). Diffusion bonds
were made over a range of temperatures from 400 °C to 1000 °C, under two different loading conditions
[3.45 kPa (0.5 psi) and 3.45 MPa (500 psi)], and on two different diamond machined surface finishes.
Brazes were made using pure silver, pure gold, and gold-nickel alloys, and different heating rates pro-
duced by both radiation and induction heating. Braze materials were applied by both physical vapor
deposition (PVD) and conventional braze aloy shims. Results of the diffusion bonding experiments
showed that bond strengths very near that of the copper base metal could be made at bonding tempera-
tures of 700°C or higher at 3.45 MPa bonding pressure. At lower temperatures, only partial strength
diffusion bonds could be made. At low bonding pressures (3.45 kPa), full strength bonds were made
at temperatures of 800 °C and higher, while no bonding (zero strength) was observed at temperatures
of 700°C and lower. Observations of the fracture surfaces of the diffusion bonded samples showed the
effects of surface finish on the bonding mechanism. These observations clearly indicate that bonding
began by point asperity contact, and flatter surfaces resulted in a higher percentage of bonded area under
similar bonding conditions. Results of the brazing experiments indicated that pure silver worked very
well for brazing under both conventional and high heating rate scenarios. Similarly, pure silver brazed
well for both the PVD layers and the braze alloy shims. The gold and gold-containing brazes had
problems, mainly due to the high diffusivity of gold in copper. These problems led to the necessity of
overdriving the temperature to ensure melting, the presence of porosity in the joint, and very wide braze
joints. Based on the overall findings of this study, a two-step joining method is proposed for fabricating
the NL C structures. The structure would be assembled with pure silver braze inserts using a self-aligning
step joint design, then the assembly would be vacuum diffusion bonded at 700 °C and 3.45 MPa pressure
to seal the critical inner portion of the assembly. Finally, during the same furnace cycle, the temperature
would be increased to 800 °C in order to react the silver with the copper to form aliquid braze alloy that
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would join and seal the outer portion of the cells together.
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I. INTRODUCTION

The Next Linear Collider (NLC) is a proposed 30 km
long TeV-class el ectron-positron collider designed with the
new high-gradient X-band technology [1]. At the heart of
the NLC are two opposing linacs operating at accelerating
gradients upwards of 75 MeV/m. Each linac is 10 km
long and is designed with a highly repetitive architecture
whereby three 1.8 m long structures are mounted into one
superstructure. Each of these structures contains 206 cells,
which are diffusion bonded together, onto which couplers
and water cooling is then brazed. The entire linac is thus
made up of tens of thousands of these cells which, when
finally assembled, must maintain exceptional alignment
tolerances, must have exceptional electrical properties, and
must be vacuum tight.

A critical design feature of the NLC is the damped-
detuned structure (DDS) shown in Fig. 1 [2]. In this de-
sign, unwanted beam-deflection modes (TM) within each
structure are spread out in frequency, in an approximately
Gaussian distribution. This “detuning” is done in order to
cancel the wakefields excited by off-axis beam bunches,
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which would disrupt bunches following in train. The en-
ergy associated with the deflecting modes is then coupled
out to manifolds within the structure itself, propagating to
lossy loads at each end—referred to as “damping.” The
cost of the detuning and damping features of the struc-
ture is increased complexity. No two cells in the structure
are identical, rotational symmetry is broken, and the cells
require a through-milling step to establish the damping
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FIG. 1. Cross section of the DDS-3 structure.
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manifold, asseenin Fig. 2[2]. Refinements of the electro-
magnetic design are periodically implemented in the DDS
n series of structures, but do not significantly affect the
basic mechanical design. Thus, this work will be relevant
to the final detailed cell shape. We believe our experi-
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FIG. 2. (Color) Cross section and rendering of the DDS-3 cell.
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ence may also prove useful to other future linear collider
designs.

To succeed, the NLC program will need to resolve
several key advanced fabrication challenges. Precision ma-
chining of theindividual cellswill be accomplished by dia-
mond machining [3]. Although this technology is not new,
the fabrication of 2000 cells per day required for a 3-yr
build presents engineering challenges. The problem isfur-
ther complicated in that none of the cellsin each 1.8 mlong
structure are identical. Once the cells are machined, they
must be bonded together into structures while maintaining
micrometer-per-meter tolerances on the finished part. Cur-
rent technology for fabricating these structures consists of
diffusion bonding the copper faces of each cell together in
a hydrogen atmosphere [4] or in vacuum [5]. This diffu-
sion bonding process is more accurate in its effect on axial
dimensions than brazing processes, which have been inves-
tigated. However, in high volume production of structures,
it will be necessary to reduce the bonding joint requirement
to one of repeatability where, depending on the cell loca-
tion in the stack, the bond joint thickness is repeatable to
the submicrometer level. This approach will require the
calibration of the bonding or brazing process, and the cell
dimensions account for this calibration, including the in-
herent weight of the structure which increases from the top
to the bottom of the stack. This meansthat thin braze joints
should be acceptable for the production structure problem.

This paper reports our experience with brazing and dif-
fusion bonding, which is the basis for all schemes for
copper structure fabrication presently under consideration.
We consider a hybrid process for fabricating the structures
that involves both vacuum brazing and diffusion bond-
ing, which was considered in the past [6]. In this pro-
cess, the critical dimensional tolerances of the important
inner portion of the assembly are maintained by a diffu-
sion bond, while the strength and hermiticity of the struc-
ture is maintained by a vacuum braze. In addition we
propose a step-joint cell design that is self-aligning to fa-
cilitate assembly.

1. EXPERIMENTAL PROCEDURES
A. Materials

Small test coupons were used for the brazing and bond-
ing studies. Figure 3(a) shows the sample geometry that
consists of a right circular cylinder with a reduced sec-
tion having a diameter of 12 mm and a small hole drilled
through the center. The small hole in the center of the
coupon reduced the cost of manufacturing by eliminating
thelikelihood of an on-center imperfection of the flat bond-
ing surface. Such an imperfection would cause a gap be-
tween the two coupons during bonding or brazing, leading
to erroneous data. Brazing and bonding studies were per-
formed by joining two identical samples together to cre-
ate a bonded part that is joined at its midpoint, as shown
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FIG. 3. (Top) Schematic of the reduced section sample before

bonding. (Bottom) Reduced section sample after bonding.

in Fig. 3(b). Some test samples were designed without a
reduced section and without a hole drilled in the center.
All samples were made from oxygen-free electronic grade
copper, UNS C10100, which was purchased in 20 mm
diameter bar stock in the full hard condition and contained
a minimum of 99.99% Cu.

