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SUMMARY

Complete results, from raw data to interpretation to recommend-
ations, of a program to investigate the use of multiblade slurry
sawing to produce silicon wafers from ingots are presented in this
report,

During the course of this program, the commercially available
"state of the art" process was improved by 207 in terms of area of
silicon wafers produced from an ingot. The process was improved 34%
on an experimental basis. Production of 20 wafers per centimeter
length of 100 mm diameter ingot is now possible on a production basis.,

Economic analyses presented show that further improvements are
necessary to approach the desired wafer costs, mostly reduction in
expendable materials costs. Tests which indicate that such reduction
is possible are included, although demonstration of such reduction
was not completed.

A new, large capacity saw was designed and tested. Performance
comparable with current equipment (in terms of number of wafers/cm)
was demonstrated. Improved performance was partially demonstrated,
but problems (both mechanical and of unknown origin) precluded full

demonstration of improved performance,

vii
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1.0

INTRODUCTION

The process of slurry sawing is 20 ancient one: 1{ts origins
are prehistoric., The basic elements are relative motion between
a workpiece and a blade or blades, generally toothless, and the
introduction of an abrasjve, carried in a 1iquid, which performs
the actual cutting., The process was probably originally developed
because the blade can be much softer than the workpiece.

Varian Assocfates (and our predecessor, National Research
Corporation) have been manufacturing slurry saws for almost two
vecades. Over 800 of the model 686 {recently replaced by the
similar model 7176) are being used in various industries slicing
materials ranging in hardness from hard steels to almost fully
dense alumina, Our experience with these varied materials has
allowed us to select materials and operating conditions that are
workable for almost any desired and possible result. Optimizing
the process for a given material and desired result still requires
experimentation,

Some features of the process as used in Varian equipment are

as follows. Precision rolled AISI 1095 steel blades, fully hardened,

are assembled into a blade package by alternating blades with
precision rolled, fuliy hardened AISI 1095 steel spacers at each
end of the blade as shown in Figure 1, (Multiple blades must be
used because the relatively slow material removal rate must be
offset by cutting multiple wafe.: simultaneously.) Blades range in

thickness from 150 ym (,006 in.) to 250 um (.010 in.), and spacer
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thicknesses range from 300 um (.012 in.) up. The blade package
is held together temporarily by either glue or pins passing
through the spacers and clamping the assembly.

The blade package is inserted into a bladehead, the spacer
stacks are compressed to provide frictional blade clamping (patented)
and the blades are stretched to 1,33 x 10°® N/mm? (1.93 x 105 psi).
This elongation is necessary to add to the stability of the blades
and prevent "wandering" as the cut progresses. Since the bladehead
reciprocates on hand-scraped ways to provide the relative blade-
workpiece motion, the next step is to align the blades precisely
relative to the stroke direction,

With the blades installed, the workpiece is glued to a glass
or ceramic submount which is glued to a workholder. The workholder
is then clamped to a vertical feed mounted below the bladehead. The
feed is raised pneumatically until the workpiece contacts the
blades.

A slurry is now poured over the assembly. This slurry consists
of an oil-based vehicie (usually PC oil, manufactured by Process
Research Corporation) mixed with silicon carbide abrasive (boron
carbide is sometimes used with harder workpieces). Useful abrasive
sizes range from #320 to #1000.

With the bladehead reciprocating, the pneumatic feed providing
a constant cutting force, and the slurry providing cutting action,
the workpiece is abraded away. The blades usually wear much more
slowly that the workpiece, but have a finite lifetime. The slurry

also has a finite lifetime because of debris accumulation, and no
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commercial application has yet found it profitable to separate
and reuse the oil and abrasive. Thus, oil, abrasive, and blades
are "expendables" and their lifetime can affect the economics
of optimization significantly.

The slurry sawing process has several characteristics which
make it a promising method for production of silicon wafers
(from ingots) for solar cells. The machinery is simple and
relatively low cost. It requires little skill to operate
(although skill is required in setting up the machine). Once
running, it requires little operator attention. In many cases,
the "kerf loss" or amount of waste material is significantly
lower than with other methods, which is a very important factor
in the manufacture of solar cells where the wafer cost is a large
portion of the final device cost.

With these facts in mind, a study was undertaken under the
auspices of the LSA project, administered by the Jet Propulsion
Laboratory. This study included several phases, which were:

1. a parameter and potential study, in which we investigated

the effect of various parameters and assessed tne state of the

art and potential of slurry sawing as applied to slicing 100 mm

(4 in. nominal) diameter silicon ingots; 2. an equipment design
and process modification phase, in which we designed, fabricated,
and tested new equipment (specifically a large capacity saw) and
tested process modifications which showed potential to reduce the
cost of wafers. Concurrently with these studies, economic analyses

were performed to assess the results and guide further work.,
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This report is the final report under the current contract.
In the interest of maintaining a logical progression, the first
section covers Phase I, the second section discusses the
economic analysis and its implications, and the third section
covers the actions taken in Phase II as a result of the economic

analysis.
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2.0 PHASE I: ANALYSIS

2.1 Efficiency of the Cutting Process

It is desirable to obtain a measure of how well the microscopic
cutting proces: works. This is difficult to do directly, because
the cutting interface cannot be observed directly. An indirect
measure, which we call "efficiency", has been developed and proved
useful.

The development of the efficiency parameter begins with the
theory of abrasive wear ]. An abrasive particle is modeled by a
conical indenter described by an angle ¢ as shown in Figure 2.
Under a small load AL , the indenter generates a contact area

related to the load and work material hardness, H ,
wr? = AL/H (1)

The projected area of the indenter below the work material surface,

in a plane perpendicular to that surface, is

Ap = rx = ritand (2)

Ernest Rabinowicz, Friction and Wear of Materials, John Wiley &
Sons, New York (1965).
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If the indenter is moved laterally by an amount d& , the volume
of work material swept out by the indenter will be

dv : A de (3)

Substituting for A_ from (2) and r? from (1),

p

dv/de = ALtano/ (mH) (4)

Equation 4 is an idealized removal rate for a single grain, If
there are multiple cutting grains under a total load L with

some average indenter geometry tand |,
dv/de = Ltand/(mH) (5)

Note that if tam® is calculated from Equation 5 using
experimentally measured values, then tan® is a measure of how
well the cutting process is working at a given load, material
hardness, and sliding distance. This is because tan® is
affected not only by abrasive geometry, but also by all factors
other than load, hardness, and sliding distance which affect the
cutting process.

However, Equation 5 is not directly suitable for measuring
the efficiency of slurry sawing since, as discussed below, the
cutting is non-planar and forces which do no work affect the

cutting significantly.
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In order to develop an efficiency parameter for slurry
sawing, it is first necessary to develop an expression for the
cutting rate in planar abrasive wear. In terms of the rate of
relative motion d&/dt and the total nominal area of contact
A, as shown in the lower half of Figure 2, the cutting rate

dz/dt is

dz/dt = (dV/dl)(dl/dt)(l/Ao) (6)
Substituting for dV/de from (5),

dz/dt. = (de/dt)(1/A )Ltand/ (vH) (7)

In slurry sawing, the shape of the wear trough is similar
to that shown in Figure 3. Since the applied load L is not
normal to the cutting surface, the previous equations are not
directly applicable., Physicaily, "wedging" of particles
contributes to material removal, so the above equations
generally underestimate the cutting rate.

If we consider a small area of the trough, and let the
lTocal normal force divided by the area be denoted by normal

pressure Pp o Equation 7 becomes
dzn/dt = (dl/dt)pntane/(nH) (8)

where dzn/dt is the cutting rate normal to the surface.
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L (Applied load)

b

Figure 3.

Model of Non-Planar Abrasive Wear
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It 1s necessary that all portions of the blade progress

at the same vertical rate, so
dz/dt = cosa dz/dt | (9)

Also, the vertical component of the indentation pressure

must be supplied by the wurtical applied pressure, or

Pvdx = pndxncom (10 )
Or, since from elementary trigonometry cosa = dx/dxn ,

Py = Py (1)

Solving Equation 8 for Py substituting for d.!n/dt from
(9 ) and for Ph from (11) yields

P, = (dt/de ) (dz/dt)mHcosa/tand (12)

Multiplying Pv by dx and by Y o the "kerf length" or
iength of blade engaged with the work (into the paper in Figure 3),
gives the portion of the total applied load L due to the contact
over the width dx . Integrating over the kerf width yields

the total applied Toad L . Noting that only a is a function

of x in (12), the result is

*ks2 L
L = (dt/de)(dz/dt) Zfo cosadx nHyk/tan(-) (13)

8
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Defining € = tan@xk/(Z}: cosadx) and A, = XY, and

rearranging Equation 12, we obtain
dz/dt = (de/dt)(1/A )Le/ (nH) (14)

This is the equation for cut rate in slurry sawing. It is
exactly the same as Equation 7 except ¢ replaces tamd ,
Therefore, since tand is a measure of the efficiency of a
planar abrasive wear process, ¢ 1is a measure of the efficiency
of slurry sawing.

It is useful to approximate the increase in efficiency of
slurry sawing over planar abrasive wear, I[f the trough in
Figure 3 were flat-bottomed, the wear process is planar
(a{x) = 0) , and € = tan® as expected. If ihe trough is
a half circle (a(x) = sin"Zx/xk), integrating the definition of
t yields & = 1,27 tand . Thus, the wedging action in slurry sawing
increases the cutting rate about 27% over planar
abrasion.

Recapitulating, Equation 14 may be solved for € in

terms of variables that are easily measured experimentally:
€ = (dz/dt)xkyan/(L di/dt) (135)
where dz/dt is the cut rate, X, is the width of the slot worn

by the blade, Yy is the length of the slot, H 1s the work

material hardness, L 1s the vertical load per blade, and




2,2

de/dt is the rate at which the blade slides over the work.

A later discussion, under Phase 1I, will show that the actual
contact length is much less than Yy » but this does not affect
the validity of ¢ as an efficiency measure: it does make it
impossible to predict a cut rate from first principles using
Equation 14,

Blade Stability and Deflections

One parameter of great interest is the cutting load per
blade. Higher cutting loads increase cutting rate, while lower
loads decrease wafer dimensional variation, Experimental work
performed by Varian, both under this contract and otherwise,
shows that the maximum load per blade for most purposes (trade-
off between cut rate and wafer accuracy) is approximately 558 grams/
blade/mm of blade thickness (500 oz./blade/inch of blade thickness).
Some analyses have been performed to try to place this empirical
result on a sound analytical footing.

The analysis presented in this section has been partially
supplemented by a more exact analysis performed under Phase II,
but is included here for completeness.

