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ABSTRACT ‘

In this work, high-energy electron beam brazing of a ceramic
part is modeled numerically. The part considered consists of a
ceramic cylinder and disk between which is sandwiched an annular
washer of braze material. An electron beam impinges on the disk,
melting the braze metal. The resulting coupled electron-photon
and thermal transport equations are solved using Monte Carlo and
finite element techniques respectively. Results indicate that
increased electron beam current decreases the time required to melt
the braze while increasing temperature gradients in the ceramic
near the braze. Furnace brazing was also simulated and predicted

results indicate increased processing times relative to electron

beam brazing.
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NOMENCLATURE

A exposed surface area

c modified specific heat

c* specific heat

E particle energy level

Ey electron beam kinetic energy

H height of alumina and braze part
i beam current

k thermal conductivity

L height of computational domain
n surface normal

P power

energy deposition rate per unit volume
furnace to assembly surface heat flux

Kajptal

o
i1)
<

radial coordinate
particle location
radius

particle source term
time

R

T
\%
z

temperature
volume
axial coordinate

Greek Symbols

ATy,se  braze to base temperature difference, (Ty, - Thage)
€ emissivity

¢ particle flux

9! unit vector describing particle direction of travel
A latent heat of fusion

p density

c Stefan-Boltzmann constant

Z, absorption cross-section

2 scattering cross-section

0 dimensionless temperature, (T - T;))/(Ty - Tip)
Subscripts

abs absorbed

b braze

base  .base, locatedatr=R;,z/H=1

beam  beam

c chuck

cd electron-photon transport computational domain
eb electron beam

f furnace

i inner

in ‘initial

4 liquidus

m melting

max maximum

o outer




off power off

s solidus
sur surroundings
INTRODUCTION

Ceramics are being used increasingly in applications where
high temperatures are encountered such as automobile and gas
turbine engines (Frankhouser, 1987; ASM, 1991). However, the
use of ceramics is limited by a lack of methods capable of
producing strong, high-temperature-resistant ceramic-to-ceramic
joints. This is, in part, because many ceramic-to-ceramic joining
techniques, such as brazing, require that the entire assembly be
exposed to temperatures greater than their expected service
temperature during processing to ensure that the braze metal melts

(Schwartz, 1987). One such brazing method involves heating the’

part in a vacuum furnace. In a number of applications, the ceramic
assembly encloses temperature sensitive components (such as
electronics). Additionally, the joined materials may be damaged
by high furnace temperatures (Hammond, et al., 1988). Thus, for
furnace processing, low melting temperature braze materials must
be used.

Alternatively, localized heating using lasers or high-energy
electron beams (energies between 1 to 10 MeV) may be used to
selectively heat the braze metal with neighboring components
remaining relatively cool (Schwartz, 1987; Goodman et al., 1995;
Turman et al., 1995). Electron beam processing has an advantage
over laser processing in that the beam can be “"tuned" (by
adjusting beam energy) to induce volumetric heating at locations
within the part which cannot be reached by a laser beam (Goodman
et al., 1995). Additionally, electron beam processing is expected
to be ten to twenty times cheaper than laser processing (Turman,
1992).

A disadvantage of using localized heating relative to furnace
processing is that large temperature gradients produced in the part

ay crack the ceramic. Lower heating rates may be used to reduce

gradients and minimize cracking at the expense of increased
production time. Additionally, since the braze must still reach its
melting temperature, lower heating rates result in increased
volume-averaged part temperature, reducing the advantages of this
method relative to furnace brazing.

In this work, high-energy electron beam brazing of a ceramic
part is modeled numerically. Parametric simulations are performed
to investigate the effect of electron beam' current {and hence
absorbed power) on the assembly's thermal response. To assess
the advantages of electron beam brazing, the predicted thermal
response of the brazed part is compared to the response for furnace
processing.