The critical dimensional tolerances of the accelerator
cells require precision machining methods for cell fabri-
cation. Diamond turning and/or fly cutting was chosen
to produce these parts because it generates accurate sur-
faces with extremely low levels of contamination, com-
pared with abrasive processes, and very low residual stress,
creating ideal conditions for diffusion bonding. Alterna-
tively, cells can be lapped to generate the desired surface
finish and necessary flatness for bonding. Although lap-
ping can generate a better surface finish than diamond turn-
ing, i.e., errors with wavelength scale less than 0.8 mm
per ANSI/ASME B46.1-1985, it can introduce problems
as well. The cells must be exceptionaly clean for the in-
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tended high-gradient applications in order to sustain very
high field gradients at the rf surfaces without breakdown,
and it is essentidly impossible to lap only the bonding
surface without collateral contamination of the cell region.
This contamination cannot be reliably removed by subse-
quent chemical cleaning, and lapping aso produces sur-
faces with “roll off” or taper near the edges.

The diamond-turned test samples were annealed in vac-
uumat 1 X 107 torr after rough machining and just prior
to diamond machining, in order to remove any nonuniform
residual stresses that may have been induced in the parts.
This annealing cycle helped to mechanically stabilize the
surfaces to be bonded and also hel ped to soften the copper
prior to diffusion bonding. The annealing cycle consisted
of heating the samples at a controlled rate of 200 °C/h to
the annealing temperature of 500 °C, holding the parts at
this temperature for 1 h, and furnace cooling to ambient
in vacuum. During annealing at 500 °C, the copper re-
crystallized and dropped in hardness from diamond pyra-
mid hardness (DPH) 91 to DPH 49 as measured with a
1.0 N load.

After diamond machining, the parts were cleaned to
remove the mineral oil that was used as a cutting lubricant.
Initially, an acetone rinse was used in an attempt to remove
the ail, but this method proved to be ineffective and other
methods were investigated. The cleaning process found to
be successful consisted of (i) a pressure-free swipe with a
lint-free cotton cloth to remove the bulk of the minera oil,

FIG. 4. Microstructures of high purity copper after annealing
in vacuum for 30 min at (a) room temperature as received,
(b) 600 °C, (c) 700 °C, (d) 800 °C, (€) 900 °C, and (f) 1000 °C.
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ASTM grain size number of samples bonded at different temperatures.
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TABLE I.
Bonding temperature Asreceived  600°C
ASTM grain size 25 6

800°C
4

900°C
25

1000°C
1

700°C
5

(i) ultrasonic cleaning in trichloroethylene, (iii) ultrasonic
cleaning in reagent grade ethanol, and (iv) blow-drying
with nitrogen gas.

The elevated temperature conditions that are used dur-
ing brazing and bonding resulted in recrystallization and
grain growth of the copper. These changes were inves-
tigated by inspecting the microstructure of samples that
had been annealed for 30 min at temperatures as high as
1000 °C. Figure 4 shows micrographs of these samples af -
ter annealing, and Table | summarizes the results of grain
size measurements. The grain size of the parts decreases
from American Society for Testing Materials (ASTM) 2.5
in the as-received condition to ASTM 6 at the 600 °C an-
neal. This decrease in grain size is due to recrystalliza-
tion of the copper. At higher bonding temperatures, the
grain size of the copper increases so that after 900 °C it
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has returned to ASTM 2.5. Grains continue to grow at
higher temperatures, reaching ASTM 1 after the 1000 °C
heat treatment.

B. Precision machining

The coupons were rough and finish (diamond) machined
at a commercial vendor. The heat treat condition of the
material was as received, typicaly half-to-full hard. The
drawing specification was for a critical (bonding) surface
flatness of 0.25 mm and a surface finish of 500 A Ra. An
important point to note is that the rough parts were not
annealed as was the usual procedure for NLC accelerator
cells (500 °C for 1 h in vacuum). The vendor used a dia-
mond fly-cutting operation to finish the bonding surfaces
of the coupons. Two problems became apparent when the
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FIG. 5. (Color) Inspection records of the two diamond-machined

unannealed part. Note the waviness of the surface. (b) Surface

surfaces. (a) Surface produced by diamond fly cutting of an
produced by postannealing a diamond fly-cut part. Note the

deformation due to stress relief around the center hole. (c) Surface produced by diamond turning of an annealed surface. The

flatness is less than 100 nm.
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parts were received at LLNL. First, without regard to
surface error spatial wavelength, the flatness of the fly-
cut parts was acceptable; however, there was approxi-
mately 2 mm wavelength waviness on the finished surface,
probably due to an error motion in the X machine slide.
Figure 5(a) shows an interferogram of this effect. Asdis-
cussed in Sec. Il E, this effect caused a regular gridlike,
multipoint bonding pattern where the local high points con-
tacted. The second problem was due to omitting the an-
nealing step on these parts prior to diamond fly cutting.
The result was that, as the parts were warmed during a
bonding test, the surfaces annealed and deformed, mostly
locally around the center hole probably due to high stresses
incurred during the hole drilling operation. Figure 5(b)
shows an interferogram of this effect. This second prob-
lem resulted in poor simulation of the actual NLC bond-
ing conditions and, therefore, the parts had to be annealed
and recut (turned) with diamond tools. This operation,
performed at LLNL, resulted in parts with surface figure
typically below 100 nm and finishes within the 500 A
specification. Figure 5(c) shows an interferogram of a
typical surface. For verification, a second anneal was
performed, which did not degrade the surface figure of
these parts.

C. Deburring

Small burrs were present on the edges of the parts after
rough machining. These burrs were unacceptable in that
they may interfere with the bonding operation and may
not be removed completely by diamond machining. The
present method of deburring the rough machined partsisto
hand work them with small tools to remove any of the ex-
cess material; however, this method is very time consum-
ing and can scratch the surfaces if not properly performed.
An aternate method of deburring that involves a thermal
process to flash burn off the burrs was pursued. This ther-
mal deburring process consisted of placing the parts to be
deburred into an autoclave and filling the autoclave with
a combustible mixture of gases. When combusted, rapid
thermal heating occurs and preferentialy attacks the small
burrs due to their small therma mass, burning them off of
the surface while nominally leaving the remainder of the
part unaffected.

Several copper parts were treated using this thermal de-
burring process on atrial basis[7]. The deburring process
worked well in removing the burrs, and the treated parts
were then ready for diamond turning with no further de-
burring required. However, the thermally deburred parts
caused rapid tool wear during diamond turning as com-
pared with those deburred by hand. An investigation of
this effect using x-ray photoelectron spectroscopy (XPS)
[8] showed that the surface of the thermally deburred parts
contained small amounts of chromium. It is known that
chromium will react with the diamond tool during machin-
ing [9] and is suspected to be responsible for the reduced
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tool life. The source of the chromium is believed to be
from the proprietary therma deburring process whereby
chromium was transferred from the autoclave walls to the
surface of the copper parts.