Figure 4 illustrates a steel blade of length QB » thickness
tB , and reight hB . The blade is tensioned to a uniform
stress % and the endpoints are fixed, There are two phenomena
which affect the stiffness of such a blade; the "intrinsic

stiffness" due to the fact that the blade is made of steel, and

10
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the "induced stiffness” or "taut string effect” due to the fact

that any deflection of the blade causes the tension to increase,

In varian slurry saw blades, the taut string effect dominates
{inis will be shown more formally in the Phase Il analysis,

where it will be shown that the intrinsic stiffness is about

102 of the induced stiffness). The following analysis includes

only the induced stiffness, and thus calculatec displacements are

larger than the real ones {upper bounds) and forces that cause
given aisplacement are lower bounds,

If a taut string is deflected by a central force as shown

in Figure 5, the relationship between force F and displacement

x fs (in terms of tensioning force T )

F = 2Tsin (tan™' (2x/24))
since the applied force F must balance the component of the
tension force T in the direction of F . For small angular
deflections, Equation 15 is closely approximated by

F = 4Tx/£8

Since T = aohatB ,

F= (4aoh8t8/£8)x

n

B 7Y

(16)

(17)

(18)

1
1
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Equation 18 applies equally to horizontal or vertical deflections
sincy the intrinsic stiffness is not included,

The response of the blade to a twistinjy moment M may
be calculated by considering the blade to be made up of many
strings of infinitesimal hefght th » assuming that the blade
rotates around its centerline, and summing the contributions
of each string. Since this analysis will be repeated with more
detail and accuracy under Phase II, details of the derivation
will not be presented, The relatfonship betwaen moment M ,
twist angle O , and maximum d~flection X is, from this

analysis (see Figure 6)
- 3
M= (o,tgha/325) 0
or M= (Zcotahéﬁls) X (19)

Considering the effect of cutting load, the most obvious
problem is that of torsional buckling under excessive load,
Buckling will occur when a small rotational perturbation O©
as shown in Figure 7 causes an upsetting cment due to the
cutting force to exceed the restoring mument given in Equation
19. Since the upsetting moment is Fxm , the simplest critical

buckling load FZ is given by

0 o 2
Fc 200t8h8/328 (20)
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A typical blade may be described by % = 381 mm (15 in.),
hg
o, = 1.406 x 10° g/mm? (2 x 10° psi). The buckling load

= 6,35 mm (.25 in.), tg = .15 mm (.006 in.), and

Fg is then 1490 grams or 10" grams/blade/mm of blade thickness.,
This analysis is obviously unable to explain the blade wander observed
when blades are loaded more than 5.58 x 10% grams/blade/mm of
blade thickness,
If the unloaded blade is tipped as shown in Figure 8, the
initial angle OO will reduce the buckling load. Considering
this configuration in the same manner as above, the new buckling

load F_ is related to Fg by
3) = g0
FC (1 + 90/0) Fe (21)

Since eo will be significantly less than 1 radian and ©
will be of the same order of magnitude, assuming an initial
tilt is insufficient to decrease the buckling Toad to the same
order as the empirical maximum load.

This analysis is, therefore, of little use in predicting
the onset of blade wander. It cannot be taken as a proof that
blades do not buckle torsionally: the failure of the analysis may

be due to oversimplification of the probiem,

13
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2.3

e

Statistics of a Blade Package

As stated earlier and shown in Figure 1, a blade package
for a Varian multiblade slurry saw consists of blades separated
from each other by spacers at each end of the blades. Both
blades ard spacers are precision rolled to very close thickness
tolerances to obtain good blade alignment., Varian saws are
designed so that the end blades of a package may be aligned
with the stroke, generally within a runout of 3.2 x 10 mm/mm
(1.3 x 107% in./in.). Ever though the blade pack components
are extremely precise, the large number of components may lead
to the well known “stacking tolerance" problem: since the position
of the end of a blade within the pack is determined by the stacking
of many parts, and the error in pnsition is determined by adding
many errors (some in one direction and some in another), a
significant position difference between the ends of the blade may
result. This misalignment of the blade relative to the stroke
results in kerf losses larger than expected, and thinner (more
fragile) wafers, It is, therefore, of interest to consider the
statistical question of expected misalignment.

Statistically, there is an expected value of blade thickness
E(tB) and an expected value of spacer thickness E(ts). There
are also expected values for the errors e in these quantities,
E(eB) and E(es) . These expected errors are zero if the sign
of the error is considered., If the absolute value of the error

is considered, the expected values are non-zero. Considering

14
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absolute values of errors, the expected value of any component

thickness can be given in terms of the nominal thickness ¢t
and the errors as

E(t) = t+E(e) (22)

If N such components are stacked, the expected thickness

of the stack is NE(t) , but if we, again, consider the absolyte

value of the expected error,

the expected error in stack thickness
E(e

N) is given from elementary statistics as a sum i

binomial coefficients {3.] =nt/ ((n-m)imy)

nvalving

Eey) = (E(e)/2Y y L” [N-zm[

(23)
m=0

Luckily, in slurry sawing the blade packages of interest contain

over 100 elements, and for N greater than 100, Equation 23 can

be well approximated by

E(ey) = 0.798 E(e)N s (24)

Returning to blade packs, the runout A of a blade relative to
a neighboring blade is given by the difference in expected errors

between the two ends 1 and 2 of the blade

A= | E(eb,) * E(eS]) - (x E(ebz):tE(esz)) (25)

15
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Equation 25 is the difference between two similar stacking
errors and is, therefore, equal to the stacking error of
twice as many components. Therefore, combining Equations 25
and 24, the expected runout of the Nth blade relative to the

first is
By = 0.798 (2N)% [E(eg) + Ele,)] (26)

Since both end blades are aligned in Varian saws, Equation 26 does
not directly apply to the absolute alignment of a blada.
Considering the effect of aligning both ends, the runout of

blade number N in a packaye containing NB blades is

1
Ay = 1.129 [E(es) + E(eb) IN* (O<N§NB/2)
(27)
1.
- 2
= 1.129 [E(eg) + E(e,) 1 (Ng=N)™ ( Ng/2<N<By)
The maximum expected runout occurs at the center of the pack
(N = NB/Z) and is
b
Amax = 0,798 [E(es) + E(eb)] NB (28)
and the average runout is easily calculated to be
Aave = 0,532 [E(es) + E(eb)]NB'2 (29)

16
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Two important caveats must be noted. First, any factor

[T T

L a

(such as dirt or bent components) which interferes with perfect

A, 4

stacking will increase misalignment, Second, the expected

»

errors are much smaller than the tolerances of the components

.
Rr—

since tolerances are maximum value, and since if all similar

components are taken from the same lot of steel (as has been
Varian's practice) both the tolerances and expected error
values will be lower than if multiple lots were used.

Some rough measurements were made in order to gain an under-
L standing of the order of magnitude of the terms appearing in
Equations 28 and 29.

First, a random sampling of spacers from one lot of steel

were measured by two techniques (high precision mechanical

micrometer and ADE 6033T non-contact thickness gauge). The
results are shown in Figures 9 and 10, Neither measurement
method is sufficiently precise to instill any confidence in the
results, but the expected value of spacer thickness error may

. be approximated as

- E(e) = .001 to .0024 mm

(30)
- (.000039 to .000096 in,)

- The difference in blade errors E(eb) s not the blade-to-
- blade error, but is related to the expected change in thickness

from one end to the other, The ADE 60337 was used four this
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measurement, and the results are shown in Figure 11, Assuming
that the mechanical system, if it could be used, would yield
about three times the error measured in the ADE system (as

was found in the spacer measurements) and noting that the

runout error measured here equals ZL‘E (eb) R

E(eb) = ,001 to .003 mm (31)
(.000036 to .000108 in.)

From Equations 28 and 29, for a 225 blade package,

Amax = ,023 to .061 mm (32)
(.00090 to .0024 in.)

Aave = ,015 to .041 mm

(.00060 to .0016 in.)

A blade package (225 blades) was tensioned and aligned in
a standard bladehead, (This work was actually performed under
Phase Il but is reported here for continuity.) A precision
inspection bench was used to measure the exact position of each
blade. Figure 12 shows the resultant information reduced to
average runout over a 305 mm (12 in,) length., The average
runout is ,041 mm (.0016 in.) . This converts to 050 mm
(,0020 in,) average  runout over the full 381 mm (15 in.)

length, very close to that predicted in Equation 32.

18
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2.4

The conclusions that may be drawn from the above are
first that Equations 28-31 form a good basis for predicting
runout, and second that the runout in the 200-300 blade range
used in production saws is probably not quite large enough to
significantly affect the process. Even though 2xpected runout
grows as the square root of the number of blades, very large
saws with many blades may exhibit problems due to runout,

It s also worth noting that runout can cause wafer breakage,
From Equation 18, the stiffnesc of a tensioned blade at the center
s sbout 2 x10° g/mn, At the end of the stroke, this stiffness
could be as high as 5 x 10® g/mm. If the blade runs out, half
the runout displacement applies a force to the wafer., For
runouts on the order of .05 mm, the force applied is of the
order of 125 grams. It is easy to believe that this force can

break wafers in the .25 -~ .3 mm thickness range.

Reduction of Blade Cost by Looser Tolerances

Much of the cost of the blade materidal is due to the very
accurate dimensional and material specifications. It may be
possible to reduce the cost of blades by specifying less
accurate materfal,

One of the specifications is the "straightness”. Nominally,
the edges of the blade stock are straight when viewed perpendicular

to the wide dimensions of the stock. Processing variations,

19




however, result in these edges being curved. The amount of
curve {s the straightness. The standard groups of strafghtness
are normal, accurate, and extra accurate (these groups are
quantized below), Cur.ently, blade stock is bought as extra
accurate, costing 10-15% more than otherwise fdentical normal
straightness stock. An analysis has been carried out on the
effect of straightness with a view to saving the expense of
extra accurate stock, The analysis concerns the deviation of

a blade from the nominal cutting plane (defined by the lower
corners of the end blades in a tensioned pack).

Consider a blade with dimensions shown in Figure 13,
Defining o as the radius of curvature at any point (initially
po) , and Yo as the y coordinate of the blade centerline
taken through the point, geometrical consideraticns lead to a

formula for the strain due to bending:

b YYe - YYe

XX D p°'

» 811 others zero (33)

Since the stress is uniaxial, the only strains due to tension

are:

t =
€ ex AL/L

t =t .
ny €45 val/L (34)
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And, assuming elasticity,

_ b t YooY Ye-YYeraL
oxx-E(exx+exx]—E(——-p --——-po T (35)

Considering a free body, moment equilibrium and simple

beam theory and superposition lead to
= - - 2
0, = (1-12(y-y )/h?)EAL/L (36)

Equating Equations 35 and 36 and solving for %- ’

l:.l.-lz__y_(:_lii (37)
3
p pO h“L

It is possible to express p in terms of the first two
derivatives of y with respect to x, y' and y''. Defining

the curvature in Figure 13 as positive,

Vp = -y"/ (1 + (y)?)¥2 (38)

If y' s very small, the relationship is simpler;
(1/0 = -y") . However, since the final equation will be solved
numberically, there is no need to drop the nonlinear term. Sub-

stituting Equation 38 in Equation 37 and solving for y" ,

21
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y th po] (1 + (.V ) )

With boundary conditions
Y =Y, @ x = *L/2 (40)

Equations 39 and 40 comprise an ordinary boundary value
problem., If the nonlinear term is dropped, an analytical solution
does exist in the form of an infinite series. It is more con-
venient to solve the problem numerically for the few cases of
interest, especially since the blade thickness does not appear.

The solution is more converient if Equations 39 and 40 are
restated. First, since y is not initially known (because of
Poisson contraction, y. # y + constant ), identify y = Y. to
solve for the centerline position. Second, shorten the interval
by using symmetry to define the boundary condition y' =0@x =20,

Third, nondimensionalize by defining new variables.

X =xL y =yl p; = o /L = T2LL/N (41)
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The restated problem is

* it * * *

ye = By =g (1+ (y )2/ (42)
* *

Yo * 0@x =-0.,5

*! *

Yo < 0ex =20

The only remaining task in the formulation is to define

p. . The straightness tolerance - c<tated in terms of the maximum

0
deviation B from a chord of length A (usually 2.44 m or 8 ft.).

