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1. SUMMARY

The computer code for calculating web temperature distribution
has been expanded to provide a graphics output for (aT)" in addition to
numerical and punch card output.* The new code was used to examine
various modifications of the J419 confipguration and, on the basis of the
results, a new growth geometry was designed. Additionally, several
mathematically defined temperature profiles were evaluated for the
efrects of the free boundary (growth front) on the thermal stress

generation.

Experimental growth runs were made with modified J419 configura-
tions to complement the modeling work. A modified J435 configuration

was evaluated.

* . Co s .
A complete description of the computer code is included as an appendix.
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2. INTRODUCTION

Silicon dendritic web is a single-crystal silicon ribbon
material which provides substantial advantages for low=-cost manufacture
of solar cells. A significant feature of the process is the growth from
a melt of silicon without constraining dies, resulting in an oriented
single-crystal ribbon having excellent surface features. In common with
other more classical processes such as Czochralski growth, impurity
rejection into the melt permits the use of less pure "solar grade”
starting material without significantly affecting cell performance.
unique property of the dendritic web process is the growth of long
ribbons of controllable width and thickness which not only facilitates

A

automatlon of subsequent processing into solar cells, but also results
in high material utilization since cutting and polishing are not

required.
On the present contract, three broad areas of work are
emphasized:

L. The development of thermal srress models in order to
understand the detailed parameters which generate buckling
stresses. The model can then be used to guide the design of
improved low-stress web prowth configurations for
experimental testing.

2. dxperiments to increase our understanding of the effects of
various parameters on the web growth process.

3. The construction of an experimental web growth machine which
contains in a single unit all the mechanical aud electronic
features developed previously so that experiments can be
carried out under tightly controlled conditions.

Thus, the principal objective of this work has been to expand

our kunowledge and understanding of both the theoretical and experimental

aspects of the web growth process to provide a solid base for

g s o s
RO g
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substantial improvements Iin both area throughput and web crystal

quality.

During this reporting period, the new thermal model was used to
examine various modifications of the J419 configuration. These results
combined with experimental evaluation formed the basis for a new growth
design., Work continued to optimize the J435 configuration for stecady-
state growth and a modified slot geometry was evaluated.
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3. TLCHUNLCAL PROGRESS

3.1 Modeling

3.1.1 llodel Development

During the previous quarter, a new model was developed to
calculate the temperature profile in a growing web crystal.(l) The
objective of the new model was to provide a much higher resolution in
the representation of the 1lid and shield geometry of the growth system

which had been treated as wore or less lumped blocks in the previous

version. As discussed in the previous report,(l) the new model provides
for an exact geometrical representation of each 1lid, shield, and spacer
of a growth configuration. 1In this report, we discuss in more detail
the input parameters available for the model as well as the output

options.

Input options that are available for the model fall into two

catagories;: selection of the operating options of the model such as
type of output, number of cases, mode of integration, etc. and, second,
the parameters of the configuration being analyzed. A description of
the individual data cards as well as a complete listing of the program

are included as an appendix to this report.

Output options available for the program fall ilnto three

categories: 1) numerical output, 2) graphics output, and 3) punched
card output- The first and third output types were previously
available; the second output was added when it became apparent that the
second derivative of the thermal expansion coefficient times the
temperature was a useful parameter for assessing the effect of changes

in the shield elements on the thermal stress.
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An example of the numerical output is shown in Figure 1. The
first column lists the position on the web (the growth front is at 0
cm). The second column gives the calculated temprrature. The third and
fourth columns are the first and second derivatives of the temperature,
and the fifth column is (aT)". ALl distances ure in centimeters and
temperatures are in °K. In addition to thls data, two other sets of
data are listed at the top of the printout. The first, labeled VV, is
the partial pgrowth velocity of the web resulting from the heat lost from
the web crystal itself. This differs from the total growth velocity
which is observed in experiments by a contribution whicn results from
some of the latent heat being dissipated to the supercooled melt.(2) An
estimate of this total growth velocity is included as one of the input

parameters to the model.