NUMERICAL MODEL

The geometry is illustrated in Figure 1. The geometry and
dimensions of the-assembly were designed to simulate a process
under development at Sandia National Laboratories. The assembly
consists of the ceramic (alumina) "part” mounted on a 7 mm thick
disk of zirconium dioxide and a 6.4 mm thick aluminum chuck
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Figure 1 - Schematic of the geometry and computational
domain.

both of radius R, = 50.8 mm. The zirconium dioxide serves as

thermal insulation and as an absorber for stray electrons while the
aluminum disk provides mechanical rigidity for the assembly.
The part consists of an alumina tube (R; = 7.62 mm, R, = 12.7
mm) and a disk 5.08 mm thick between which is sandwiched a
braze washer (composition 45 wt% Ag, 15 wt% Cu, 16 wt% Zn,
and 24 wt% Cd) 0.2 mm thick. The part height, H, is 30.7 mm.
For the analysis, the assembly and boundary conditions are
assumed to be axisymmetric. Properties of the assembly materials’
may be found in Table 1.

The thermal response of the assembly was predicted using a
one-way coupled electron-photon transport-thermal analysis. The
electron-photon  transport model computational domain
incorporates the entire geometry as shown in Figure 1, while the

-thermal model computational domain is shown as the shaded

region in the figure. The larger domain for the electron-photon
transport problem was required to allow particle transport between
assembly components which are separated by intervening voids.
Coupling of the thermal and electron-photon transport response
was accomplished by first predicting the temperature independent
electron-photon transport within the assembly using a Monte
Carlo code. The resulting energy deposition rates were then
mapped onto the finite element nodes for the thermal analysis as
energy generation terms. A brief description of the governing
equations is provided below. '

Energy deposition resulting from electron beam irradiation is
simulated by coupled electron-photon transport. The transport of
photons and electrons is governed by the time-independent




Table 1 - Properﬁes used for the predictions.

*

material k c T,/T
p s/ 1y A €
(WimK) (/kgK) (kg /m3) X (kJ/kg)
alumina? 25.6 795 3720 - --- 0.6
aluminum® | 237 903 2702 0.03

braze® 280 280 | 9120 | 880 112 0.3

891
zirconium | 2.1 628 | 5700 - - 0.6
dioxided

a Wesgo, 1993 .

b Incropera and DeWitt, 1985

c

d

Glass, 1995d
Touloukian, 1967

Boltzmann equation which, in conventional integro-differential
form, is given by:
)
[f)ov+):s(f,E)+Za(?,E)](p(f,E,f2)=
R - . . @
SG.E,Q)+ [dQ’ [dB’ (B’ - B,Q' - Q)9(F,E,2)

where fZ t, and E are the particle direction of travel, location,
and energy, respectively, and primed terms represent inscattered
quantities. The source term is S(r,E,ﬁ), while (p(r,E,fZ) is the
particle flux, and Z4(r,E, f)) and X4(r,E, ﬁ) are the absorption and
scattering cross-sections respectively (Irving, 1971; Williams,
1971). The assumption of time independent transport is valid
when incoming electron beam flux variations are negligible
(Williams, 1971). Deterministic methods such as discrete
ordinates obtain the solution via direct discretization of Eq. (1).
In the Monte Carlo method used here, the Boltzmann equation is

recast in integral form. Derivation and discussion of the resulting

Monte Carlo form of the equations is left to the literature (Irving,
1971y - e ‘ T
In the present application, electron-beam energy deposition
was simulated with the CYLTRAN code of the Integrated TIGER
Series (ITS) code system (Halbleib et al, 1992). The ITS system
combines conventional microscopic (single scattering) Monte
Carlo for photon transport with a macroscopic random walk: for
electron transport (Berger, 1963; Berger, 1988). Coupling of the
two species is complete in the sense that the. physical model
includes all relevant processes for the production of photons by
electrons and the production of electrons by photons. In addition
to elastic scattering, electrons and positrons (electron
antiparticles). can produce knock-on electrons, bremsstrahlung
photons, annihilation radiation, and fluorescence photons and
Auger electrons following electron/positron impact ionization.
In addition to elastic (coherent) scattering, photons can produce
electrons via incoherent scattering, electron-positron pairs via
the pair-production interaction, and photoelectrons, fluorescence
photons, and Auger electrons through photoelectric absorption
(Halbleib et al., 1992).