Although we did not use thermal deburring for the test
samples that were manufactured in this study at LLNL, the
thermal deburring process has potential for reducing cost in
the NLC production. However, additional studies need to
be performed in order to understand the thermal deburring
process so that it can be better controlled to eliminate the
source of chromium or any other del eterious elements from
contaminating the copper parts.

D. Brazing

A braze was designed which would join the cells and
supplement the diffusion bond in order to add strength and
provide the vacuum seal. Since brazing can be performed
on rougher surfaces than diffusion bonding, brazing could
also be used to reduce the amount of areathat would have
to be diamond machined prior to diffusion bonding. This
reduction in the amount of area that needs to be diamond
machined could be used to increase production speed and
lower the overall cost of the NLC accelerator structures.

Vacuum brazing was performed on the test samples us-
ing braze materials based on silver and gold, and these
aloys were applied by two different methods. The first
method utilized thin (25to 50 wm thick) braze alloy shims
to join the parts. The second method utilized the more
precise method of braze alloy placement by physical va-
por deposition (PVD) onto the surfaces to be joined. The
second method allowed the braze alloy to be deposited in
very thin layers (3 um for example), but is more costly to
apply than the conventional shim method.

The PVD braze aloy coatings were applied to the
diamond-turned surfaces in a vacuum chamber which
was prepumped to 1 X 1078 torr prior to backfilling with
40 mtorr of Ar. The surfaces of the parts to be coated
were first argon-ion sputter etched inside the chamber
at 1000 V dc with a1 mA current for 30 min, and then
the coatings were applied by reversing the polarity and
argon-ion sputtering high-purity targets. Coatings of pure
silver, pure gold, and pure nickel were deposited with
different thicknesses from 1to 3 wm per face. The sputter
targets measured 63.5 mm diameter and were of 99.999%
purity. The typical sputter coating operating conditions
were 350 V and 0.4 A, with a source to table distance
of 105 mm. These conditions yielded a deposition rate
of 20 A/sec as determined by profilometry across a
deposition step on asilicon witness sample. After coating,
the samples were placed in a desiccator until they were
ready to be brazed.

After application of the braze aloy, the partsto bejoined
were placed in avacuum brazing furnaceat 1 X 1076 torr
pressure, and were brazed using two different heating
methods. The first method involved furnace brazing with
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radiation heating elements that heated the parts at rates
on the order of 10°C/min to 100°C/min. The second
method involved furnace brazing with induction heating.
This method allowed heating rates up to 250 °C/min to be
used. In both cases, the joint was heated to a temperature
slightly below the braze temperature where it was held for
afew minutes for temperature equalization. The joint was
then made by heating to the braze temperature, where the
parts were held for approximately 1 min. The brazed parts
were then furnace cooled to 100 °C or less in vacuum prior
to opening the chamber.

E. Diffusion bonding

The diamond-machined copper test samples were diffu-
sion bonded by heating in vacuum using two different uni-
axial loading conditions and two different surface finishes.
The samples were heated at a rate of 15°C/min to the
bonding temperature, held at this temperature for 30 min,
and furnace cooled to ambient. Figure 3(b) showed the
diffusion bonded sample geometry having a reduced cross
section.  After bonding, the diffusion bonded samples
resembled small cylindrical tensile test bars, which en-
abled the samples to be pulled in tension to determine the
strength of the bond. Since these samples were not origi-
nally designed for tensile testing, the proportions of the
samples were not made to any standard configuration, and
the small hole bored down the center of the part further
atered the sample geometry. Nevertheless, this nonstan-
dard test geometry was useful in providing a relative bond
strength that could be used to compare the effectiveness of
different bonding conditions.

Mechanical testing of the bonded samples was per-
formed at room temperature using a screw-driven uniaxial
testing machine. The tensile strain was applied at a rate
of approximately 5 X 1073/s, and the peak load for the
joint was recorded. All samples fractured at the bond line,
and the fracture surfaces were carefully stored for later
inspection.

[1l. RESULTS
A. Vacuum brazing—sputter deposited coatings
1. Silver coatings

Silver and copper form a low melting point eutectic
aloy, which melts at 780 °C and has a composition of
28 wt. % Cu and 72 wt. % Ag [10]. Thus, the sputter de-
posited thin layer of pure silver on the copper cell begins
to react with the copper to form aliquid when the part has
been heated to the eutectic temperature of 780 °C. Thelig-
uid layer that forms will increase in thickness as the silver
layer reacts with the copper, and eventually all of the sil-
ver will be consumed by the liquid to form the braze. The
thickness of the final braze is related to the original thick-
ness of the silver layer, the brazing temperature, and the
thermal cycling conditions. If held at elevated tempera-
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tures long enough, the liquid will isothermally solidify as
silver diffuses out of the liquid and into the copper [11].

Silver coatings were applied directly by PVD to each
of the copper surfaces to be joined. These 4 wm thick
coatings were kept in a desiccator prior to bonding. The
brazing schedule consisted of heating the sampleto 770 °C
in 30 min, holding at 770 °C for 5 min, heating to 800 °C
in 5 min, and holding at 800 °C for 2 min, followed by
furnace cooling to ambient. Figure 6 shows the micro-
structure of the braze joint, indicating that a 16 wm thick
eutectic liquid layer had been created at the joint interface.
Diffusion of the silver into the copper base metal aso
occurred at these temperatures to form a 4 um wide
boundary outside the liquid zone. During brazing, poros-
ity developed in the joint (not shown in Fig. 6), which
increased the overall thickness to more than what would
be expected for this joint. In addition, it is believed that
the inherent pressure applied by the weight of the parts
(1.08 kPa) was not sufficient to keep the upper piece from
“floating” during brazing. This also resulted in contribut-
ing to the width of the joint. Later tests done on the re-
duced section joints where the average interfacial pressure
was higher (3.45 kPa) produced thin joints and seemed to
confirm this observation.

These pure silver braze results were very positive, show-
ing that thin layers of PVD deposited silver can be used
to produce braze joints under normal furnace brazing con-
ditions. However, it was determined that the interfacia
pressure of 1.08 kPa was not sufficient to produce a tight
silver joint, and additiona tests are required to determine
the minimum pressure to apply to thisjoint. It is believed
that thisjoint could be produced to the necessary thickness
repeatability for the production structure problem. Since
different locations in the stack are subjected to different
pressures due to gravity loading over the stack height,
multiple bonding tests were made at various pressures to

5‘-‘}? % g o i "

P 2 )

PR ST, AR 0 PN 5 o Gl

EAP

\
| 40 um |

FIG. 6. Microstructure of a pure silver PVD vacuum furnace
braze showing the eutectic liquid braze.
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simulate different stack locations would determine the re-
peatability of the brazing step.