The second set of deta included is an estimate of the critical
yield stress for the web corresponding to the first five temperature i
points. The yileld stress is simply an estimate based on an empirical k
equation from the work of Graham et al.(3)

Oyp = 2.57 x 10”11 exp(49459/T) Mdyn/cm2 (n

These critical-yield stress values can be used later when actual stress
distributions are generated by the finite element WECAN calculations.
Although the viscoelastic phenomena responsible for the observed
residual stress in the crystals i1s extremely complex, these data provide
a first estimate of possibie effects. The first four columns in the
balance of the numerical data are more or less self-explanatory in being
the positlon, the temperature, and its filrst two derivatives. The last

"

column, (oT)", is of importance since it is basically the generating
function for the thermal stress. Although the velationghip betwaen

(oT)" and stress is not straight forward near the interface where the
free boundary exerts a strong influence, it is relatively simple .

elsewhere where the Boley and Weiner approximation(4> applies: o
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Example of numerical output from new web temperature computer

code.

Figure 1.
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o, u% (3y% - w?) (am)" (2)

where E 18 Young's modulus and w is the half width of the ribbon,
Through the relationship of T" with the heat loss from the ribbon, it is
possible to correlate the behavior of this parameter with changes in the
geometry of the lids and shieclds.

Realization of the usefulness of the (oT)" parameter led to the
addition of a graphics output capability to the code. Since the end
application was to compare the (aT)" function with the geometry being
analyzed, the graphics output presents both a representation of the 1lid
and shields and the concomitart (ol)" curve. If the geometry does not
change (lid, shield, and interface position), then up to three different
(aT)" curves can be represented on the same plot., A representative
output is shown in Figure 2; the plot of the lid and shields has bacn

accented in the figure for the sake of emphasis.

The final output option from the program is a set of punched
cards gilving the nodal temperatures for use with the WECAN stress
calculations. In this optlon, there are several sub-options depending
on whether a two-~dimensional stvess calculation or a three-dimensional
buckling calculation is to be done. Further, in the two-dimensional
calculation, there is a choice as to whether quadratic or cubic elements
are employed. Also, some choice is avallable as to some of the

geometrlc features of the finite clement grid.

Thus, the program to calculate the web temperature distribution
has a great deal of flexibility in both the 1lid and shield configuration
which can be analyzed, and in the options for presenting the results of
its calculations. The flexibility of both the input and output greatly
enhance the ability of the program to assist In the analysis and design

of dendritic web growth configurations.
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3.1.2 Modelinyg Applications
3.1.2.1 "Reaiistic” Growth Confipurations

The first application of the new web temperature model was an
evaluation of variations of the J4l9 configuration (Figure 3), Of
course, the individual lids and shields were modeled rather thar the
lumped parameter "model" shoewn in the figure. For some of the
geometries evaluated, only the (oT)" curves were generated and, in these
cases, the initial peak of the curve and the final, small, and maximum
were the features of greatest interest. They are related respectively
to the extremun in the y=stress at the growth front and to the maximum
in bo, (differcnce in x-stress between center and edge) which occurs
further up the crystal. In turn, .hese stresses are related to the

residual stress in the web and to the tendency of the web to buckle.

One of the first paramecters studied was the effect of work coil
welght as 1t affected the lid and shield temperatures. Temperature data
were obtained from thermocouple measurements of the bottom lid and the
bottom and top shields; other shield temperatures were obtalned by
interpolation. Although the total range of temperature change in the
1id was only 18°K, the effect of changlng coil position was primarily
near the growth front: initial y-stress and V, (partial web velocity).
The concomitant shield temperature changes were over 60YK, but the Aoy
and the associated (uT)" peak were changed very Little. These results
indicate that the design of the lid itself is very important in
controlling both residual stress and growth speed, but does not have a
great deal ol control on the buckling.