The incoming electron beam was modeled as an annular
source of uniform, mono-energetic, 10 MeV electrons, normally

incident to the part's surface at R; <r<R,, z= 0 (see Fig. 1). The
remaining boundaries are specified as non-reentrant (i.e.,

electrons leaving the electron-photon transport computational
domain are lost). The beam was on until the braze temperature, Ty,

-at a location in the center of the braze washer (braze temperature

varies spatially by less that 1 K due to its relatively high thermal
conductivity, see Table 1) reaches Ty = T, + 25 K. In the actual
brazing process, Ty is chosen to ensure wetting of the braze and

ceramic parts (Schwartz, 1987). However, since the complex
wetting dynamics are not modeled here, T4 is chosen simply to

ensure that the entire braze volume reaches T,.

The equation governing thermal energy transport is:

12 oT\ of(, oT oT
;g;(kf'a—r)"'é'z'(k—a;) Gdep =P 3T )]

Braze solid-liquid phase change was modeled by varying the
braze specific heat to account for the latent heat of fusion as:

C=C*+7\/(TS-TK) TZSTSTS (3)

c=c¢"  otherwise

where T, and T; are the liquidus and solidus temperatures

respectively.

Assuming that the apparatus is enclosed in a vacuum and is
radiatively insulated (with a radiation shield) only during the
heating phase, the thermal boundary conditions are modeled as
insulated for t < t,g and as:

dT/on =0 r=0;0<z<L: internal surfaces

“

KoT/on = eo(T* - T )*n  elsewhere

for t > tyy to allow cooling of the part (having removed the

radiation shield). The domain is initially at Tj, = 298 K while the

surrounding temperature, Tg, = 298 K.

The thermal analysis was performed using COYOTE 1II
(Gartling and Hogan, 1994). COYOTE Il is a finite element code
for solving the non-linear, heat diffusion equation.

Numerical experiments were performed to determine
sensitivity of the results to mesh size. The number of elements,
for the electron-photon transport and thermal analysis, were
doubled simultaneously until 8y, changed by less than 1
percent between subsequent mesh refinements. A total of 440
Monte Carlo elements and 2200 quad elements where found to
satisfy these requirements and were used for the following
analysis. Finally, the Monte Carlo simulations presented here
incorporated 400,000 electron histories resulting in an estimated
1-¢ statistical uncertainty of approximately 1% over most of the
geometry.
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Figure 2 - Distribution of energy deposition rate per unit beam
currentin the partatr = 10.2 mm, 0 < Z/H < 1. Units are in
W/mm3epA, j

RESULTS AND DISCUSSION

Parametric simulations for a range of beam currents, i, have
been performed. Beam currents from 20 to 100 pA are
investigated here as they are typical of the range of commercial
beams available (Turman et al.,, 1995). Predicted energy
deposition rate results are discussed first. Reference case thermal
analysis results are then presented followed by a comparative
study of the effect of beam current on the assembly's thermal
response. Finally, a comparison of the thermal response of the
part for both electron beam and furnace processing is made.

Electron Beam Energy Deposition

Figure 2. shows the energy deposition rate distribution in the .

alumina and braze at r = 10.2 mm (halfway between R; and R,).

Since beam power is given as Pyeay, = Eyi, power absorbed by the

part, Puyg, and thus q"gep, scale linearly with beam current.

However, because not all beam energy is absorbed by the part,
Ppeam and Py, are not equal. Note that P, may be calculated by

integrating q"'g,p Over the computational domain volume as

"

Pabs = [QaepdV ®)
Ve :

yielding P, = 8.283 i W, where beam current has units of pA.
Thus, for a beam energy of 10 MeV, P,p/Ppoay = 0.8283 (of

course, this result is dependent on assembly geometry and
materials).