Assuming the curve to be an arc of a circle,
fg = (A® + 4B%)/88B (43)

Values of A, B and % for varicus tolerance grades are shown
in Table 1. Values of 1/, and & are shown in Table 2. The
values are all based on a length L = 381 mm (15 in.) and extension
AL = 2,54 mm (0.1 in.).

The problem was solved on an HP-97 calculator, The boundary
value problem was converted to an initial value problem by a
"shooting method" combined with a fourth order Runge-Kutta
integration scheme. Resulting values of y:'@ x* = -0,5 are

shown in Table 3. A fourth order Runge-Kutta scheme was then used

23




TABL: 1

BLADE CURVATURE PARAMETERS FOR VARIOUS STRAIGHTNESS GRADES

A B Yo
m m m
(in) (in) (in)
Normal 2.4384 11.906 62.429
(96) (15/32) (2457.8)
Accurate 2.4384 5.9531 124.85
(96) (15/64) (4915.3)
Extra Accurate 2.4384 2.7781 267.53
(96) (7/64) (10533)

:{i
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TABLE 2

AND BLADE HEIGHTS

NONDIMENSIONAL PARAMETERS FOR VARIOUS STRAIGHTNESS GRALES

Blade Straightness
Height Grade
h
mm Normal Accurate Extra Accurate
{in)
12.700 g = 72 72 72
* -3 -3 -3
(1/2) Ve, = 6.1029 x 10 3.0517 x 10 1.4241 x 10
6.3500 g = 280 280 280
* - - -
(1/4) on = 61029 x 1070 3.0817 x 10 3y x 107
4.7625 g = 512 512 512
* - - -
; (3/16) e, 61029 x 10 3 30517 x 1073 1.4241 x 107

RS s

B
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TABLE 3

NONDIMENSIONAL SLOPE, y: . AT END OF BLADE

Straightness
Grade

Normal

Accurate

Extra Accurate

12.700
(1/72)

6.3500
(1/4)

4.7625
(3/16)

3.6472 x 107"

2.6971 x 107

3.5950 x 1072

1.8237 x 1072

1.3487 x 107%

23c

1.6777 x 1072

8.5109 x 107

6.2939 x 107




to calculate y* between x* = -0,5 and x* = 0,5 , A step-
size Ax* » of 0,02 was used for all the intagrations.
Analysis of the problem with different stepsizes indicates
that the results are at worst good to 3-4 significant figures,
(Ten decimal digit arithmetic was used for all calculations,
with the results rounded after the calculations,)

Figures 14 - 16 show the position of the blade centerline,

relative to a chord, after tensioning, It is interesting that
tensioning does not significantly reduce the difference between
the straightness grades even though a larger moment is developed
in the less straight blades. This cannot be due to the relative
magnitudes of extension stress and bending stress, since no
extension stress terms appear in Equation 42.

The figures also show that the maximum deviation of a normal
straightness tensioned blade from a chord is in the range 2.5 um
(107" in.) to 25 um (107% in,). Currently, no attempt is made to
align the blade ends on the cutting plane; the error due to normal
straightness blades is Tikely to be smaller than the error due to

misalignment. Therefore, we conclude that normal straightness blade

stock can be used without any degradation in the cutting process,

saving about 10-15% in the cost of blades.
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3.2

PHASE I: EXPERIMENTAL PROGRAM

Equipment
A modified Varian 686 slurry saw was used for the slicing

tests. The saw is shown in Figure 17 and a closeup of the hlade-
head, containing a blade pack and ingot, is shown in Figure 18,
The modffications installed consisted of an improved drive
bearing system, RPM indicator for accurate reciprocation rate
measurement, immersion lubrication for the vertical feed, fully
enclosed slurry return system, pulsed static slurry application
system, and facilities for mounting a dynamometer to the vertical
feed platen (for measuring cutting and drag forces).

There are several performance limitations in this saw
which are important when considering economics. The mass of the
bladehead limits the reciprocation speed to 120 strokes/min., The
bladehead can only accept a package 135 mm (7.5 in,) wide, and
can apply a maximum of 4x10° N (90,000 1b.) tensioning force:
one or the other of these maxima determines the largest package
of a given blade and spacer size that can be used. Since the
feed is pneumatic, air cylinder friction makes operation difficult
with low (20 or less) numbers of blades or low total cutting

forces.

(eneral Experimental Program

The testing program began with a serias of tests to

characterize the response of the system to relatively large

25
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variations in parameters, and to establish a baseline from
which to proceed. Tests in this series were numbered 1-XXX
where XXX is the test number,

After obtaining preliminary results, a testing program to
improve the system by changing abrasive and blades was carried
out. Abrasive tests were numbered 2-XXX and blade tests were
numbered 3-XXX as above,

Concurrently with the abrasive and blade program, "production"
runs were carried out. These runs generally used the full saw
capacity and were designed to assess the state of our knowledge
or provide wafers to solar cell manufacturers. These runs were
numbered P-XXX.

Tests are discussed in general below. Tables of all the
relevant information for each test will be found in the

Appendices.

TR T e e

3.3 Farameter Study

Preliminary Slicing - 10 cm ingot: #1-001

A 10 cm ingot of silicon was sliced with 0.020 cm thick
blades, 0.024 cm thick spacers, a cutting load of 113 grams per
blade, average blade speed of 68 cm/sec, with a slurry of PC

0i1 (Process Research) and #600 SiC abrasive (Micro Abrasives)

o g A B

mixed with 0.24 kg abrasive per liter of oil., Total cutting time
was 30.6 hours, and the ingot cross-section was 82.6 cm®*., This

test used the best slicing technique known by Varian for silicon. :

It provided the starting reference for large ingot slicing.

B
£
E
§
3

Wafers averaged 0,055 cm thick.
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Variations in Blade Load: #1-011 to #1.015

A standard rectangular block of silicon with a 2.5 cm
kerf length and 5.0 cm height was cut with the same conditions
as in #1-001, except that the blade load for each test was
varied from 57g, 113g, 270y to .:3g per blade, At 283g (#1-015),
the blades wandered severely, causing broken wafers, eventually
breaking the workpiece from the submount. In the other tests,
cutting rate increased and wafer accuracy decreased with

increasing cutting force.

Variations in Kerf Length: #1-021 to #1-024

Again, the "Standard" cutting conditions of #1-001 were
used, but the size of the ingot was varied., At 113g of blade
load, 1.25 cm by 2.50 cm hiun, 5.00 cm by 2.50 c¢m high, 6.88 cm
square and at 146 ¢ diameter silicon workpieces were sliced.
Cutting rates and kerf loss decreased and wafer accuracy generally

improved as the kerf length increased.

Variation in Blade Size: #1-031 to #1-034

A standard silicon block, 2.5 cm kerf length by 5.0 cm high,
was cut with blades 0.020 thick by 1.27 cm high, 0.015 cm by 0.63 cm,
0.015 cm by 1.27 c¢m and 0,010 cm by 0.48 cm, A cutting force of
113 g was used for ali but the 0.010 cm thick blades (57 g was used).
Test #1-012 was the basic reference and standard for this series.
The cutting rate with 0.G15 cm blades was slightly pbetter (10%)
than with 0,02 cm blades. Despite the 50% reduction of cutting

force, 0.010 cm thick blades cut at a rate 70% of that of 0.020 cm




blades, Wafer accuracy was degraded as the blade thickness
decreased. No general trend as to the effect of blade height

could be characterized,

Blade Speed, Abrasive Mix: #1-041 to #i-043

In Test #1-041, a 2.50 cm block was sliced at a 113 g blade
load. The blade speed was varied from 20 to 81 cm/sec. ~The
cutting rate increased in proportion to bladehead speed. The
high shock load developed at 120 RPM caused the block to break
away from the submount, destroying the wafers.

For the early tests, slurry was made of 0,24 kg of #600
SiC abrasive per liter of PC oil. Two tests were made with 0.12
and 0.48 kg/1, using 2.50 cm kerf length and 113 g of blade
loading. Cutting rate increased by 25% as the abrasive mix

increased fourfold.

<100> vs, <111> Silicon: #1-051 to #1-054

A series of early tests (all using <111> silicon) were dupli-
cated with <100> silicon, 1t had been anticipated that the non-
jsotropic hardness and fracture behavior of silicon might lead to
a difference in cutting rate., However, these tests indicated
that thére is no difference in slicing of the two orientations,
.nd more recent tests where the two orientations are used inter-
changeably support this result even further. In Tests #1-053 and
#1-054, 0,041 cm spacers were used, resulting in wafers 0.033 cm

thick.
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Abrasive Size: #1-061 to #1-063

Blocks of silicon 2,5 c¢m by 5.0 cm high were sliced with
0.020 cm blades at 85 grams of blade load, using #1200, #1000
and #800 SiC abrasive. The mixture of abrasive t» 0il was reduced
initially to maintain a consistent number of abrasive points per
unit area of slurry film. During the tests more abrasive was
added and the slurry was thinned with 30 SUS mineral o0il in
order to maximize the cutting rate. The optimum cutting rate and
kerf loss each decreased as the abrasive particle size decreased.
Wafer thickness was more consistent, but slice taper degraded

as the finer abrasives were used.

Sturry Composition and Application

The preliminary testing had shown that #600 SiC abrasive
gave the highest slicing productivity, and that larger ingots
provided improved wafer accuracy with slightly better slice
productivity., A slight effect of increased abrasive density
resulting in higher cutting rates had also been noted. #800
SiC abrasive had shown lower kerf loss and adequate cutting rate
(70% that of #600 SiC)., A series of tests were designed to
explore the cutting efficiency of #600 abrasive, the reduction
of kerf width from #800 abrasive, and a possible improvement in

slurry applications techniqgue.
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10 em Ingot, #600 SiC: #2-001

A 10 cm ingot of silicon was sliced with 0,020 cm blades
and 0.030 cm spacers, using 113g per blade, as before, but with
an abrasive mix of 0,48 kg/1 of oil (as in #1-043). 1lhe total
cutting time was 19.17 hours, an increase of more than 40% in the
cutting productivity over previous tests. Also, the resulting
wafers were 0.024 cm thick, and none had broken during cutting.
Many wafers (~30%) of the 143 produ:ed were broken during sub-

sequent handling and cleaning.

‘Increased Abrasive Mix, Increased Cutting Load: #2-002

A 7.62 cm square block of silicon was sliced with 0.020 cm
blades and 0.041 cm spacers, using the pulse slurry applicator
and an abrasive mix of 0.96 kg/1 of #600 SiC. At a cutting force
of 113 g, the cutting rate was lower by 30 to 40% compared with
those expected from #2-001, The blade load was increased to 170
and then 227 g with proportional increases in rate, and without

an apparent degradation of wafer accuracy.

New Application Technique: #2-003

The pulse slurry system was, again, used, but to repeat Test
#2-001, With 0.041 cm spacers, the wafer thickness was 0,0318 cm.
Total cutting time was 18.25 hours, only 5% faster than #2-001,
The pulse slurry system was shown to be effective in generating

high cutting rates and good wafer accuracy.
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#800 SiC, 10 cm Ingot: #2-011

A 10 cm ingot was sliced at 113 g using 0.020 cm blades
and 0.041 cm spacers. The cutting rate with #800 SiC (0,48 kg/1)
was slightly better than early tests with #600 (#1-001, #1-024),
and improved over the rates experienced earlier with #800 SiC
(#1-063). Wafers were 0.0362 cm thick., The load was raised to
170 g and to 227 g during the test and the cutting rate increased

proportionally.