As a follow-up, a beveled lid slot and a stralght 1id slot were
compared. The beveled confilguration was about 107 faster, but the
initial y-stress lncreased about 30%4. Again, wminimal changes occured in

the distant Ag, peak.

One geometrical parameter which did influence the Ao, peak was
the height of the snhield stack. Lnereasing the separation between

shields to give a higher stack not only moved the peak #vrther away from

9
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th. interface but decreased its magnitude. ALl other factors belng

equal, this should result in a much decreased tendency to buckle.

Other geometrical parameters investigated were the width of the
11d slot, the view angle through the shield stack, and the effect of
solid spacers between the shields, ete. It was found that decreasing
the slot width should increase the growth speed as does opening the view
angle. All of these factors also tend to increase the initial y-stress,

so that there is a trade-cif in arriving at any final design.

On the basls of all the factors studied, a new propesed growth
configuration was designed and constructed. This design, called the
"J46U" configuration (after its first trial run), was anticipated to
have low buckling tendency, although the resldual stress was
uncertain. In fact, as discussed elsewhere, this proved to be a very

successful configuration.

3.1.2.2 synthetic Temperature Profile

S

In addition to modeling existing or hypothetical lid and shield
configurations, stresses were calculated for two "synthetic" temperature
profiles that were defined as purely mathematical functions. The goal i
of these test cases was to obcaln an estlmate, and perhaps at least a
semiquantitative representation of the free-boundary end effect. The
reptlon near the growth trout is of prime importance in the generation of
plastic deformation in the web crystals and yet is a region of least
theoretical guidance in relating the temperature profile to the thermal

stresses.

The first synthetic temperature profile was a rerun of the
constant stress profile discussed in a previous report.(S) Although the
previous results were close to those predicted from simple analytical
considerations, there were several aspects where they differed. At

fivst, this was attributed to numerical effects in the WHCAN program, -

but then it was realized that the finite clement pgrid had edge elements ol

which modeled the bounding dendrites and would cause the stress fields -

11 | :
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tu depart from the ideal case of a flat ribbon. 'The temperature profile
wes re-analyzed using a mesh for a simple ribbon, and the results were
now in perfect agreement with the theoretical predictions.

As before, the effect of the free boundary extended into the
crystal for a distance approximately equal to the full wibbon width. As
an approximation, the x-stress varied as l-exp (~x2/w2), where w =
ribbon half width. Using this relation as an admittedly approximate
guldeline, it is possible to assess the relative effects of features in
the (ol)" profile near the interface.

The secend synthetic temperature profile assumed an exponential
decay of the (aT)" profile from its value near the interface. This
particular function was choseu sinece it is a reasonable approximation to
the behavior observed in models of any realistic lid/shield
configurations, although in those cases, the exponential behavior is
found only in the first 5 mm or so, The stress distribution from the
synthetic temperature case was in reasonable quantitative agreement with
the stress distributions in the interface regilon of the more realistic
cases, although of course the more distant features were quite
different. In both the synthetic and realistic cases, the actual x-
stress magnitude near the boundary was far smaller than might be
anticipated, in apgreement with the boundary effect of the constant
stress case. These results indicate that the initial (aT)” peak is
responsible for much of the thermal stress behavior at the interface,
but also that there are other factors such as the free boundary effect
which must be considered. It is also not yet clear to what effect the
peak height and the characteristic decay length of the exponential are
involved in the stress generation. These factors need some additional
runs to clarify the behavior. The final results should be applicable to
the design of lid configurations for faster growth with lower residual

stress.
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3.2 LlUxperimental Web Growth