2. Gold coatings

Gold-copper alloys have melting points that vary with
the alloy composition such that there is a minimum melt-
ing point at 910 °C for a composition 20 wt.% Cu and
80 wt. % Au [10]. Therefore, athin gold layer placed on a
copper surface should begin to react to form liquid when
the sample is heated to 910 °C. However, Cu and Au are
mutually soluble [10], and the diffusivity of gold in copper
is very high. These factors can result in gold diffusing far
enough away from the original joint interface during heat-
ing to the braze temperature to increase the melting point
of the joint substantially. The distance that gold diffuses
away from the interface depends on the heating rate of the
braze and the braze temperature, and can be estimated from
a simple diffusion calculation.

The diffusion of gold in copper has an activation
energy of Q = 197.8 kJ/mole and a preexponentia
coefficient of A = 0.243 cm?/s [12]. Therefore, one
can estimate the average diffusion distance that occurs
during the nonisothermal temperature spike by integrating
the diffusion distance X = 2(Dt)!/2 [13] with respect to
time, from the start to the finish of the brazing cycle.
In this expression, D is the diffusion coefficient D =
Aexp(—Q/RT), t is the brazing time, X is the diffusion
distance, R is the gas constant (8.314 kJ/mole), and T
is the absolute temperature. Heating rates on the order
of 10°C/min are typical in conventional furnace brazing,
and, under this condition, the diffusion distance of gold
was estimated to be 34 wm from the origina joint inter-
face. This estimate was made by integrating the diffusion
distance X with time, over the duration of the heating
cycle to the braze temperature of 910°C. For wm-thick
gold layers, this diffusion of gold away from the interface
dilutes the amount of gold at the interface considerably,
thus raising the melting temperature of the joint to over
100°C as indicated by the Au-Cu phase diagram [10].

1x10

1x107t Diffusivity in copper

1x1072

/s)

~

1x107°

D (um

1x10™

1x107°

6 | |
600 650 700

| | | |
750 800 850 900
Temperature (C)

|
950 1000

1x10°

FIG. 7. Comparison of the diffusivity of Ag, Au, and Ni in
copper as a function of temperature.
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This higher braze temperature a so resultsin the formation
of a braze joint which is much wider than the origina
gold layer thickness.

To help overcome the problem of gold diffusion in
copper, a thin layer of nickel was first deposited on the
copper, and then the gold was deposited onto the nickel.
Nickel was chosen as an intermediate layer for two
reasons. First, nickel has a diffusivity in copper that is a
factor of 10 lower than gold, and, second, gold-nickel has
a melting point minimum at 955 °C at 18 wt. % Ni and is
a commonly used braze aloy. Figure 7 compares the dif-
fusivity of gold (A = 0.243 cm?/s, Q = 197.8 kJ/mole),
nickel (A = 0.7 cm?/s, Q = 225 kJ/mole), and silver
(A =0.61 cm?/s, Q = 194.7 kJ/mole) in copper as a
function of temperature [12].

(a)

lﬁ"lm—|

FIG. 8. Microstructures of the PVD deposited 1 um-Ni/
3 wm-Au vacuum furnace brazes. (a) This braze was heated to
1000 °C, contains porosity, and did not clearly show evidence of
melting. (b) This braze was heated to 1060 °C to ensure melting
but produced a very wide joint and contains porosity as well.
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Multilayer coated copper samples were made that con-
sisted of a1 wm thick nickel layer deposited directly onto
the copper and a 3 uwm thick gold layer deposited onto
the nickel. Figure 8(a) shows the microstructure of one
of these brazes made from the Ni/Au multilayer. In this
vacuum furnace braze, the temperature was ramped up to
940°C in 30 min, held there for 5 min for temperature
stabilization, and then ramped up to 1010°C in 10 min
prior to furnace cooling. The joint was observed during
brazing and no visible liquid formed on the outside of the
part. The microstructure of thisjoint showsa32 umwide
light-etching region at the joint, which was caused by dif-
fusion of gold and nickel away from the origina inter-
face. There was no obvious sign of melting, even though
the temperature of the joint surpassed the liquidus mini-
mum of both Au-Cu and Au-Ni. Porosity was present as
small voids distributed throughout the central portion of
the joint where the original Au and Ni layers existed. The
source of this porosity is most likely caused by void forma-
tion when the diffusivity of one speciesis higher than that
of the other. This creates vacancy accumulation and void
formation on the side of the joint with the faster diffus-
ing species. This void formation mechanism, sometimes
referred to as Kirkendall porosity, has been observed in
copper-nickel diffusion couples [14]. In the case of the
brazes made in this study, the void formation mechanismis
more complicated since three diffusing species are present,
but the basic effect is till the same.

Since it was not clear how much of the braze shown
in Fig. 8(a) had melted, a second braze was made using
1 wm Ni and 3 wm Au coated samples but to higher tem-
peratures. In this braze, the temperature was heated to
1000 °C in 30 min, and was then ramped up to 1060 °C in
20°Cincrementsat 1 minintervals. Visibleliquid first ap-
peared on the outside of the joint at 1060 °C. Figure 8(b)
shows the microstructure of thisjoint, which indicates that
the joint had melted and there was preferential penetration
of the braze along the prior copper grain boundariesthat in-
tersected the joint. The overall width of the joint exceeded
100 wm, and porosity was observed throughout the joint.
The results of the Au-Ni braze experiments showed that
the 1 uwm thick nickel layer was not successful in prevent-
ing diffusion of gold away from the joint under typical
furnace brazing conditions. Because of this, the brazing
temperature had to be driven well above the melting point
minimum in order to melt the braze and, in doing so, the
joint widened substantially.

In thisinvestigation, the thin PVD brazes were all made
using conventional vacuum furnace brazing at relatively
low heating rates, so the effect of heating rate on the quality
of these brazes was not determined. However, one would
expect that the sputter deposited gold brazes would benefit
from higher heating rates, such as those of induction braz-
ing, where there would have been less time for diffusion
of gold away from the interface. Also, the addition of a
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Sn layer could reduce the braze temperature substantially
through the formation of a Au-Sn eutectic [15].

B. Vacuum brazing—braze alloy shims

Pure silver, pure gold, and an 82 wt. % Au—18 wt. % Ni
(Nioro) aloy shims were used in the furnace brazing ex-
periments. These shims measured 25 wm thick and were
punched to have the same diameter as the reduced section
of the test coupon (12 mm diameter). Furnace brazing was
doneon individual test coupons by heating to atemperature
20 °C bhelow the braze temperature at a rate of 75°C/min,
holding it at this temperature for 5 min, and, after a few
minutes, heating to the braze temperature. The braze was
typically completed in about 1 min at the braze tempera-
ture and then the furnace was turned off to let the sample
cool in vacuum. A second set of brazes was performed
with induction heating on the gold-containing braze ma-
terials at a rate of 250 °C/min to the soaking temperature
in order to see if higher heating rates would improve the
braze quality.