#800 SiC, 7.62 cm Square Ingot: #2-012

A 7.62 cm square ingot was sliced under conditions similar
to #2-011., Wafer production rate was only 577 that of #2-011,
indicating, as in #2-002, that a square workpiece cannot be sliced
as fast as a round one., Under 170 g of blade load, the cutting

rate increased proportional to load. Wafer thickness was 0.0355 cm,

#600 SiC, Thin 0il: #2-031

Again, a 10 cm diameter ingot was sliced, as in #2-003,
with #600 abrasive mixed 0.48 kg/1. The PC 0il was diluted with
30 SUS mineral oil in a ratio of 3:1, The less viscous slurry
did not change the cutting time (19,9 hours), but did produce

wafers less accurate than in #2-001 and #2-003.

Large Slurry Volume: #2-004 and #2-005

A 38 liter volume of slurry was used in two simultaneous
tests, The slurry was mixed with the standard 0.48 kg/liter of
#600 SiC abrasive, The same blade package was used to cut through

two 10 cm ingots. The large volume of slurry was meant to reduce
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the effects of viscosity increase of the standard 7.6 liter
slurry volume as the silicon debris is accumulated.

Cutting time for the first ingot was 21.5 hours with other-
wise standard conditions of cutting. The kerf loss with 0,020 cm
blades was 0.0255 cm, similar to other tests. There was a
reduction of average slice taper to 0.007 cm, but this is the
same as the first "improved" 10 cm ingot slicing test, #2-001.

The second ingot took 26.5 hours to slice, due to the
necessary reduction of bladehead stroke to compensate for the
worn blades. The blades began to break after 60% of the ingot
was sliced. The height of the worn blades was about 0.254 cm
(60% worn) at this point, More than 80% of the blades survived
to the end of the cut where the height of the worn blades was
0.150 cm. Slice taper in this ingot was 0.0015 cm, typical for
the worst cases of 10 cm wafering,

No improvement in slice taper resulted from the large slurry
volume, and it was found that 60% height loss may be a practical

limit to blade wear, In both tests, slice thickness was 0.025 cm.,

Slurry Lifetime: #2-006A, #2-006B, and #2-006C

A 7.6 liter batch of slurry (0.48 kg/liter of #600 SiC) was
being used to slice a series of 10 cm silicon ingots. For each
ingot, a new blade package was installed. At various points,
samples of the slurry were collected and analyzed as discussed

later to indicate the mechanism of slurry failure,
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In #2-006A, kerf 1oss was 0.0255 cm and slicing time was
27 hours, The reduction of cutting rate is not explained, since
the conditions were identical to #2-003 (18.2 hours)., Wafer
accuracy was normal and slice taper was 0,0016 cm, similar to
previous tests. The cutting time for #2-006B was 26,25 hours
and taper was identical to #2-006A. In this case, kerf loss
was only 0.0238 cm, less than in #2-006A.

In both cases, wafers were 0,025 cm thick, and 125 slices
were produced in each, The cutting did not seem to degrade
during these two runs,

A third 10 cm ingot (125 slices per ingot) was sliced with
the same 7.6 liter volume of slurry. Approximately half
way through the third ingot, severe slice breakage

occurred and the test was aborted,

In each test of the 2-006 series, a fresh blade package
was used. The blades were 0.20 mm thick by 6,35 mm high, with
0.30 mm spacers., Wafers were 0,25 mm thick., 113 grams of blade
load was used in each case with a sliding speed of approximately
58 cm/sec.

The first two tests (2-006A & B) were nearly identical in
cutting ~ate, and slice accuracy. However, breakage of the
slices began to occur near the end of the second run, Breakage
was even more severe in the final run (2-006C), but the cutting
rate was reduced by nearly 50%. It appears that the useful

lifetime of slurry is approximately full saw capacity (225 wafers)
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of 10 cm silicon ingot for a 7.6 1iter volume of slurry.
However, a more severe limitation appears to be the breakage
of thin wafers that occurs before cutting speed is diminished,
The build=up of debris in the slurry 011 causes an increase
in the viscosity of the slurry. This viscosity increase will
cause higher drag loads on thin wafers and may 1imit the access
of slurry to the blades. Samples of slurry oil were taken at
various stages of the 2-006 tests to evaluate the condition of

the silicon carbide abrasive as the slurry performance deteriorated.

Slow Speed: #2-021

A 10 cm ingot was sliced with a bladehead speed of 35.5 cm/sec,
haif of that normally used. Total cutting time was 54.5 hours. Even
though the cutting time was long, the efficiency (0.96) was similar
to the efficiency of early cuts and of tests with square workpieces.
As speculated in previous reports, the shape of the workpiece promotes
bounce of the vertical feed. This motion may increase flow of abrasive
into the cutting region under the blades. With square workpieces,
this bounce is limited. The slow machine speed also limited the
vertical feed bounce even with the round workpiece, resulting in
the lower cutting efficiency. The cutting time was expected to be
at least 40 hours due to the slow bladehead speed, and using the
high cutting efficiency of round workpieces with improved slurry
mixture,

The wafers produced at this slow speed were the most accurate
to date. The kerf loss was higher than normally seen in 10 cm
diameter ingots, but this may be due to the longer time available
for material removal beside the blades under the reduced cutting
efficiency.
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Boron Carbide Abrasive: #2-041

e |

A standard 10 cm ingot was sliced with a 7,6 1iter volume

.

of slurry made with an 0.48 kg/1iter mix of #600 B4C abrasive.

Mgty

This abrasive is harder than SiC and is expected to give a longer

lifetime to the abrasive grains. Total cutting time was 14,8 hours,

iimignins: |

a reduction of 25% compared with SiC. However, the abrasive keff

L 3 loss was 0,0084 cm, an increase of 70% over the typical abrasive
i é i kerf loss with #600 SiC abrasive, This is an increase of 14% in
E o total kerf loss using the 0,020 cm thick blades.

g? Wafer accuracy in general was degraded compared to #600 SiC
abrasive slicing. However, slice taper was improved compared
with typical 10 cm slices, except for the lower taper seen in

Test #2-004 (38 liter slurry volume).

Thinned Slurry 0i1 - #2-025

To test the premise that oil viscosity controls slice taper
and the apparent "life" of slurry, a mix of 0.36 kg of #600 SiC

per liter of PC 01l was used at the start of a 10 c¢cm silicon

R L oo o L

ingot slicing test, At 507 and 75% through the ingot, 30 SUS
mineral oil was added to lighten the slurry, Total mix of the

i 7 %; light o1l was 20% at the end of the test.

L (il

Total cutting time was 27 hours and the thinning did not
impact any factor of wafer accuracy and, in fact, reduced the
1T cutting efficiency normally experienced with similar slurry

conditions.
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Thin Spacers (0,20 mm) - #2-022
A pinned blade package with 0,20 mm thick blades and

0.20 mm thick spacers was used to explore the thinnest slicing
possible with silicon ingots. Upon tensioning to 50% of full
blade tension, (90 kg per blade), the spacers collapsed by
buckling under the compression applied by the front 1ips of the
bladehead.

A second package of an epoxy bonded type and the same blade
and spacer size was then tensioned. The epoxy between the
spacers suppressed the buckling mode until 70 to 80% (135 kg per
blade) of full tension was reached.

With the present blade package geometry 0.25 to 0.30 mm spacers
will be tha practical 1imit. This allows 0,20 to 0.25 mm thick
slices to be produced. Thin blades will reduce the allowable

spacer size by as much as 15%.

Slurry Mix (0,24 kgq/1) - #2-023
An 0,24 kg/liter mix of #600 SiC slurry was used to slice

3 10 cm ingot with 113 grams of blade load. Total cutting

time was 27.5 hours and it is apparent that cutting efficiency

is reduced from that experienced with 0.48 kg/liter mixes (1,19 vs,
1.60). There was no improvement in wafer accuracy, blade wear

or kerf loss with the 1ight slurry mix.

High Cutting Force (225 g/blade) - #2-024

A 20 cm ingot was sliced with 0.20 mm thick blades, 0.41 mm

spacers and 225 grams per blade of cutting force. A standard
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0.48 kg/1iter slurry mir with #600 S1C abrasive was used.
Cutting time was 17.2 hours,

Even though the cutting rate was higher than normal,
cutting efficiency was low (1.00j, It appears that the
abrasive density is saturated for cutting ability at the higher
cutting force, A heavier slurry mix may reduce cutting time at

high loads even further,

High Slurry Mix, High Load - Test #2-026

A standard 10 c¢n silicon ingot was cut using a 0.96 kg/liter
mix of #600 SiC abrasive and a cutting force of 225 grams per
blade (each twice normal). Total cutting time was 13.5 hours and
cutting efficiency was high, peaking at 1.69, The test was
intended to test the match of cutting load and abrasive con-
centration in MS slicing, Previous tests where load was increased
without a change in abrasive mix, a reduction of cutting efficiency
was noted. In this case, cutting efficiency compared favorable
with standard conditions (0.48 kg/liter and 113 grams per blade).
The result was a reduction of cutting time which nearly scaled with
the increase "7 load (two times)., However, even though a relatively
thick spacer (0.40 mm) and standard (0.20 mm) blades were used,
and slice thickness was nearly 0.36 mm, only 26% of the wafers
survived the cutting operation. Blade wear was comparable to

standard cutting (wear ratio of 0,045).
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Zirconfa-Alumina Abrasive - Test #2-042

iry0, - A1203 abrasive was obtained to substitute for the
standard #600 SiC. The abrasive appeared rather rounded and
almost porous under SEM examination, The particle size was
comparable to the silicon carbide, and a cutting test was run,

A 10 cm silicon ingot was cut with 0,20 mm blades and 0,30 mm
spacers, The abrasive mix was increased to 0.60 kg/liter to
adjust for the 25% higher density of the zirconia-alumina and
provide for an abrasive particle packing similar to that used
with standard silicon carbide cutting. At 113 grams per biade
(standard for 0.20 mm blades), the cutting efficiency was only
20% that seen with SiC abrasive, Severe breakage occurred with
the thin slices, and the cut was aborted after completing 1.5 ¢m
of depth into the 10 ¢m ingot in 12 hours,

The zirconia-alumina had been tried because in standard
abrasive applications (grinding belts, etc.), it has shown greatly
improved lifetime over silicon carbide and other abrasives.
How:ver, for MS slicing, the small scale shape of the particles
seems to be a more significant criterion, The cleaved silicon
carbide particles effectively concentrate cutting stresses to
provide fracture of the silicon, and thus racilitate cutting.
The zirconia-alumina was imore rounded, with no sharp edges. The
cutting forces are more distributed in contact with the silicon,
and silicon fracture was significantly supressed, Perhaps only

in the case of MS slicing, particle shape is most critical, and
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other abrasive material characteristics are likely not important,
The rounding of fresh zirconia-alumiia was far more apparent

than silicon carbide particles used to their “full" lifetime,

Blade Materials

Thin Blades: Tests #3-00] and #3-002

The first priority in testing possible changes in blade
materials was to attempt cutting of large silicon ingots with
0.010 cm thick blades, Two separate efforts were made with 0,010cm
thick, 0.63 cm high blades with 0,041 cm thick spacers. In both
Test #3-001 /10 cm diameter ingot) and #3-002 (7.62 cm square)
severe blade wandering resulted and the partly sawn wafers broke
off. Both tests provided blade loads of 28 to 85 g per blade, In
Test #3-002, a few blades broke during the cut. Cutting rates,
considering the loads used, approached very impressive rates,

comparable to the rates in #2-001.