3.2.1 Introduction

The process of developing a functional new growth configuration
follows a three-stage progression. The first stage is the thermal
nodeling, the results of which generate a design for a growth
configuration. Stress and buckling models are applied as appropriate
when the (oI)" results warrant the effort. The design 1s then
fabricated into havdware and tested experimentally. The objective of
this second phage of the progresslon is to experimentally verify the
stress behavior predicted by the model, f.e., to find how wide the
crystal can grow befnre deformation occurs. At this stage, lonp slots
which provide melt temperature profiles compatible with crystal widths
of about 6.5 cm are used., Lid and shield temperature measurements are

made to verify consigtency with the model, and modifications are made as

required to produce the desived temperature distribution in the vertical

direction. This stage involves a cross Lnteraction betwecen modeling and
experiment, The third stage of development is the adaptation of the
low-stress configuration for semi-automated growth. This phase is
largely empivical, guided by experience. It lnvolves the incorporatlon
of melt replenishment and width control provisions into the design, and
the determination of optimum shielding and coll position for good growth
at constant width and melt level, i.e., stcady-state growth, Only the
desipgns which continue to show promise through the first and second

phases reach the third phase.

3.2.2 Growth Experiments

A series of varilations of the J419 configuration were tested in
order to evaluate the effects on growth of changes in top shield spacing
and miney varliations dn slot geometry and coil position, ete. Lid and
shield temperature weasurements were made to complement the modeling
work. Growth parameters evaluated were growth velocity and residual

stress, in addition to the width at which buckling was initiated.
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In general, the only modification of the basic design which had
a positive e¢ffect on growth was a small bevel on the 1lid slot. Other
variations either had little observable effect on growth behavior or
generated a negative result. For cxample, opening the slots in the top
shields increased the growth velocity but caused the crystal to
degenerate at narrower widths. The wodel indicated that increasing the
height of the top shield stack should further reduce buckling stresses,
but this did not seem to have a significant effect with the J419 lid
configuration. Finally, on the basis of modeling results and the
experimental correlations, it was concluded that a new lLid slot geometry
combined with an extended shield stack should produce significantly
lower buckling stresses than the J419 configuration. The required
hardware has been fabricated and the design will be fully evaluated
during the next reporting period. However, preliminary indicatlions are
that the new design is indeed a major step forward in stress reduction

and width enhancement.

In parallel with the above effort, experimental growth runs with
the J435 configuration (which combines the low-stress aspects of the
J4LlY with the width-limiting capabilities of the J98M3) were continued
in the N-furnace. The objective was to optimize the furnace paramelers
for steady=-state growth. The parameters to be determined include coil

height, end shield positious, and melt level.

Having adjusted these pavameters, a number of crystals was grown
3 to 4 meters long with the width consistently saturating at 3.3 cm, the
design target for this configuration, However, at this width, a
considerable portion of cither edge of the web is growing in the dog
bone region of the slot, i.e., the full face of the web does not see a
uniform slot width. This results in a visible change in the web surface -
along the edges as compared with the central region. 1In an effort to
improve surface uniformity, a modified lower Lid was fabricated without

dog bones Lun the growth region, f.e., a stralght slot. !

14
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The‘surface of web pgrown with this strailght slot was extremely
flat and uniform. However, cthe wab crystals widened slowly and were
subject to pullout 1f not closely monitored by the furnace operator. In
one run, a 4.3 meter long, 3.4 cm wide crystal was grown, but this was
the exception rather than the rule. Thus, although the straight slot .
produces a beautiful crystal surface, it is difficult to grow a crystal
at full width. We plan a further modification such that at full width,
only the dendrites see the open Lid environment, while the full face of
the web sees a uniform slot. This arrangement should improve growth

stability while maintaining uniform surface quality.
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4. CONCLUSIONS

The new thermal model has proved a valuable tool in its ability
to accommodate complex lid and shield configurations. 1Its application
to modifications of the J419 configuration along with experimental input
has led to a new design for a low-stress growth configuration in a

systematic manner.