Figure 9 compares the results of the vacuum furnace
brazes using radiation heating at rates of 75°C/min. Fig-
ure 9(a) shows the silver braze that was made at atempera-
ture of 800 °C. This braze shows uniform wetting across
the diameter of the part and has a thickness of only 6 pwm.
The excess liquid from the braze was drawn to the outside
of the joint, which resulted in a joint that was thinner than
the original braze foil. This braze showed minimal signs
of porosity, and showed some solid-state diffusion of sil-
ver into the copper as indicated by the dark etching phase
that exists between the eutectic braze and the copper base
metal. Thusthe higher interfacial pressure that was used to
bond this silver joint (3.45 kPa) appeared to be sufficient
to keep the interfaces tight and the overall braze thickness
small as compared with the PVD deposited silver joints
that were bonded at 1.08 kPa.

Figure 9(b) shows the gold braze that was made at a
temperature of 1000 °C, which has a thickness of 80 um,
and is considerably thicker than the silver braze. This
braze shows signs of porosity along the centerline of the
joint, but overal it has less porosity than the sputter-
deposited gold braze. Figure 9(c) shows the Nioro braze
that was made at a temperature of 980 °C, measuring
25 wmthick. Thisbraze also has porosity which ismainly
lined up along the edges of the braze joint, but also has
some porosity at the centerline.

Figure 10 compares the results of the vacuum induction
brazes on the gold-containing braze alloys that were induc-
tion heated at 250 °C/min. Figure 10(a) shows the pure
gold braze that was made at a temperature of 1000 °C and
has a thickness of 60 wm, which is somewhat thinner than
the gold braze made at the lower heating rate. This braze
also contains porosity along the centerline, but appears to
have less diffusion of Au away from the braze joint than
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FIG. 9. Microstructures of the shim brazes made under
vacuum furnace brazing conditions with radiation heating at
75°C/min: (a) pure silver braze showing good wetting and
minimal porosity, (b) pure gold braze with centerline porosity,
and (c) Nioro braze with centerline and edge porosity.
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FIG. 10. Microstructures of the shim brazes made under
vacuum furnace brazing conditions with induction heating at
250°C/min:; (@) pure gold braze showing centerline porosity
and (b) Nioro braze with no porosity.

occurred at lower heating rates. Figure 10(b) shows the
Nioro braze that was made at a temperature of 980 °C and
has a thickness of 80 wm, which shows a small diffusion
zone of gold away from the braze joint and into the copper.
This braze looked very good, showed very little porosity,
and was significantly better than the Nioro braze made at
lower heating rates.

Overall, the vacuum brazing of the copper parts worked
well with 25 um thick shims. Although these shims re-
sulted in thicker joints in general than the PVD deposited
layers, they are much less expensive to implement. Of the
three braze alloys studied, silver created thin and uniform
brazes and worked well at both low and high heating rates.
The gold-containing alloys showed considerable diffusion
of gold away from the original interface and, in general,
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resulted in porosity along the joint. This porosity was dis-
tributed on afiner scale in the Nioro braze than in the pure
gold braze. At the highest heating rate no porosity was
observed in the Nioro joint.

C. Diffusion bonding

A series of diffusion bonds was made to determine the
relationship between bond strength and bonding parame-
ters in order to determine a range of bonding conditions
that could be used to produce satisfactory joints in high
purity copper. These tests were made over a range of tem-
peratures with two different bonding pressures and with
two different surface finishes. In these studies, the bond-
ing time was held constant at 60 min at the top tempera-
ture, following a 30 min ramp to the top temperature.
Although diffusion bonding conditions for copper have
previously been investigated [16], these conventional dif-
fusion bonding tests have been performed using high bond-
ing forces where macroscopic deformation of the parts
occurs.

As previously mentioned, the brazing or bonding pro-
cess must be repeatable for the NLC production solution.
This concept also applies to deformations either through
creep or actual yielding of the copper around the joint
during bonding. If the geometry of the cell cavity is
changed dlightly but repeatedly with cell number, it can be
calibrated. However, minimizing deformation is our first
choice and, therefore, the pressures used in this study were
kept intentionally low. The first loading condition con-
sisted of only theload of the samples themselves, i.e., with
no externa load applied. Based on the test sample weight
and geometry, the interfacial pressure at the reduced sec-
tion was 3.45 kPa (0.50 psi) when no externa load was
applied. The second loading condition consisted of apply-
ing 327 N to the test sample arrangement, which resulted
inaninterfacial pressure of 3.45 MPa (500 psi). Thisstress
results in a creep rate of 1072% per hour at 650 °C [17].
This load was applied in a uniaxial vacuum press. The
load was maintained perpendicular to the bonding surface
by transmitting the load through 4.5 mm diameter, spheri-
cal, steel ball bearings that were centered using the holes
drilled through the center of the parts.

The fabrication of the couponsis described in Sec. 11 B.
In summary, the two different surface finish conditions
consisted of (i) fly-cut parts as produced by an outside
vendor and (ii) these same parts that had been annealed at
500 °C and refinished at LLNL using a diamond-turning
operation as indicated in Fig. 5. The fly-cut parts have a
surface flatness better than 250 nm, but have a waviness
error with a period of about 2 mm. The diamond-turned
parts are more conventional in appearance, with flatnesses
in the 100 nm range and surface finish less than 500 A,
limited mainly by the tool radius effect making circum-
ferential tool grooves at the feed per spindle revolution
increment.
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A scanning electron micrograph (SEM) of the diamond-
turned surface is shown in Fig. 11. Grain boundaries ap-
peared on this surface after the annealing cycle and were
caused by athermal grooving mechanism [18]. The depth
of these grooves depends on the character of the grain
boundary and results in different depths of grooves on the
same surface.

The initial set of bonds was made using no applied
load on the diamond-turned parts, starting at 1000 °C, and
then at successively lower temperatures until a tempera-
ture was reached where the bond had no strength. This
zero-strength bonding temperature at zero applied load was
700 °C for the diamond-turned parts and was repeated for
confirmation. These results are summarized in Table Il
and are plotted in Fig. 12 (solid circles), showing that the
breaking strength of the bond was around 22000 N for
1000 °C, 900 °C, and 800 °C, but quickly drops to zero at
700°C.