Figure 2 indicates that the maximum energy deposition rate
occurs in. the braze material due to its higher atomic number
relative to the alumina, resulting in more rapid heating of the
braze. Energy deposition decreases with increased z/H for z/H >
0.17 as the electron beam energy is attenuated. Figure 3 shows

il

0.2x1073 ™~2.2x103

Figure 3 - Contours of energy deposition rate per unit beam
current within the cylindrical section and cap. Contours are in
0.25 x 103 W/mm3epA increments.

the energy deposition rate contours in the alumina part. Note that
the deposition contours are quite two-dimensional within the
ceramic. The radial variations of "y, are attributable to i)

portions of the beam which scatter out, and are reflected back into
the part from the axis of symmetry (note the 0.2x103 W/mm3
contour) and ii) more particle-material interactions in the internal
regions of the ceramic relative to its sides.

Reference Case Thermal Response

The 100 pA case was arbitrarily chosen for the reference case.
Figure 4 shows the reference case thermal hlstory for the braze
temperature, Ty, base temperature, Ty,e, and braze-to-base
temperature difference, ATy,ee, as solid, short dashed and long
dashed lines respectively. The T, and Ty, locations are

illustrated in Fig. 1. Also shown in the Fig. 4 are the time the
electron beam is turned off, tog, and the liquidus and solidus

temperatures, T and T, respectively.
During the heating phase, Ty, increases rapidly, with oTy/dt

decreasing as time progresses due to conductive losses to the
cooler portions of the assembly. Once Ty, reaches T,g the

electron beam is turned off and the part cools radiatively. Note
that during the heating phase dTpae/0t is lower than dTy/dt,

resulting in Ty,ee < Ty, throughout the history. This difference in
the Ty, and Ty, thermal response is a result of the localized nature
of electron beam heating and the effect is further illustrated by
ATy Initially, the assembly is at room temperature and ATy,
is zero. After the electron beam is turned on (t > 0) ATy, begins
to increase and reaches a maximum of approximately 500 K at t =
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Figure 4 - Reference case (i = 100 pA) thermal response
showing braze and base temperatures, and braze-to-base
temperature difference histories as solid, short-dashed and
long-dashed lines respectively.

tosf = 18 5. After tog, part temperatures equilibrate and ATy,
approaches zero. '

Detailed Thermal Response for All Cases

Figure 5 (a) shows the braze and base temperature thermal
histories for i = 20, 35, and 100 LA and several trends are evident.
As with the reference case, at any given i, dTp/dt > 0Tp,e/0t. The
effect of increasing beam current is to increase dTy/dt and
0Tpase/0t, resulting in a corresponding decrease in Thase,max 25

processing times decrease. 'Once Ty, reaches T, the electron

beam is turned off and the part cools radiatively. )

Figure 5 (b) illustrates--the -effect of i -on temperature
differences across the part. As i decreases from 100 to 20 pA,
ATyase max decreases by approximately half. This reduction in
ATpase,max i due to increased thermal diffusion (due to increased
heating times), resulting in more uniform part temperatures
relative to the reference case.

Part temperature distributions for i = 20 -and 100 pA are
shown in Figure 6 (a) and (b) respectively. Results are for the time
when Ty, first reaches T, (t = 148.3 s and t = 16s for 20 and 100 pA
cases respectively). A minimum and a maximum contour is
indicated, and each intermediate contour represents a 20 K and 50
K increment for.the 20 and 100 pA cases respectively. The
location and value of the maximum temperature in the part is also
shown. The figure again illustrates the increase in temperature
gradients_in the part with increased beam current. Temperature
differences of approximately 250 K and 500 K from z/H = 0 to 0.8
for i'= 20 and 100 [LA respectively are indicated in the figure.
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Figure 5 - Transient thermal response histories for (a) braze
and base temperatures (solid and dashed lines respectively)
and (b) braze-to-base temperature difference for the 20, 35,
and 100 pA cases.

Comparison to Vacuum Furnace Processing

In the previous discussion, it has béen shown that electron =

beam processing is capable of producing very localized heating.
To emphasize the advantages of electron beam processing relative
to standard ceramic-to-ceramic brazing techniques a comparison is
made to vacuum furnace brazing.