Semi~automated web growth has been demonstrated with the J435
configuration in the N-furpnace, although we are not yet satisfled that
this basic configuration is fully optimized for long-term steady-state
growth, Further trimming of this configuration will continue in
parallel with evaluation of the new design aimed at much greater crystal
width.

16
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5. PLANS AND FUTURE WORK
The computer code will be used for further evaluation of a new
lid design and the buckling behavior of the configuration will be
calculated: The new 1lid design will be evaluated experimentally and
modified as required.

6. NEW TECHNOLOGY

No new technology is reportable for the period covered.

17
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9. PROGRAM COSTS

9.1 Man~Hours and Costs

Man-Hours Costs
Previous 27,682 Previous
This Quarter 3,415 This Quarter
Cumulative 31,097 Cumulative

$1,232,077
162,088
$1,394,165
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APPENDIX L
Web Temperature Computer Model

1. TINTRODUCTTLON

Thermal stress and buckling modeling of dendritic web crystals
requires temperature distribution data along the growing web. Because
of the difficulty of measuring web temperature, we instead compute it
from the furnace lid and shield geometry and temperature distribution.
This computation is performed by a computer code called "RIBBON" which
integrates the required heat transfer equation for the given radiative
web environment. A description of this program and data input follows.

2. CONSTRUCTION OF MODEL

2.1 Differential ¥quation

The purpose of the RIBBON program is to determine the
temperature, T, of the growing sllicon web as a function of the
distance, x, from the lower edge of the furnace lid. RIBBON
accomplishes this task by integratiug the heat conduction equation:

dT . d (adr) _2q -
poV T T (a1}

where p = density
Cp = speclfic heat

V = web pull velocity

a = 318 Wenm
b = web thickness
é q = heat flux from one side of the web.

"N



One of the major tasks of the RIBBON program is to calculate the
geometric form factors for the term "q". A detailled discussion of this
computation is found in the last quarterly report {DOE/JPL-955843/82/6).
For the purpose of rccognizing the degree of nonlinearity of equation
A-1l, we note that q can be expressed in the form

q = OET4 + £(x),

where ¢ is the Stephan-Boltzman, E 18 the emissivity of silicon web, and
£(x) is a function of position x on the web and the geometry and
temperatures of the 1lid and shields of the furnace. Above 20 cm from
the 1lid, the web enters a chimney and thus no longer "sces" the 1lid and
shields. For a simple approximation, we say ihat it "sees" only the

+ Thus, for x » 20 cm,

amblent temperature, T,

q = oe (1% - T,%) [A=-2]

The longer the ribbon grows, the closer its temperature apprcaches the
ambient. This fact together with the initial condition that the web
starts to grow at the silicon melt temperature, T, = 1685°K, gives us

the boundary conditions !

T(xo) =T,

T(=) = T, . [A=3]

The position x = x, is the growth front and has a value equal to the

negative of the input parameter LIN in the program.

Differential equations with boundary conditions are more
difficult to solve than those with initial conditions; they generally
must be solved iteratively. Since most numerical integration routines
are written for first order equations, we transform the second order

equation (A-1l) into two first order equations with the substitutions:

21
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up = p Cp V I,/a
By = €0 Tma/(ab)
TI(1) = T/T),
dT
TT(2) = res (1/T) [A~4]

Equation A-l can be expressed now as a system of first order equations:

TTP(L) »= TT(Ll) « TT(2)

TTP(2) = up TIP(L) + ByQ

where
B e ) -

and
Q = 2q/eo . [A-5]