The fly-cut parts that were bonded with no applied
load were then made and tested. It was determined that
these samples had bond strengths considerably less than
their diamond-turned counterparts. Figure 12 compares
these results (inverted triangles) with the other data and
shows that the fly-cut bond had a strength of 7205 N at
900 °C, whereas the diamond-turned bond had a strength
of 23796 N. The bond strength of the fly-cut parts de-
creased with bonding temperature to zero bond strength at
700 °C, which is the same temperature where the diamond-
turned surfaces showed zero strength when no loads were
applied during bonding. The next set of bonds was made
under the 3.45 MPa (500 psi) condition, and bonds were
made on both the diamond-turned (solid squares) and the
fly-cut (diamonds) surfaces. These parts showed maxi-
mum strength (~22000 N) for bonding temperatures of
700°C and higher. This is a marked improvement over
the parts bonded with no load, which had zero strength
at 700 °C for both surface conditions. Some bonds were

| 10 pm |

FIG. 11. SEM image of the diamond-turned surface. Grain
boundary grooves are visible after annealing.
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TABLE II.

Room temperature breaking strength (Newtons) for the diffusion bonded samples

having a bonded area of 1.13 X 10~* m?. DT refers to the diamond-turned finish; DFC refers

to the diamond fly-cut finish.

Bonding DT DFC DT DFC Silver
Temp. (°C) No load No load 3.45 MPa 3.45 MPa braze
400 7339
500 10497
600 11164 9964
700 0 0 19571
800 20905 2157 21528 19473
900 23796 7205 20104
1000 21039

made at temperatures as low as 400 °C, and these bonds
continued to display significantly high breaking strengths
but would not have been leak tight. Comparison of the
bond strengths made on the fly-cut and diamond-turned
surfaces indicated that both finishes produced the same
strength bond at 600 °C.

The strengths of the diffusion bonds were compared
with the strength of a silver braze in order to determine
the relative effectiveness of the diffusion bonding process.
The ultimate tensile strength of annealed oxygen-free high-
conductivity copper (OFHC) is 230 MPa[17], which cor-
responds to a breaking load of 26000 N for the 12 mm
diameter reduced-section diameter bar. Thisload is shown
as the dashed line in Fig. 12 and is approximately 10%
higher than the breaking strength of the strongest diffu-
sion bond, illustrating that diffusion bonds can attain a
mechanical joint efficiency of 90%. The silver braze was
made with a 50 wm thick foil on fly-cut surfaces and was
brazed at 800 °C. This braze had a breaking strength of
19473 N, which was similar to, but not as high as, the
diffusion bonds made at 800 °C. Therefore, it can be con-
cluded that well-made diffusion bonds can be as strong, or
stronger than, silver brazes when the bonding conditions

— —— —— — OFHC Copper — — — —
—@— 3.45 kPa, turned
° —W— 3.45kPa, flycut

1 —- 3.45 MPa, turned

; —@— 3.45 MPa, flycut
] —&— silver braze

Y

300 400 500 600 700 800 900 1000 1100
Temperature (C)

FIG. 12. Diffusion bond strength for two different bonding
pressures [3.45 kPa (0.5 psi) and 3.45 MPa (500 psi)] and two
different surface finishes (diamond turned and diamond fly cut)
as a function of temperature. The strength of a silver braze
(triangle) is shown at 800 °C for comparison.
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are correct, and can reach mechanica strengths of 90% of
the base metal strength.

The bond strength versus bonding temperature data
plotted in Fig. 12 appear to have significant scatter. How-
ever, several trends appear in the data after grouping them
into different categories of surface finish and bonding
pressure. The poorest bonding conditions were created
from the fly-cut surfaces that were bonded with no applied
load (inverted triangles). These samples had zero strength
under the 700 °C bonding condition and had only moder-
ate breaking strength (7205 N) at bonding temperatures
as high as 900°C. This makes sense since the micro-
scopic area of contact for the diamond fly-cut surfaces is
small. Only the peaks of the waviness interact, severely
reducing the bonding area that is needed to produce high
strength bonds. The strongest set of bonds was made on
the diamond-turned parts at both high and low bonding
pressures where breaking strengths of approximately
22 kN were achieved for bonding temperatures of 700 °C
and higher. At lower temperatures, bonds with moderate
breaking strengths (7.4 kN) could be achieved as low as
400 °C. These bonds were made on diamond fly-cut parts

FIG. 13. SEM image of the fracture surface of the silver brazed
joint showing a very ductile fracture.
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with significant waviness where point asperity contact
was made [see Fig. 14(b)]. Although these parts were not
leak checked, it should be noted from the appearance of
the fracture surface that only the highest strength bonds
appear sufficiently bonded to be vacuum tight, and that
the bonds made at lowest temperatures would almost
certainly not be vacuum tight.

SEM images of the fracture surfaces from the diffu-
sion bonded and brazed samples revealed additional de-
tails about the bonding mechanisms. Figure 13 shows an
SEM image of the fracture surface of the silver braze. This
braze had a very ductile appearing fracture surface that
was characterized by large dimpled areas where some of
the dimples were in excess of 100 um. Some of these
dimples were probably the result of porosity that was

FIG. 14. SEM image of the fracture surfaces from 600 °C dif-
fusion bonded parts that had been diamond fly cut. (a) Re-
gion of good bonding showing dimples spaced approximately
25 wm apart. (b) Transition region between good bonding (bot-
tom of micrograph) and poor bonding (top of micrograph) show-
ing ridge-to-ridge asperity contact in a regular array, which was
caused by the contact of machining grooves placed approxi-
mately at right angles to each other.
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present in the braze which provided preexisting cavities
that preferentialy initiated fracture.

Figure 14(a) shows the fracture surface of a fly-cut
and diffusion bonded sample. This sample was bonded
a 600°C, and the fracture surface shows an array of
uniformly spaced dimples, spaced approximately 25 um
apart. It is believed that the origin of these dimpleswas re-
|ated to the overlapping of the tool marks[not the waviness
shown in Fig. 5(a)] produced during fly cutting, where lo-
cal points of contact were created in aregular array. This
was shown to indeed be true when a fly-cut surface was
bonded with a no-axial load. This loading condition pro-
duced a bonded sample where only one-half of the sample
was bonded; Fig. 14(b) shows a micrograph of the tran-
sition region between the poorly bonded and the well-
bonded regions of this sample. In this micrograph it is
clear that the ridges from one side of the sample were

FIG. 15. SEM image of the fracture surface from 800 °C dif-
fusion bonded parts that had been diamond turned. (&) The
dimple pattern is radial, which corresponds to the machining
grooves left during the turning operation. (b) The dimple pat-
tern at higher magnification shows aternating bands of small
and large dimples.
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contacting the ridges of the other side of the sample at
nearly right angles to produce a grid of asperity contact
with a spacing of about 25 wm.