0.010 em Thick Blades: #3-021

A package of 0.010 cm thick blades was used to cut a
rectangular bleck of silicon with 7.62 ¢m kerf length, Blades
were 0,476 cm high, as opposed to the 0.635 c¢m high blades used
in previous cutting tests with thin (0.010 cm) blades. A cutting
force of 57 grams per blade was used, and cutting efficiency of
approximately 1.0 resulted, indicating a proper cutting mechanism,
The slurry consisted of 7.6 liters of PC oil with 0.48 kg/kiter
of #600 SiC abrasive,

39




The blade breakage that had plagued the earlier tests
in the thin blade series did not occur until nearly the end of
the cut. The blades had been elongated to 0.254 cm, the
elongation used successfully with thicker (0.02 cm) blades,
and corresponding to 80% of the yield strength of the blade
steel,

However, severe blade wandering occurred from the beginning
of the cut. Throughout the test, blades would distort so severely
that wafers regularly broke out of the workpiece. The blades all
assumed a "tipped" or buckled cutting configuration, and the
direction of overturning could be determined by the work appearance
of the blades. The blades are made of a blued steel, and under
the action of the abrasive, the bluing is worn away.

Typically, a blade wears only near its lower edge. The
tipped blades showed a lack of bluing on the "dgwnward“ side of
the blade. Associated with that wearing was a loss of blade
thickness to 0.0075 cm., In a normal cut, thickness loss is
negligible and blades wear away only on the bottom edge.

In a given area of the blade package, blades overturned
in the same direction. Across the package, the overturning
direction would gradually change from one side to the other,

The lack of random overturning indicates that the buckling of
blades is governed by improper vertical blade alignment determined
by the blade package assembly or tensioning impact on the overall

blade alignment.
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The steel used in this cut was of a different tensile
strength than previous thin blade cuts (205 kg/mm® compared to
215 kg/mm?), but was identical to the steel used in 0.020 cm thick
blades. The harder material of the previous thin blade cuts
might have contributed to the higher breakage, but the mechanism
is not obvious.

The only wafers remaining from the cut were ones that were
excessively thick, due to divergent blade wandering, and thus

strong enough to survive the cut,

0.015 cm Thick Blades: #3-031

A cut using 0.015 cm thick blades, 0.635 cm high, was made in
another rectangular workpiece with a kerf length of 7.62 cm.

The standard slurry volume (7.6 liters) and mix (0.48 kg/liter
of #600 SiC) were used with 85 grams of cutting force per blade.

The cut was surprisingly successful, with the wafer accuracy
among the best recorded in this program. The cutting efficiency
was very impressive, especially considering the lower efficiency
normally experienced with rectangular workpieces.,

The blade wear was even more impressive, with a resulting wear
ratio of 0,027, 68% of the previous lowest wear ratio with 0,020 cm
thick blades.

The wafers had a noticeable difference in shape compared to
other cuts. The normal wafer surfaces are slightly convex, with
the appearance of reduced kerf loss as the slurry path from the
ingot exterior is increased. However, in Test #3-031 the wafers are

slightly concave,
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Thin (0.15 mm) Blades - #3-032

0.15 mm by 6.35 mm blades and 0.40 mm spacers were used to
slice a 10 c¢m silicon ingot into 100 wafers. 85 grams of load
and 0.48 kg/1iter mix of #600 SiC abrasive was used, Total
cutting time was 26 hours. Cutting efficiency was typically
1.45 with a maximum of 2,43, Wafer accuracy was comparable to
0.20 mm blades. Wafer thickness was 0,343 mm with 0,216 mm kerf
loss, a savings of 35 microns of kerf loss. Blade wear ratio and
height loss were also comparable to 0.20 mm blades.

Cutting results were not similar to those of #3-031 (0.15 rm
blades) where high slice accuracy, low blade wear and slightly
concave wafer surfaces resulted. The anomaly of Test #3-031 has

not been explained.

Thin Blades - #3-033

A package of 0.15 mm thick blades with 0.30 mm spacers was
used to slice a 10 cm silicon ingot. Slurry mix was 0.24 kg of
#600 SiC per liter of PC 0il., With 85 grams of blade load,
slticing time was nearly 29 hours.

The light slurry mix was used to control the cutting of
thin wafers with 0,15 mm blades. The cutting time was longer
than in Test #3-032 (0.48 kg/1). Typical cutting efficiency
was 20% less with the lighter mix and maximum cutting efficiency
was 30% lower.

Wafers were 0,255 mm thick, however, the yield was less than

70%. Slice taper was 20 microns,
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Thin Blades (0,10 mm) « #3-041

A package of 0,10 mm thick by 6.35 mm high blades and 0.30 mm
spacers was made using a controlled assembly procedure in order
to avoid package assembly related blade misalignment. As in
previous efforts, blade breakage began to occur within 15 minutes
of the start of c. ting. The failure seems to be a fatigue
problem as approximately 3,000 cycles of bladehead motion (15
minutes) is required to cause failure. A slight blade misalignment
will cause a cutting path for a blade that causes it to be distorted
on each stroke. This periodic deflection may induce stresses

sufficient for fatigue failure of the blades.

Thin Blades, High Cutting Force - Test #3-034

0.15 mm thick blades were used again in slicing a 10 cm ingot,
with 0.40 mm spacers, a slurry mix of 0.36 kg/loter and a cutting
force of 140 grams per blade (85 used previously). Cutting time
was 19.8 hours, slice thickness was 0.33 mm and yield was 100%.
Wafer accuracy was good, but kerf loss savings from 0.20 mm blades
was only about 0.03 mm, indicating a slightly excessive loss of
silicon (0.02 mm). This test did indicate the possibility of stable
cutting with 0,15 mm blades.

A heating mounting block was used in #3-035, allowing immediate
demounting of wafers after cutting is completed. Normally, after
slicing, blades must be withdrawn through the sliced ingot in
order to facilitate demounting. It was felt that this would cause
breakage of thin slices, consequently the new technique was devised.
It appears that the technique is successful in avoiding unnecessary

breakage of thin slices (approx. 0.25 mm thick).
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Thin Blades, Thin Wafers - Test #3-035

C.15 mm blades were used with 0.30 mm spacers to slice a
10 cm silicon ingot., Blade force of 85 grams and slurry mix of
0.36 kg/liter was used with #600 SiC. Cutting time was 29.5 hours
with a peak efficiency of 2,10, highér than similar cutting with
a lower slurry mix, Wafer yield was over 987 with 118 blades
cutting., Slice thickness was 0.24 mm, and kerf loss was only
0.21 mm, The total silicon used per slice was 0.45 mm, the lowest
to date. This corresponds to a conversion of 10 cm silicon ingot
to sheet of 22.2 slices per cm of ingot, or 0.95 m?®/kg of starting

silicon ingot.

Thin Blades, Abrasive Concentration ~ Test #3-036

A partial 10 cm silicon ingot (25% of top cropped from another
cutting test) was cut with 0.15 mm blades and 0.30 mm spacers.
A higher cutting force (113 grams) and abrasive mix (0.48 kg/liter)
was used to duplicate Test #3-035, Total cutting time for the
smaller ingot was 26.2 hours, indicating that cutting rate was
much less than with #3-035. The only suspect was a minor variation
in the abrasive particle size, as similar results were observed with
the same batch of #600 SiC abrasive in other cutting underway at
the same time in the Yarian slicing laboratory. The effect of a
small reduction in abrasive particle size on cutting rate was seen
in early cutting tests. Since, the process seems to be sensitive
to particle size, variations in cutting rate must be expected due

to minor changes in abrasive grading,
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As in previous efforts, blade breakage began to occur within
15 minutes of the start of cutting., The failure seems to be a
fatique problem as approximately 3,000 cycles of bladehead

motion (15 minutes) is required to cause failure. A slight

blade misalignment will cause a cutting parth for a blade that

causes it to be distorted cn each stroke. This periodic
deflection may induce stresses sufficient for fatigue failure

of the blades.

3.7 Production Tests

Full Production Demonstration - Test #P-001

A 10 cm silicon ingot was sliced as a full production
demonstration for Solar Power Corp. to produce silicon wafers
of the same thickness as they usg;today. The results were
analyzed as part of this effort. The wafers from Test P-001
were 0.48 mm thick, and kerf loss was 0.26 mm, Total cutting

time was 19 hours and the maximum saw capacity of 225 wafers

. [
was sliced,

The blade load was 170 grams since the thick slices were
%*; ! produced, Cutting rate seemed to "saturate", with the higher
E oL Joad not resulting in a scaled increase in cutting rate. However,
| i the slice accuracy and surface profile were of high quality,
indicating that the cutting process was controlled.

This result leads to a general observation about the inter-

action of slurry mixture (in this case 0.48 kg of #600 SiC per




o

liter of PC o11) and cutting force, At a given cutting force,

an increased density of abrasive in the oil causes increased
cutting rate with a reduction of wafer accuracy attributed to

loss of cutting "control", However, Test P-001 indicates that

the suitable mix of slurry may increase as blade load is
increased. The abrasive mix establishes the number of particles
involved in cutting on each blade. Higher particle densities may
improve average cutting rate, but a degree of rolling may result,
causing wandering and reduced wafer accuracy. For higher blade
loads, the optimum cutting condition may be met when each abrasive
particle carries a certain load. A higher particle density on the
blades may be required for the proper balance of cutting rate

and "control" of blades.

Full Production Demonstration - #P-002

A second slicing demonstration for Solar Power Corporation
was evaluated as part of this contract work. Again, the full
machine capacity of 225 blades was used to slice a 10 ¢m diameter
silicon ingot. 0,20 mm blades and 0.36 mm spacers were used in
the blade package. #600 SiC mixed at 0,36 kg/liter of slurry oil
were used with the standard 7.6 liter slurry volume. 113 grams
of blade load and a 65 cm/sec sliding speed resulted in a cutting
time of 23% hours,

Wafers were 0,303 mm thick and total kerf loss was 0,257 mm.

Yield was better than 94%.
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Full Production Demonstration - Test #P-003

0.20 mm blades and 0.30 mm spacers were used to slice a
10 cm silicon ingot, using the full saw capacity of 225 blades
(0.20 mm thick and 6.35 mm high). 113 grams of blade load and
0.48 kg/liter of #600 SiC abrasive resulted in a cutting time of
25.33 hours. Slice yield was only 76%, resulting from a collapse
of the spacers within the blade package upon tensioning. At 80%
full tension, the sound of collapsing spacers was heard, but the
test was continued. The collapse was not disastrous to the
cutting process, but did seem to cause the reduction of slice
yield and poor slice accuracy. The average wafer thickness was
0.246 mm compared to earlier results with thicknesses of 0,251 mm,
The difference appears to be related to the larger package size,

and a correspondingly higher average blade misalignment,

Full Production Demonstration, Thin Blades - Test #P-004

A full bladehead capacity of 300 0.15 x 6.35 mm blades with

0.30 mm spacers was used to cut a 10 cm diameter silicon ingot.