Furnace brazing is modeled by assuming that the entire
assembly is subjected to a uniform heat flux (the heat transfer
mode is not specified). Thus the thermal boundary condition due
to furnace heating is

kL g en ®)
on

where q"¢ is the furnace supplied surface heat flux. Equation (6) is

applied to all boundaries except the axis of symmetry which is
assumed to be adiabatic as before. The furnace supplied heat flux,
q"s, is evaluated as follows '

In order to make a comparison between electron beam and
furace heating, the electron beam power absorbed by the part, as
evaluated using Eq. (5), is set equal to the power supplied by the
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Figure 6 - Part temperature contours (in Kelvins) at t = t, for

(a) the i = 20 pA and (b) the i = 100 pA cases. A minimum and a
maximum contour is shown and temperature increments are 20
K and 50 K for (a) and (b) respectively. Maximum
temperatures for each case are also indicated.

furnace. Utilizing Eq. (5) Py = 166, 290 and 829 W for the 20,
35 and 100 pA cases respectively. The comparable furnace heat
flux is calculated as q"¢ = P,,/A where A is the assembly's exposed
surface area(1.123x10* mm?). The resulting values for g are
then 0.01476, 0.02583 and 0.07379 W/mm? for the 20, 35 and
100 pA cases respectively. Note that q"¢ = 0.07 W/mm? for actual
furnace processing (Schwartz, 1987). An additional case of i = 60
HA (Pays = 497 W, q'¢ = 0.04427 W/mm?) is introduced for
completion. ‘

The thermal responses for the electron beam reference case
and the corresponding vacuum furnace case (P, = 829 W) are

shown in Figure 7. Figure 7 (a) compares furnace and electron
beam Ty, (solid line) as well as Ty, (dashed line) histories and
shows that during the heating phase, electron beam processing
induces significantly greater braze heating rates. This is because
electron beam heating increases the temperature of less assembly

mass relative to the furnace case. Note, also, that although the
electron beam case's 9Tp,e/0t is greater than that for furnace

processing (over most of the process history) Tyaeemax for the
electron beam prdcess is less than that for furnace processing as
processing time has decreased. Figure 7 (b) shows ATy, further
demonstrating the localized heating produced by electron beam
processing relative to furnace brazing. The electron beam ATy,
max i8 3.3 times that of the furnace case. The remaining furnace
and electron beam case ATyu5e max Values are shown as a function

of absorbed power in Figure 8. It is evident from the figure that
increased Py, results in an increase in the difference between

furnace and electron beam ATq,ce max-
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Figure 7 - Comparison of reference case electron beam and
vacuum furnace transient thermal response histories for

(a) braze and base temperatures (solid and dashed lines
respectively) and (b) braze-to-base temperature differences.

o electron beam

soo | X fumace o i

400 - 4

ATbm’ max K

%6 250 500 750 1000

Pabs (W)

Figure 8 - Comparison of electron beam and vacuum furnace
maximum braze-to-base temperature differences for a range of

" absorbed power.
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Figure 9 - Comparison of electron beam and vacuum furnace
time to melt for a range of absorbed power.

Because processing time can affect final part cost, significant
effort has been devoted to reducing furnace processing time
(Schwartz, 1987). It is therefore of interest to compare electron
beam and furnace processing times. Figure 9 (a) shows the time
required for the base to reach melting, t,;, (assumed to be the time at

which Ty, reaches Tg), for both electron beam and furnace
processing. As P, decreases, both electron beam time-to-melt,
tmepb and furnace time-to-melt t;, ¢ increase as expected. Note that
tmeb and t, ¢ diverge as Py, decreases, with furnace heating
requiring approximately 4 times longer to reach T, at Py, =
166W. ‘

CONCLUSIONS

A numerical model has been used to investigate the effect of-

beam current on. the thermal response of a ceramic part. during
high-energy electron beam brazing. For the part considered, the
results show that increasing beam current increases braze heating
rate, decreasing time to melt . These increased heating rates
correspond to more localized braze heating, and increased
temperature differences across the part. This localized heating is
advantageous from the standpoint of a cooler overall part,
however, it may result in cracking problems due to high
temperature gradients near the braze. For this reason, a study of
the thermomechanical response of the part is recommended for
future study. Finally, furnace brazing was also simulated and
results show that this popular brazing method demonstrated
increased melting times relative to electron beam brazing for a
given power input, suggesting that processing times can be
reduced with electron beam brazing.
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SECTION 9. Printing (12615/8535), Video (12614/8275), or T!ch Art (12616/8536), review of public communications only
(MS 0104/9021, 0551/9131, 0409/9021)