The nonlinearity of these equations makes tiiem unstable as small
errors in the steps of the integration are quickly magnified in the
succeeding steps. We tried several different methods of numerical
integration but found the simple fourth order Runge-Kutta method to be
the most stable. Even so i# 1s necessary to us# iouble precision to
obtain reasonable results. TIn practice, an initial slope of the
temperature is guessed. If the slope leads to a curve which gives below
the ambient temperature, then the slope is increased for the next
guess. Lf the resulting curve goes above the silicon melt temperature,
then the initial slope 1is decreased. This iteration continues until the
double precislon accuracy of the choice of initial slope 1s exhausted;
in other words, there is no way to choose an initial slope between the
high slope and the low slope since they are Zdentical to 16 places.
Generally, the integration curve does not blow up (or down) until
20 - 30 cm. In this case the integration from O to 10 cm (the length of
the buckling finite element model) is fairly accurate. If it blows up
before this length, this may no longer be true. (A smaller integration

22
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step size, HO, may improve this problem.) Also, if the integration
remains between the melt and ambient temperature for a longer length,
the integration may not be accurate because other values of the initial
slope may lead to different temperature curves which also remain
bounded. The boundary condition, T (*) = T , must then be applied.
Thus, it becomes necessary to cexamine the asymptotic expansion of
equations A-l and A-2, While the numerical integration of equation A-l
or equation A-4 starting with initial values at the melt interface will
be accurate for small values of x, the asymptotic expansion can be
expested to be accurate for large values of ». Hopefully, their reglons
of accuracy will overlap; if this is rot the case for some problems,
then some approximation to an intermediate solution might be required.

2.2 Asymptotic Expansion

For large %, it 1s most convenient to change the differential
equations A=l and A-2 into a system of first order equations with the
following substitutions:

o= pCT Ty/a

Y = 2€0 'l‘ab’/aba2

[A-6]
yp = /T,
o\ d
yp = (L/o1) 5
Thus,
dyl B
ax N1 7y
dyz 4 l‘ik“7]
el A y2+va (yl - 1)

1If one attempts a formal power series solution of equation A-7 in
negative powers of x (so that they are finite as x approaches infinity),

one would obtain the trivial solution ¥y = 1 and ¥y = 0. This solution,
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howevet, doos not glve the gencral asymptotic expansion of equation

A=7. Theory (Wolfpong Wason, Asywptotie Bxpauslons for dvdinarvy
Differential Bquattons, Totovsclence, NoY., 1965) shows that the genoral
golutlon L8 a Lunctlon of two parvameters: € exp ux(l~/f$$%$3/2 and

D erp ux(l+/§$§€?§/2, whore € and 1 arve arbitwvavy constants. Since thoe
second parametoer bocomes infinite as x approaches Inflnity, we let

D vanlsh and look for functlons of the Fflrst parameter. The substibutlon

£ = oexp Tax(L-YTFL6Y)/2)

transforms the equatlon A=6 Lnto

y, " § (1= VIFIE) = 2 vy,
7,76 (L= VEIGY) = 2y, + 2 ()" = 1) [A-8]

where the primes vepresont differentlation with respeet to the vartable

£, Wo can now scek a power series solution of cquation A-8 in the form

gy @ g+ ay (CB) Fay, ()% b .. [A=9)
yz wu 02‘. (Ct‘) "’ 1\22 (CC)& 't' )
where ajg = 1L from the boundary condition and ayy may also be chosen

equal to unity slnce C 1s an arbltravy constant. Bquating the
coeffictents of (CG)“ on both sides of equatlon A-8, wo obtain

n-1
1 -~ VI B2 )
" nln ( LHEY) 2 Z ulm az(n*m)

=0 [A=10]
P nel 2 (“/23' B
- THOY) = § : 4+ 27 | e
N By (1 LRGY) = 2 " aZ(n-m) ko2 lbn/Z k2 : bm bn“m]

ma() me
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for n even or

n-1 (n-1)/2
na, (L - YIF+16Y) = 2 méo 810 82 (nem) + 4y mzo by b [A-10]

for n odd,
where

b , 1 even

13 1(i~3)