The available ingot length was 12.4 cm, allowing 271 wafers to be
cut simultaneously. Cutting time was 35 hours, and wafer thkickness
was 0.25 mm, with a kerf loss of 0.20 mm. However, the wafer yield
after cleaning was only 33%., With only 115 blades cutting, the
same conditions had resulted in nearly 100% yield. This supports
an earlier conclusion that blade alignment is the limiting factor

in MS slicing with the present machine configuration.
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In a1l cases of successful thin wafer slicing, a change to
larger numbers of blades results in an increase in slice breakage,

a reduction of slice accuracy, and a slight increase in kerf loss.
The effect is more severes when thin (less stable) blades are used.
In the Fourth Quarterly Report, it was shown that the cumulative
packing tolerance of blades and spacers was expected to result in
longitudinal blade misalignment from 200 to 500 microns. A vertical
misalignment is expected as well, This misalignment will reduce the
load carrying capacity of the blade, perhaps to a point where blade
overturning will occur readily and cutting action cannot be sustained.
It was shown earlfer that the theoretical buckling

load of a perfectly aligned blade is 10 times the loading actually
experienced in MS slicing. Longitudi;al misalignment (runout) can
set up lateral loads on wafers during a cutting operation, and with
thin slices (0.25 mm thick) fracture can easily occur.

An increase in number of blades, a reduction of blade thickness
or tension or length (lower blade stability) can all limit the
thickness to which slices can be cut. The fundamental problem source
is the stacking of blade thickness variations, and the cure will be

addressed in the extension (Phase II) of this contract,

Full Production Demonstration, Thin Blades - Test #P-005

P-004 was duplicated, except that a thicker (0.35 mm) spacer
was used with the 300 0,15 mm blades. Ingot length allowed 234
wafers to be cut simultaneously, Cutting time was 32 hours and

83% of the wafers survived the cutting/cleaning process. This
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improvement was due to the 0.05 mm thicker wafers (0.30 mm)
and their higher strength, but it still shows the tradeoff
presently required for large numbers of blades simultaneously.
This run completed the cutting tests for the initial contract
(Phase 1),

Other Experiments

Cutting Force History - Dynamometer Results

A Dynamometer was used to record the vertical and horizontal
components of force occurring during slicing experiments. The
instrument was fabricated to give a full scale sensitivity of as
low as 8,9 N (2 1bf) vertical and 4,4 N (1 1bf) horizontal when used with a
Hewlett Packard Model 7402A Oscillographic Recorder with 17403A
AC carrier preamplifiers, It utilizes a full-wave bridge of
semiconductor strain gauges. The results showed that the per-
formance of the vertical feed system is predictable and may cause
problems with thin wafers,

The vertical feed has a set of four preloaded ball bushings
which guide four posts from an upper platen, There is a preload
friction which must be overcome in order to move the platen upward
or downward, Assuming this to be a constant Ff » and the feed
system to have an effective weight W , the pressure, p ,

applied to the cylinder area Ap results in a cutting force FC

which depends on the direction of motion, x , of the fixed platen

(positive upward),
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When no load is applied in cutting, the feed will rise on an applied
air pressure of 0,25 N/mm* (37 psi) and will fall when the pressure
is lowered to 0,15 H/mr? (22 psi). With the air cylinder having 1.5 x 10°
mm? (2,36 in?) of area, the effective weight of the system is 311 N
(70 1bf) and the feed friction is 80 N (18 1bf) in either direction.
This means that, when the cutting force ic applied in the
normal fashion a load increment of 160 N(36 1bf)will result if the
feed must move downward during the stroke of the bladehead. This
occurs at the beginning of cutting since the bottom of blades do
not 1ie parallel to the stroke plane uf the bladehead, and the
feed is forced downward at one end of each stroke, (See Figure 19
(a)). As the blades wear, each end is radiused and the feed must
respond downward at each end of the stroke to compensate., Figure 19
(b) and (c) shows the accumulation of this conditior during slicing
Test #1-063, Figure 20 shows that the peak forces at the end of
the stroke are about 160 N (36 1bf) above the average applied cutting
force. As the stroke rate is increased to 1,7 sec™ ', the force
increases by 31 N (7 1bf) and the peak forces become more severe,
This is due to inertia of the feed imposed by the abrupt end con-
figuration of the worn blades (high local acceleration). This
peak load is applied to the work at the end of each stroke, and
corresponds to an increment of 58 grams per blade when 140 blades

are used.
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SEM Study of Abrasives

Samples of unused #600 silicon carbide abrasive and Slurry
samples from various stages of the slurry lifetime test series
2-006 were photographed using ¢ scanning electron microscope., Also
viewed were fresh samples of #600 Boron Carbide and a blade edge
used in a s1icing test, These micrographs are shown in Figures 21
through 25,

Used abrasive was separated from the slurry oil by sequentially
diluting with chlorethane, allowing particles to secttle and pouring
off the diluted oil,

The particle size for all #600 abrasive was 10 microns on the
average, The size of particles did not appear to decrease from
fresh to fully used slurry. However, the used abrasive was decorated
with particles of silicon 0.4 to 1 micron in diameter,

There was no large scale change in the appearance of the
silicon carbide through the cutting history of the slurry. However,
there was occassionally a build-up of silicon or steel along the
sharp edges of the silicon carbide., This condition appears similar
to the built-up edge (BUE) on the wear land of machine cutting tools
(Figure 24). The accumulation of particles adhering to the cutting
edges of silicon carbide may efrectively blunt the edges and reduce
the tendency to cut the silicon workpiece,

The appearance of the silicon carbide was such that the
possibility of abrasive breakdown or blunting causing a limit to
slurry life was not apparent. Instead it appears that siiicon
debris (perhaps causing viscosity increase) may be the limit to the

lifetime of cutting ability of slurry.
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Also, it is apparent that the major difference between
silicon carbide and boron carbide abrasive is a slightly larger
particle size for boron carbide. The cleaved, sharp particles
are both of similar shapes.

Figure 25 shows an abrasive particle which has remained im-
beded in a blade., This is not a common occurrence, but the
imbedding of abrasive particles was never assumed to be permanent,

Instead, a quasi-static imbedding is most likely.

Etching Study of Surface Damage

A procedure for the step-etching of as-sawed silicon wafers
was devised., Saw-induced damage is revealed by dislocation etch
pits and varies appreciably with sawing conditions, and the
damage has been found to extend inward more than a few microns.

As shown by Figure 26 for a wafer from cutting Test #1-011, the
dislocation density remains above 10" per cm? until a depth of

18,8 u (0.74 mil) is reached, and its value is 640 per cm? at

27.8 4 (1.11 mil). In slicing Test #1-014, where blade loading

was 4 times higher, the damage density at the surface is lower than
in #1-011, but the slope of the damage vs. depth curve is lower.

The step-etching procedure is conventional, A satisfactorily
nonselective and conveniently slow etchant was developed from the
commonly used 3 HNO3 (conc,) = 1 (HF (conc,) : 1 CH3COOH (glacial)
chemical polishing reagent by increasing the proportion of nitric
acid to 30:1:1, This composition gives sufficient oxidizing power

to maintain planarity, while the greatly reduced rate of oxide
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removal yields an effective etch rate of approximately 2u per
minute. The Wright etchant is used to reveal defects, and ceresine
(microcrystalline) wax is used to mask against etching; the wax is
readily removed by chloroethylene with ultrasonic agitation. Step

heights are measured with a Sloan Dek Tak surface profilometer.

SEM Study of Wafer Surface Damage

Figures 27 - 32 show SEM micrographs of etched and unetched
surfaces of wafers sliced with three different abrasives. The
etched surfaces were prepared using a 5 minute Wright etch,
Measurements indicated that 4 microns of surface was removed.

(We have been told that the unetched surfaces resemble lightly
etched surfaces, This is probably because the wafers were washed
in Alconox, an alkaline detergent which produces some etching action.)

A11 surfaces indicate a fine (1 to 10 micron) interspa. ing of
cracks. These are likely Hertzian fractures produced as abrasive
particles passed over the surface. The network appears to result
in material removal by intersection of cracks producing free silicen
particles. Figure 27b shows a void from which a particle was formed.

The etched <100> surfaces show the remnants of major cracks
oriented 90° apart. Presumably these are cracks which were oriented
along <111> planes and propagated deeper than the rest, The cracks
appear to be no deeper than 5 to 10 microns., The Wright etch has
caused the cracks to widen into a coarse topography after minimal

material removal,
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Figure 27. "Unetched" Surface of an MS Sawn Wafer

({100} Surface viewed at 45° from normal. #600 SiC abrasive used --
Test #2-001)
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Figure 29. "Unetched" Surface of an MS Sawn Wafer

({100} Surface viewed at 45 . #800 SiC abrasive - Text #2-011)
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Fiqure 30. Etched Surface of an M5 cawn Wafer

({100} Surface viewed at 45°. #800 SiC abrasive - Test #2-011.

4um removed with 5 minute Wright etch)
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Figure 31. "Unetched" Surface of an MS Sawn Wafer

({100} Surface vieved at 45°, 4600 BAC abrasive - Test #2-041)
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Fiqure 32. Etched Surface of an MS Sawn Wafer

({100} Surface viewed at 45°. #600 B,C abrasive - Test #2-041. 4um
removed with 5 minute Wright etch)
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The surface sliced with finer (#800) silicon carbide abrasive
has a finer crack network. The particle voids (Figure 12a) are
much larger (30 microns than with #600 SiC. This result is even
obvious under a low power optical microscope. The #600 Boron
Carbide resulted in a crack network of a different appearance.

The spacing is comparable to #600 SiC, but the cracks are much
finer, They d4id not seem to open as much as those produced with

#600 SiC. The etched wafer appears the same, however,

Wafer Characterization

Although it is generally agreed that solar cell wafers need
not meet the specifications for dimensional variation used in the
semiconductor industry, there must be some standards, Wafer-to-
wafer thickness variation, taper, bow, and thickness all affect
the choice of handling methods and process steps. Characterization
of wafers is also important in guiding the experimental program,

Under Phase I, two types of measurements were used to charac-
terize wafers, 20 wafers per run were measured in a Bausch & Lomb
bench micrometer (accurate to .0001 in.). Thickness of each wxfer
was measured at 9 points, 8 around the edge and one at the center,

rom these measurements standard formulae were used to calculate
average wafer thickness, standard deviation of average thickness,
average thickness variation within a wafer and its standard
deviation, the average cof standard deviations of thickness

variations within a wafer and its standard deviation, and average
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E; taper. Also, one or two wafers from each run were traced on
both sides using a Slcan Dek-Tak surface profilometer, Traces
were run in both the with-stroke and cutting directions. These
traces were used to measure bow (here defined as the difference
between average thickness from above and maximum thickness between
two planes tangent to two points on each side of the wafer), taper,
and surface roughness.

The results for each test are presented in the appendices

and discussed below.
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PHASE I: DISCUSSION AND CONCLUSIONS

Parameter Study

Effects of Load, Ingot, Size, Sliding Speed

Figure 33 shows abrasion rate as a function of feed load
for Tests #1-011 through #1-015 (the curve marked “typical" does
not include the initial portion of the test when the system "settles
down" or the final portion when the blades slow as they are allowed
to cut into the submount to avoid excessive taper at the end of
the cut). It can be seen that load and abrasion rate are almost
linearly related. At 283 g/blade, the workpiece broke up due to
severe blade wander. Both bow and taper increased with increased
load.