DOE approval received

Signature » » Date

SECTION 16. Technical Publications (12613/8535) review (MS 0619/9021)

Signature MMQ;M MR 13 19%
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Combines previous
varsion ol DOE

- OMB Control No.
1910-1400
OMB Burden

F1azisand.c OF DEPARTMENT OF ENERGY (DOE) SCIENTIFIC AND TECHNICAL INFORMATION (STi) s

All other sditions are

e (See instructions on reverse side. Use plain bond paper if additional space is needed for explanations.)
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PART | (DOE, DOE Contractors, Grantees, and Awardees complete)

Statement on
raverse side

A. Product/Report Data

1. (Award) Contract No DE-AC04-94A185000

2.Title . Thermal Response of Ceramic Components
_During Electron Beam Brazing

3. Product/Report Description
O a. Report (Complete all that apply)
(1) O Print O Nonprint (specify)
(2) O Quarterly O Semiannual O Annual O Final
0 Topical O Phase | O Phase i
3 Other (specity)

Dates covered thru
& b. Conference/Meeting/Presentation (Complete all that apply)
(1) O Print 8 Nonprint (specify)
O Published proceedings
0O Other (specify)

O c. Software—Additional forms are required. Follow
instructions on the back of this form.
0 d. Other (Provide complete description)

B. Patent Information

Yes No

O Kl isany new equipment, process, or material disclosed?
If yes, identify page numbers

O B Has aninvention disclosure been submitted?
If yes, identify the disclosure number and to whom it was
submitted. Disclosure number
Submiited to : :
0O X Are there patent-related objections to the release of this STI
product? If so, state the objections.

(2) Conference Title (no abbreviations) _1996 National

Heat Transfer Conference

Location (city/state/country) Houston, TX

Date(s) (m/diy) _8 103 [96 thru (mdsy)_8 105 196_
Sponsor _ASME

C. Contact (Person knowledgeable of content)
Name T. W. Voth

Phone _(505). 844-6004
Position
Organization 9113, i ional Laboratories

PART Il (DOE/DOE Contractors complete/or as instructed by DOE contracting officer)

A. DOE Identifiers

1. Product/Report Nos. SAND96-0725C

2. Funding Office(s) (NOTE: Essential data) YN010000000

B. Copies for Transmittal to AD-21 (OSTI)
(STI must be of sufficient quality for microfilming/copying.)

0 1. One for classified processing

02. ... .. (number)for standard classified distribution
& 3. Two unclassified for processing
O4. ... (number) for program unclassified distribution

0 5. UC/C Category

0 6. Additional instructions/explanations

(Do not identify Sigma categories for Nuclear Weapons Data reports,
and do not provide additional instructions that are inconsistent with C
below.)

C. Recommendation (“x"at least one)

& 1. Program/Standard Announcement/Distribution
(Available to U.S. and foreign public)

O 2. Classified (Standard Announcement only)
O 3. Special Handling (Legal basis must be noted below.)
0 a. Unclassified Controlled Nuclear Information (UCNI)
O b. Export Control/ITAR/EAR
0O c. Temporary hold pending patent review
O d. Translations of copyrighted material
O e. Small Business Innovation Research (SBIR)
O f. Commercializable information
O (1) Proprietary
O (2) Protected CRADA information
Releasedate ...__.[..__[ .
O3 (3) Other (explain) _

0 4. Program Directed Special Handling (copy attached)

D. Releasing Official
A. Patent Clearance (“X" one)
O Has been submitted for DOE patent clearance
3 DOE patent clearance has been granted
B. Released by
(Name) .
(Signature)
(Phone)

(Date) . // g / 96 .

(505) 84582