The fracture surfaces from the bonds made from the
diamond-turned parts have a different appearance from
those of the fly-cut parts. Figure 15(a) shows an SEM
image of the fracture surface of a diamond-turned part that
was bonded with no applied load at 800 °C. The magnifi-
cation used in this micrograph shows that the fracture sur-
face is made up of azimuthal rows of dimpleswith aradial
spacing of approximately 20 wm. This pattern is related
to the diamond machining grooves that created ridges and
valleys on the surface of the part. Figure 15(b) provides
a closer look at the dimples, which clearly shows alter-
nating rows of dimples of small and large diameter. This
pattern of dimples was created during fracture, where the
only bonding had occurred locally at ridge-to-ridge contact
points.

IV. CELL ASSEMBLY AND JOINING PROCESS

The current prototype design structure assembly proce-
dure consists of stacking the diamond-turned copper cells
in a V-block assembly inclined at an angle to gravity for
radial and axial positioning of the flat surfaces. The 1.8 m
long structure is later placed in a bonding furnace and
heated to a temperature of 890 °C to diffusion bond the
individual cells together [5]. As part of a group working
on structures for the NLC, the authors are considering an
aternate stacking and bonding procedure whereby alocat-
ing feature is built directly into the cells for alignment, thus
removing the need for V-block assembly. This proposed
design incorporates a step joint, schematicaly shown in
Fig. 16. The crosshatched region on the cell top view is
the only portion of the cell that will be diffusion bonded,
and a braze aloy insert will be placed on the exterior sur-
face to create a braze joint as indicated.

This design divides the responsibility for the functions
of axial and radial constraints into separate features. The
axial-normal surface constrains the axial position and ro-
tations about the axes normal to the beam axis. The two
radial constraints are provided by the interference step
joint. Rotation about the beam axis is a loose tolerance
and can be set by other means. This approach offers con-
siderable advantage in obtaining cell-to-cell concentricity
of theirises and cavities over the use of the outside diame-
ter mounted in tooling such as a V-block during structure
assembly. Theinterferencejoint will alow for larger toler-
ances on the radial locating features because errors in this
feature lead to a change in the stress in the interference
joint, not alignment (nonconcentricity) errors.

At this point, we emphasize that the proposal for a new
fabrication and assembly procedure should be taken in the
spirit of an interesting future direction for investigation and
does not represent a final or optimized design. Indeed,
much analysis needs to be done with regards to both its
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FIG. 16. Schematic illustration of the conceptual design.

specific engineering implementation and its implications
for vacuum and microwave performance.

One concern of this design is the size (diameter) of the
axial land at approximately half the overall cell diameter.
This reduction in axial bearing diameter by approximately
afactor of 2 leadsto an increasein theratio of stack height
(1.8 mfor 206 cells) to bearing diameter from 30:1 to 60:1.
This diameter change is quite important for the stability of
a compressively loaded column. However, in the current
design proposal, the axial land provides alignment for only
3 degrees of freedom for each cell-to-cell interface. After
the assembled cells are at the same temperature, the outer
interference feature will grip the adjacent cell, providing
stability viafriction until brazing has occurred at thisjoint.

We have some experience in achieving intimate contact
in face-to-face joints. The vacuum chucks that we use on
our diamond-turning lathes are designed to have near zero
tolerance for gaps between the part and the chuck, not for
vacuum reasons but rather to allow the vacuum chuck to
be used as the precision datum for facing operations on
the part. A typical acceptable error or gap between the
part and the chuck is less than 0.1 wm. The usual culprit
in cases of poor performance is particulate contamination
causing a small gap between the part and the chuck, and a
key to a successful chuck design is to minimize the inter-
facial surface area, thus reducing the likelihood for a com-
promised joint. In the current design proposal, the small
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axia land is amoderate step in the reduction of cell-to-cell
surface areaand in the likelihood of contamination causing
nonparallel cells.

Additionally, we have assembled severa cell pairs with
this method and have achieved better than 50 wrad of an-
gular misalignment between cell pairs. Thistrandatesinto
a 1.5 um tilt at the cell-to-cell interface. This is, or is
very close to, acceptable for the NL C specification, but we
feel that it is reasonable to be able to achieve better than
0.25 wm of tilt at these interfaces. Thisis an area of focus
for our current NLC program at LLNL that will result in
cell assembly tests to verify the design concept.

In this design, mating faces will be diamond turned to
finish and flatness requirements appropriate for diffusion
bonding, but only in the region around the cavity. In
previous prototype designs, the entire face was diamond
turned, whereas in this design a much smaller surface will
need to be diamond turned. This reduction in the amount
of diamond turning should lead to an increase in the over-
al production speed, which, in turn, should contribute to
an overal reduction in cost.

The reduced amount of diffusion bond area in the pro-
posed design as compared to the current prototype design
results in a diffusion bond with less strength. To compen-
sate for the reduced bond strength, we further propose to
braze the cells together after the diffusion bond has been
made. The brazing process will utilize a preplaced braze
aloy insert that will react with the copper to form aliquid
braze alloy. This braze will ensure that the joint is leak
tight and will provide the required strength to the joint. In
addition, the braze will be designed to wet around the step
joint mating surfaces to seal the assembly and to provide
additional strength to the joint.

Based on the results of the brazing and bonding studies
performed in thisinvestigation, aset of preliminary joining
procedures was developed. The procedure will consist
of assembling the cells one at a time, using differential
heating to overcome a dlight radial interference fit at the
step joint. At thistime, a braze alloy insert will be placed
a the outside diameter of the cell where the braze is to
be made. When the 206 cell stack is assembled, it will be
placed in a vacuum furnace with the appropriate fixturing
for mechanical stability and to apply a suitable end load
on the stack. Next, with the braze alloy inserts in place,
the diffusion bond will be made by slowly heating to the
bonding temperature and holding at this temperature for
the necessary time to make the bond. After the diffusion
bond is complete, the temperature on the stack will be
increased to the brazing temperature and held there for a
few minutesto allow the braze to wet the critical interfaces.
When the braze is completed, the stack will be slowly
cooled to room temperature to minimize residual stresses
and distortion prior to removing it from the furnace.

Pure silver is the first choice for the braze aloy based
on the results of the brazing studies. This aloy brazed
uniformly well under al brazing conditions and did not
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require excessive braze temperatures. If pure silver is used
for brazing, diffusion bonding will need to be performed
at a temperature less than the Ag-Cu eutectic (780 °C).
Since al bonds made at temperatures less than 800 °C
required pressure in order to create good bonds, we need
to ensure that all of the interfaces are receiving sufficient
pressure during the bonding cycle. Our experience so far
suggests that 3.45 MPa (500 psi) pressure would produce
full strength bonds at 700 °C (see Fig. 12). This pressure
can be applied through an axia load to the stack. Finite
element calculations on an assembled stack of cells show
that the stiffness of the axial load path is much higher
than that through the interference fit joint. Thus there is
little reduction in the pressure on the axia lands due to the
friction on the interference joint, which allows nearly al of
the load to be transmitted through successive cells where
the diffusion bonds are to be made.