Later tests (#2-024, #P-001, #2-026) showed that this linear
relation does not always hold: efficiency is reduced at high
loads, indicating the process is not working as well as possible,
and this is confirmed by the fact that the abrasion rate did not
increase to the level predicted by Figure 33. Increasing the
proportion of abrasive in the slurry raised the cutting efficiency
to ncrmal Tevels and caused the abrasion rate to scale with the
load: a new problem was manifestad in the fact that the yield
was low with very thick wafers, Since thin wafers are quite
important for economic reasons, we feel that our "standard"
loads of 558 g/blade/mm of blade thickness are the best choice.

Results of various tests showed that the abrasion rate is

independent of kerf length (i.e., work dimension in the stroke
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direction) for lengths between 20 and 110 mm. Kerf length is,
therefore, not a significant variable.

Figure 34 shows the abrasion rate as a function of
maximum sliding speed during a stroke. The arrows indicate
that the abrasion rate following a change in speed was low, and
increased as the saw "settled in". At 81 cm/sec, the workpiece
broke up. It seems that higher reciprocation rates are a valid
method of increasing productivity without increasing expendables:
however, the current saw is incapable of making a significant
improvement because of the limitation cn reciprocation race
imposed by bladehead mass, and the lack of facilities for
absorbing the higher shock loads generated at higher reciprocation

rates.

Kerf Width and Abrasive Size

Results of several tests indicate that abrasion rate is
constant as the kerf width changes from ,2 to .35 mm. Thus,
kerf width is not an important variable in calculating cut rate.

Figure 35 shows both abrasion rate and"productivity" for
various abrasive sizes (all from Micro Abrasives Corporation).
The iarge reduction in rate as the particles get smaller is
insufficient to offset the reduction in kerf loss. In addition,
the smatler abrasives (higher numbers) resulted in significant
increases in dimensional variation., #600 seems the best choice

of abrasive size.
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Blade Wear

Blade wear for a full cut through a 100 mm diameter ingot
is typically 2.5-3mm. Therefore, a 6.35 mm (.25 in.) high
blade is useful for one such cut. A 12,7 mm high blade should
be useful for 2 and perhaps 3 such cuts. (Note that shorter
strokes must be used for successive cuts because of wear, so
the height loss in each succeeding cut is greater than the
preceding cut.) 12.7 mm high blades will probably be necessary
for 125 mm diameter ingot, and will definitely be necessary for

150 mm diameter ingots, since blade wear is proportional to wafer area.

Abrasive and Slurry

Slurry and Abrasive Lifetime

Tests using the same slurry (#2-006 A, B, C) showed that the
slurry is definitely "worn out" a‘ter slicing two 100 mm ingots, and
somewhat worn out after one ingot. SEM studies of the abrasive
show that the abrasive is not significantly degraded. We
hypothesize that the "wearing out" mechanism is debris accumulation,
and abrasive is recyclable,

Thinning the slurry, to attempt to reduce viscosity increase,

had no effect other than a reduction of efficiency.

Abrasive Concentration

Experimental results indicate that there is an obtimum
abrasive concentration, and that it is a function of blade thickness.
0.48 kg/1 (4 1b/gal) is preferable for ,2 mm (,008 in,) blades,
while 0.36 kg/1 (3 1b/gal) is optimum for .15 mm (.006 in.) blades.
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It seems 1ikely that this relationship will also hold for .1 mm
(,004 in,) blades. As noted above, abrasive concentration
should also be increased as cutting loads increase to maintain

efficiency.

Boron Carbide and Zirconia-Alumina Abrasives

Higher cutting rates were obtained using boron carbide
abrasive, However, kerf loss also increased. It is likely that
there is a sizing incompatibility between #600 silicon carbide
and #600 boron carbide: these small sizes are separated in settling
tanks, so density differences make it impossible to obtain uniform
sizing between different abrasive types,

Boron carbide is approximately 10 times more expensive than
silicen carbide. In view of the SEM studies of used silicon
carbide which found no significant degradation, and, therefore, the
1ikelihood of being able to recycie silicon carbide, the added
expense of boron carbide is not justified.

Zirconia-alumina abrasive, which is much more "rounded off"
than silicon carbide, yielded very inefficient cutting, This

abrasive is not suitable for slurry sawing.

Blades
In any slicing technique, the loss of material during the

slicing process is important, Ve, therefore, concentrated on

reducing the blade thickness in order to reduce the kerf j0ss

and understand the problems associated with thinner blades.
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Initial "best effort" blades were ,2 mm (.008 in.) thick
(#1-001 and others). Significant problems were initially en-
countered with attempts to use ,15 mm (.006 in.) blades, but
eventually we were successful, (#P-005, #3-035, #3-036 and others,)
Success was obtained by scaling both the abrasive concentration and
cutting load by blade size,

No successful cuts were obtained with ,1 mm (.004 in,)
blades. Blade breakage and wander were severe, In ofder to
use these blades, we feel that alignment of the blades should be
improved and a shock absorbing system to reduce shock loads will
be necessary. We do not now feel that blades thinner than .1 mm

will be useful in the near future,.

Miscellaneous

Spacer Thickness

It was found that spacers thinner than .3 mm (,012 in,) are
not useable because of spacer buckling. 0.3 mn spacers require
the additional support provided by the epoxy blade package to
prevent buckling, Since .3 mm spacers used with #600 SiC yield
a .225-,250 mm (.009 - ,010 in,) thick wafer, and thinner wafers
are so fragile that they probably could not survive the cut
without extensive shock absorbing and support, .3 mm spacers seem
to be a reasonable goal. .35 mm (.014 in.) spacers were used

successfully in several runs,
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Wafer Demounting

Initially, wafers were demounted by dropping the feed
(pulling the wafers down through the blades), which caused
significant wafer breakage. We tried a crude heated workmount
plate, which melted the Dekhotinsky cement used to secure the ingot,
with success, We have found that groups of 10-20 wafers can be
"wiggled off" without significant breakage, without using the
heated mount., A heated mount might be more convenient in a

production environment.

Blade Stability

The analysis of blade buckling presented earlier showed that
buckling Toads are an order of magnitude higher than nominal
applied loads. However, dynamometer results also showed high
shock i0ads wue to blade wear at the stroke ends, The dis-
placement forced by blade wear is probably beneficial in that
it pumps the slurry around, flushing debris and introducing
fresh abrasive; but the associated loads should be reduced by
reducing feed mass and spring constant in order to increase

blade stability (and 1ife of .1 mm blades).

Blade Alignment

The statistical analysis of blade alignment showed that
noticeable misalignment is expected in the best aligned package
possible. In the currently produced saw, such misalignment is
probably small enough so as not to affect the process significantly:
however, in a larger saw, a redesigned package or external

alignment device or both may be needed.
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Surface Damage

Etching studies have shown that the extent of saw-induced
damage s very small, on the order of 10-15 um deep. Damage

should not be a problem in solar cell fabrication.

Blade Tolerances

An analysis of the shape of a tensioned blade showed that
the differences between "normal straightness" blade stock and
the currently used "extra accurate straightness" stock are
insignificant, The difference in cost between the two materials

is 10-15,
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5.0 ECONOMIC ANALYSIS
Although the economic analysis of multiblade slurry sawing

was carried out throughout the course of ‘he contract, this is a
convenient point to present the complete analysis as it stands
at the end of the contract. This discussion of economics
provides a convenient summary of the results of Phase I, and
an introduction to and rationale for the investigation of
Phase 11,

A1l the analysis presented here is in the format of the
IPEG (Interim Price Estimation Guidelines) of SAMICS (Solar
Array Manufacturing Industry Costing Standards) as developed
at JPL. A1l dollar values are 1980 dollars unless otherwise

noted,

5.1 State-of-the-Art Economics

b The first step in the analysis is to assess the economics
of the best currently available process. In this state of the
art assessment, we have decided to be conservative in the process
specifications since the economics are so favorable to slurry
sawing, The main impact of this decision is in the choice of
blade thickness and spacer size. The staie of the art factory

is chosen to produce 5.2 x 10 m® of sheet per year,

General Parameters

Although we were successful ir uiing 0.15 mm (.006 in,)

- blades to cut 0.3 mm (.012 in.) wafers during Phase I, for this
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state of the art assessment, we chose to assume 0.2 mm
(.008 in,) blades and 0,35 mm (.014 in,) wafers. A convenient
conversion factor is the number of square meters of sheet
produced for each kilogram of ingot used. Assuming a 100 mm
diameter ingot (4 in. nominal) and a slicing yield of 957 gives
a conversion factor for this process of 0.67 m2/kg.

The cycle time, including one hour for teardown and setup
(an experienced operator can vasily better this) is taken to be

30 hours.,

Equipment and Floor Space

The basic equipment must be chosen as the model 7176 wafering
saw currently avajlable from Varian. The current (August, 1979)
market price for this saw is $24,500. The price in 1980 dollars
will be taken as $25,000, It is reasonable (in light of known
production practices) to assume that 95°. utilization can be
maintained, so 88 saws (83 active at any time) suffice to produce
at the desired level, Our experience suggests that $140,000
in miscellaneous equipment is required,

The floor space required is approximately 5.6 m* (€0 ft°)

per saw.,

Labor
It is not unreasonable to assume 22 saws per operator,
Experienced operators can easily maintain this level, spending

1/2 to 2/3 of their time actually setting up the saws, and the
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remainder cleaning the saws and performing miscellaneous tasks.
We know of one company that runs with 33 saws per operator,

ke, therefore, take labor to be 4 operators and one foreman
per shift. In accordance with JPL guidelines, we assume 4.7

shifts per day in order to operate 365 days per ,ear.

Materials and Energy

For each run, one purchased blade pack will be required.
7.6 liters (2 gal.) of PC 0il will be used for the vehicle, and

13.2 kg (6 1b.) of silicon carbide abrasive. Miscellaneous

supplies (ingot submount, Dekhotinsky cement, etc.) total $5.18 per

run. 31.7 kw-h of electricity is required per run.

Resul ts

Table 4 is a layout of the IPEG calculations for the state
of the art system. The interim price goal for 1980 sheet generation
is $343/m® value added. Although this quantity must be allocated
to ingot growth and wafering, the add-on cost from Table 4 of
$128/m? is only 377 of the allocation: the remaining 63% ($215 m?)
should easily be sufficient for ingot growth. The conclusion ic
that a conservative assessment of the state of the art in slurry
sawing shows that this process can easily meet the interim 1980

goals.
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VALUE ADDED = 128 $/m?

saw
miscellaneous

floor space
operator

blade pack
vehicle
abrasive
miscellaneous

electricity

51,500 m’

STATE OF THE ART COST SUMMARY (1979)

AMOUNT

88

5,370 ft2

23

23,135
46,270 qal.
138,800 1b.