2
£ =802y T2 .20 a

(1-1)/2

550 413 #1(1-3) , i odd

b =1

o
From these equations, the a,, and a,, are determined from the values of
21m and apn, where m < n. In this way, we find the coefficients of the
asymptotic eiyansion A-9. The radii of convergence of these power series

may be found from the formulas:
R =Lim | a /a4y | if it exists

and Lim sup | ag /a2 o = 1/R
n + «

The next steps in the procedure are to choose a value of C and then a
value of £ » 20 cm. such that equation A-9 converges. From equations A-4,
A-6, and A-9, initial conditions for equation A-5 may be found at the
value of x corresponding to that of . Equation A-5 can now be integrated
backward to x = x, using the same Runge~Kutta method as before. These
steps are interated by increasing or decreasing the choice of C

accordingly as T(xo) is less than or greater than T.
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3. COMPUTER PROGRAM INPUT/OUTPUT OPTIONS

The input parameters of the RIBBON program are divided into two
sets == the first to define the geometry and the second everything else.
In this way, Calcomp plots may be obtained for any number of geometric
configurations in each run. In each plot, up to three different graphs
(black, green, and red) of the second derivative of oT can be obtained for
different nongeometxic parameters of web growth run.* A sample Calcomp
plot is illuatrated in Figure 2. Besides the ol second derivative curves,
it diagrams the lid and shield geometry.

The following input records are read in the first data set. The
data are read in free field format with either spaces or commas separating
them. Variables beginning with I-N are integer. (except for LIN) aund all

others are double precision.

RECORD 1

..

IGRAPH

Input O if there are to be no Calcomp graphs in the run,
otherwise input 1.

RECORD 2

NS Number of geometric elements. These include the 1lid, the

shields, and their separating gaps.

Jqc = Parameter to correspond to the type of WECAN element
= 2 for quadratic elements
= 3 for cubic elements
JN = Number of WECAN elements in the x direction (generally has been
set to 23).
NE = Number of WECAN elements in the y direction (generally has been 5

for two-dimensional elements and 7 for three-dimensional ones).

*Here a stands for the thermal expansion of silicon and is represented
by ALPO + ALPL * TEMP in the program; it is unrelated to the a in
equations A6 and A7.

26
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NG = One plus the number of data sets for a given geometry.

LIN = Distance (cm) of the growth front below the lower edge of the

lid.

EMAG = Magnification of the JNth element in the x direction relative to
the first WECAN element at the growth front (generally has been
8> -

ELL = Length of ribbon modeled on WECAN in centimeters (generally has
been 10).

RECORD 3:

H(I),I = 1,.NS = Height (ecm) of ith horizontal surface above the lower

surface of the lid.

RECORD 4:

Y(I), I =0, ..., NS+l = Half width (cm) of the central gap of the ith
horizontal surface.

The H and Y parameters are illustrated in Figure 3. This completes the

first data set.

The second data set consists of the following records:

RECORD 1:

I8

1 for forward integration

= ~1 for backward integration from asymptotic expansion (not yet

implemented).
HO = integration step size (generally set to 0.01).
KOUT = 6 for printed temperature data in WECAN stress input formalism
= 7 for punched WECAN data.
KOU = 0 for no plot of the oT second derivative. i
= 1 for a plot i
EPS = emissivity of silicon web. ;;
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A = thermal conductivity of silicon multiplied by its temperature
(318 W/cm).

B = yeb thickness (cm).

Vv = web pull velocity (cm/min)

POMIN = minimum initial value of TT(2). If not known, set to -l.

POMAX = maximum initial value of TT(2). If not known, set to -0.01.

CMIN = minimum value of the parameter in equation (A-9). If not known,
try 1.

CMAX = maximum value of the parameter C. If not known, try 20.

RECORD 2:

T8¢(1),I =1, ... , NS+l = Temperature (degrees Kelvin) of the ith
geometric element.

These RECORDS 1 and 2 may be repeated up to a total of three sets. The

data sets 1 and 2 can be repeated an indefinite number of times.

28
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