One additional point that needs to be considered is that
the inherent weight of the stack of cells will produce a
gradient of pressures from top to bottom. Therefore, by
adding enough load to produce 3.45 MPa (500 psi) on the
top cell of the stack, cells on the bottom will have pressures
in excess of the target value. This problem can be avoided
by designing the cells to have increasing amounts of bond-
ing area from top to bottom of the stack. Since each cell is
slightly different through the stack due to other reasons, an
additional parameter that would allow variable bond areais
of little consequence. Variable bond areas may be required
if the amount of applied load necessary to produce good
bonds on the top of the stack results in excessive defor-
mation to the cells on the bottom. An aternate approach
that would require two bonding steps is also possible. In
this approach, load is applied to the stack to produce the
proper bonding pressure on the bottom cells of the stack,
which leaves insufficient pressure on the top cells. After
the first bonding cycle, the stack is inverted and a second
bonding cycle is applied, this time to produce good bonds
on the opposite end of the stack.

Since the combination of diffusion bonding and braz-
ing has not yet been performed on sample cell geometries,
there are till some fabrication issues that need to be re-
solved through additional experimentation. The major is-
sues will be the exact design of the step structure which
will need to provide the necessary alignment and allow
pressure to be distributed uniformly on the surfaces to be
bonded. Another issue will be the design of the dimen-
sions of the interfaces to be diffusion bonded. Each cell
may require different bond areas to accommodate the pres-
sure gradients that result from the inherent weight of the
stack. A third issue will be the design of the braze joint
and placement of the braze aloy inserts.

Additionally, we note that this design introduces small
periodic gapsin the damping manifold, which are designed
to carry away power coupled out from the unwanted beam-
deflection modes in the accelerating cells. If the gaps
are sufficiently narrow, the wall currents should not be
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appreciably perturbed, and thus would not be expected
to impede propagation of the TE;; manifold mode. Such
gaps, however, may imply reduced pumping efficiency for
the structure, particularly if they are very narrow. Thus,
both the microwave and vacuum characteristics of this de-
sign need to be investigated, especially as afunction of the
width of the residua gap.

V. CONCLUSIONS AND RECOMMENDATIONS
A. PVD brazes

PVD braze alloy coatings of Ag, Au, and Ni were de-
posited on copper substrates in uwm thick layers. Brazes
made with 4 um thick silver layers worked better than
the gold containing brazes under normal furnace brazing
conditions. The gold brazes displayed significant porosity
throughout the joint and, because of the high diffusivity
of gold in copper, they required brazing temperatures in
excess of 1000 °C to ensure liquid formation. It was deter-
mined that a thin (1 wm thick) nickel interlayer between
the gold and the copper was not sufficient to prevent dif-
fusion of gold away from the braze interface under normal
furnace brazing conditions (30 °C/min heating rates). The
silver brazes showed the formation of an eutectic liquid at
a braze temperature of 800 °C, with minimal diffusion of
silver away from the braze interface. However, the silver
brazes made on these test coupons with 1.0 kPa interfa-
cial pressure were relatively thick (16 xm) and contained
some large pores. It is believed that the pressure acting on
the joint was not sufficient to overcome the high surface
tension of the liquid silver copper alloy and caused the top
half of the test sample to “float” on the bottom half of the
sample. This problem could be easily solved by increasing
the pressure on the joint to help keep the two interfaces in
closer contact during brazing.

B. Braze allow shims

Successful brazes were made with Ag, Au, and Au-Ni
braze aloy shims under low and high heating rate con-
ditions. At heating rates of 75°C/min, the silver shim
brazed the best, producing a uniform braze with a thick-
ness of 6 wm and minimal porosity. An interface pressure
of 3.45 kPa was used on these parts and was found to be
sufficient to squeeze the parts together and produce asmall
amount of liquid silver-copper material on the outside di-
ameter of the braze interface. Under this same heating
rate condition, the Au and Au-Ni brazes were signifi-
cantly wider than the silver braze and contained porosity
throughout the joint. However, these joints were consid-
ered to be good leak-tight brazes with sufficient strength
for the intended application. Higher hegating rate brazes
(250 °C/min) were produced by induction brazing in an
attempt to reduce the joint thickness and minimize poros-
ity in the gold containing brazes. This higher heating rate
was successful in producing joints with less porosity, par-
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ticularly in the Nioro braze, but the overall joint thickness
was approximately the same under both the low and high
heating rate conditions.

C. Diffusion bonds

Diffusion bonds were made with two different pressures
and two different surface finishes, yielding four different
bonding conditions. Bonds were made for each of the
four conditions over a range of bonding temperatures in
vacuum. Comparisons of the bond capability for these
different conditions were determined by uniaxia tensile
testing of the bonded joints and revealed severa impor-
tant trends. First, under optimum conditions, diffusion
bonds were made that had strengths equal to or greater
than that of the silver brazed parts. Second, al bonds
made with low interfacial pressure [3.45 kPa [0.5 psi)]
had zero strength at bonding temperatures of 700 °C and
lower. Third, the fly-cut parts showed considerably less
strength than the diamond-turned parts at bonding tem-
peratures of 800 °C and 900 °C under the low bonding pres-
sure condition. Fourth, the application of bonding pressure
[3.45 MPa (500 psi)] significantly enhanced the strength of
parts bonded at 700 °C and lower, but had little effect on
the strength of parts bonded at 800 °C and higher. Fifth,
moderate strength bonds were made at temperatures aslow
as 400 °C with the application of 3.45 MPa (500 psi) bond-
ing pressure on the fly-cut parts with surface waviness. Ex-
trapolation of the bond strength with temperature indicates
that low-strength diffusion bonds could be made at tem-
peratures lower than 400 °C if necessary.

D. Recommendations for assembly

The results of this investigation show the feasibility of
a two-step diffusion bonding/brazing method for fabrica
tion on a self-aligning step-joint cell design. The proposed
process would be to assemble the stack of 206 parts with
pure silver braze alloy shims placed at the exterior of the
cell-to-cell interface. The stack would then be heated in
a vacuum furnace to the diffusion bonding temperature of
700 °C for sufficient time to make the bond (~1 h at tem-
perature) with an applied load of 3.45 MPa (500 psi). Af-
ter diffusion bonding, the temperature of the stack would
be increased to 800 °C to make the braze. The braze will
ensure that a vacuum tight seal is created around the outer
portion of the structure and will provide additional strength
to the finished assembly. The stack will then be vacuum
cooled slowly to room temperature at a controlled rate to
minimize distortion and residual stresses. We stress that
engineering details and microwave and vacuum character-
istics of this proposed design still require analysis.
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