733 Mw-h

UNIT COST DIRECT £0ST

FULL ANNUAL COST

2,200,000

2,233,000

1,080,000

69,000
975,000
783,000

2,903,000

228,500
451,000
156,000

47,500

6,643,000
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5.2

Onward to 1986

Through a long and continuous process of considering
technical feasibility and effects of changes, we have constructed
a scenario for development of the multiblade slurry sawing process.
This scenario outlines the technical progress necessary to reach
or approach the 1986 goals. Table § presents the highlights of
the cumulative changes in this scenario (note that the years
given are years in which these changes can be used in production:
obviously, the equipment must be available several years earlier
and process knowledge should be available on the order of a year

earlier). Tables 6-8 contain the IPEG calculations for the

. scenario, and the individual changes are discussed below,

General Parameters

The conversion factor m?/kg discussed above is extremely
important to the add on cost. We feel that properly designed
shock absorbing equipment will make it possible to cut 0.25 mm
(.010 in.)} thick wafers using 0.1 mm (0.004 in.) thick blades. Assumina
a 95% wafer yield, the conversion factor is then the easily remembered
1.0 m?/kg. We do not now see any way to increase this factor,

The ingot diameter is assumed to increase to 150 mm (6 in.)
diameter. This has essentially no effect on the economics of the
sawing process, but is used because analyses of Czochralski ingot
growth indicate that this increase is necessary to make the growth

process economical,
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The cycle time must be maintained essentially constant
at 32.6 hours. This means that for a 150 mm ingot the cutting
rate must be increased by a factor of 1.3 to 4.6 mm per hour xe
(note that this corresponds to approximately doubling the area
production rate by which many factors scale). To achieve this,
the reciprocation rate must be doubled: (work under Phase I showed

that area production rate (equivalent to cut rate at constant ingot

size) is proportional to reciprocation rate), again requiring equipment
redesign.
Equipment and Floor Space

Since the equipment must be redesigned to achieve the above
changes, we decided to use this fact to postulate a saw of larger
capacity than currently available in order to affect three more
areas. A saw which cuts more wafers per run with the same labor
input will reduce the labor cost per wafer. It is reasonable that
a single large capacity saw, cutting about three times more wafers
than current eguipment, wiil require less flcor space than three

conventional saws. Finally, it is also reasonable to assume that

such a large saw could be sold for less than three conventional saws,
reducing the capital investment per wafer. Our best (but not
necessarily firm) estimate of the market price of such a saw
is $77,000.

After studying the floor space required and building a prototype
savw, we decided that the floor space required is 5.1 m*(60 ft?)

- per saw as before. .
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Labor

The large capacity saw is intended to require the same set-
up time and attention as current equipment, Partly to introduce
a small safety factor and partly to make the numbers easier, we
assumed 20 saws per operator., As discussed below, significant
savings can be affected by in-house blade pack fabrication: based
on Varian's experience three assemblers per shift will be sufficient
to supply our hypothetical 1986 factory.

Again, one foreman per shift and 4.7 shifts per day are
required.

Material and Utilities

Expendable materials are a very important factor. Several
significant reductions are possible in this area.

Blade packages are a very high cost item. Most large users
of slurry saws assemble their own packages to lower this cost.
It is easy to assume that this practice would be followed in a
large wafer factory,

The cost of blade pack materials must also be reduced,
During Phase I we showed that an immediate 10-15% reduction was
possible by reducing straightness tolerances. Considering (by
consulting with our supplier) the reductions possible by looser
thickness tolerances (shown to be possible during Phase II),
bright instead of blued stock, 12.5 mm (.5 in.,) high rather than
6.25 mm (.25 in.) blades (necessary for 150 mm ingot and cheaper
per pound), and high quantity pricing, we feel that the cost of

blade and spacer steel can be reduced by 60%.
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The cost of vehicle is also significant. Experimental work
under Phase Il showed that all the characteristics of PC oil are not
necessary, We feel that a cheap vehicle, either mineral 0il
based (moderate cos -, definitely recyclable) or water based
(low cost, possibly recyclable) can be made which will cost
85% less per run than PC o0il (including recycling in the case of
mineral oil based vehicle).

Abrasive cost is extremely significant. Indeed, projected
abrasive usage is a significant (about 1-5%) portion of current
world preduction. In view of the lTack of abrasive breakdown
showed by the SEM studies under Phase I and the successful use of
recycled abrasive under Phase II, we feel that 66% of the abrasive
can be recycled after each run.

Electricity cost is somewhat significant, but we feel that
the large saw will use essentially the same amount of electricity
per wafer as current equipment (i.e., about 3 times as much per

run).

Results and Discussion

The scenario analyzed by SAMICS results in wafering add-on
costs in 1982, 1984, and 1986 of 82.8, 40.7, and 19.2 $/m?
respectively (1980 dollars). The goals for these same years for
sheet generation add-on are 179.2, 53.2, and 25,5 $/m?*. The
amount left over for ingot growth is shown in Table 9. From

analyses of ingot growth by Czochralski and HEM methods, there
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1982

1984

1986

TABLE 5

SCENARIO FOR SLURRY SAWING COST REDUCTION

(Cumulative Changes: Years are Those in Which Equipment is In-
stalled in a factory)

current equipment

300 slices/run

in-plant blade package fabrication

100 mm diameter ingot

3.5 mm/hr, cut rate

0.80 m*/kg (including 95% slicing yield)
low-cost slurry vehicle (40% of PC 04l cost)

large capacity saw

900 slices/run

125 mm diameter ingot

0.89 m?/kg (including 95% slicing yield)
33% abrasive reclamation

1000 s1ices/run

low-cost blade stock

150 mm diameter ingot

4.6 mm/hr, cut rate

1.0 m*/kg (including 95% slicing yield)
very low cost vehicle (15% of PC oi1 cost)
66% abrasive reclamation
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quAN

VALUE ADDED = 82.8 $/m°

Saw

miscellaneous
floor space

operator
assembler

steel

vehicle
abrasive
miscellaneous

electricity

126,000 me

COST REDUCTION SCENARIO (1982)

TABLE

AMOUNT

203

12,390 ft°

50
14

163,700 1b.
112,500 gal.
337,500 1b.

1,260 Mw-h

UNIT COST

25,000

DIRECT COST

5,075,000
1,077,000

8C5,000
200,200

1,237,600
168,750
843,750
126,500

63,000

FULL ANNUAL COST

-

2,487,000
528,000

2,134,000

1,690,500
420,500

1,609,000
219,500
1,097,000
164,500

82,000

10,432,000
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TABLE 7

*
4

COST REDUCTION SCENARIO (1984)

T E TR

QUAN = 238,000 ml

VALUE ADDED = 40.7 $/m?

AMOUNT UNIT COST DIRECT COST FULL ANNUAL COST i
EQPT Saw 98 77,000 7,546,000 3,697,500
miscellaneous - - 775,500 380,000
SQFT floor space 6,000 ft2 -- - 1,033,000
DLAB operator 25 16,100 402,500 845,000
assembler 10 14,300 143,000 300,000
3 MATS steel 189,000 1b. 7.56 1,429,000 1,857,500 §
vehicle 137,000 gal. 1.50 205,500 267,000 g
abrasive 273,000 1b, 2.50 682,500 887,250
miscellaneous - - 220,000 285,500 5
;
UTIL electricity 1,872 Mw-hr 50 93,600 121,500
9,674,250
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OLAB

MATS

VALUE ADDED = 19.2 $/m°

saw
miscellaneous

floor space

operator
assembler

steel

vehicle
abrasive
miscellaneous

electricity

517,820 m°

TABLE &

COST REDUCTION SCENARIO (1986)

AMOUNT

122

7,300 ft2

30
14

266,000 1b.
186,000 gal.
186,000 1b.

2,620 Mw-h

JNIT COST

77,000

DIRECT COST

9,394,000
560,000

-

483,000
200,200

814,500
104,000
465,000
298,200

131,000

FULL_ANNUAL COST

4,603,000
274,500

1,257,000

1,014,500
420,500

1,065,000
135,500
604,500
387,500

170,500
9,932,500

= g
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should be no problem in 1982, a possible problem in 1984, and

probably a problem in 1986 of achieving the costs in Table 8

for ingot growth, We realize that, in this analysis, wafering
consumes the majority of the allotted add-on cost, but we cannot
honestly project greater cost reductions in the allowed time
period.

During Phase II of the contract, we started the process of
developing the technical improvements necessary to realize the
process proposed above, The goals for Phase Il were based on an
earlier (but not significantly different) analysis than the one
presented here. The remainder of this report deals with our

thinking, methods, and results in this effort,
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YAFERING ADD-ON

YEAR ($/m%)
1982 82.8
1984 43.7
1986 19.2

TABLE 9

LELTOYERS rOR i30T GROWTH ($/m’)

SHEET GENERATION ADD-OM GOAL
p 2
e AS/7)

179.2
53.2
25.5

CONSEQUENT INGOT GROWTH
ADD-ON ($/ka)

120.5 (@ .80 m’/kg)
14 (@ .89 m’/kg)
6.3 (@ 1.0 m’/kg)
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PHASE I1I: INTRODUCTION AND DISCUSSION OF GOALS

As a result of analyses essentially similar to that
presented in Section 5, a Phase Il progrim was started to further
investigate and optimize multiblade slurry saws. Two standard
Va.fan 686 saws, unmodified except for installation of a static,
pulsed slurry application system, were purchased for use in
cutting tests, A prototype of the large scale saw postulated
for introduction in 1982 was designed, fabricated and tested.

A small scale "lab saw" was also designed and fabricated in order
to test the process under wider variation of parameters than is
possible in a standard saw, and to use in investigation of the
basic processes of slurry sawing., An ADE Microsense 6034 non-
contact wafer measuring station was also purchased, so as to allow
bow and taper measurements that correlate hetter with those made
in industry.

The first major goal was fdentification and testing of a
low-cost slurry., This included both cheaper vehicle and abrasive.
The planned tasks were to analyze and test suspension oils,
fabricate or purchase promising oils, enhance 1ifetime of slurry
if possible, test mixtures of abrasive sizes (since abrasive is
cheaper if the size ranut 3 wider), reclaim and test oil and/or
abrasive , and finally identify and test a low cost system,

The idea of testing water-based vehicle came later, and was

included in the testing program,

n




In the area of blades, time was a severe limitation.

Because blade stock is a long lead time item (8-12 months)
and difficult to procure in quantities less than a few thousand
pounds, it proved impossible to obtain all the varfations we
desired, We were able to test the effect of thickness
tolerance and hardness variation, Major goals included further
analysis of tolerance requirements, testing of the effect of
Tower cost blades, and specificatinn of blade tolerances and
hardness. The laboratory saw, a saw designed to use 1-10 blades
between 254 and 750 mm (10 to 25 in.) long, run at high speeds,
and provide precise cutting force cont=)1, was also a part of this
task since we anticipated its initial use to be for blade tests,

In view of the statistically expected runout of a blade
package (developed under Phase I), and in view of the increase
1n runout expected from using looser tolerance blade stock, we
decided to try to improve the alignment of a blade package.
Perhaps the most appealing method to do this is by complete blade
package redesign: however, neither time nor resources were
available to do this, Therefore, we included in the blade task
a program to develop and test a saw-mounted "alingment device" to
supersede the runouts imposed on a blade pack by the statistical
nature of the blade-spacer stacking method of assembly.

In designing the large saw, much of the basic machine
layout was forced by the specifications. The major impact of

the specifications was that, in order to hold just over three times
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as many blades, the bladehead mass must be on the order of
ten times the current bladehead mass (since stiffness scales
as the square of linear dimensions). When we considered that
the reciprocation speed must be doubied, we decided not to try
to move a mass on the order of one ton over distances on the
order of eight inches at rates on the order of 200 strokes/min.
This meant that the moving component functions had to be inter-
changed: the work must be reciprocated and the bladehead moved
so that the blades feed into the work., Worries about sudden
reversals of direction “"throwing" wafers near the end of the cut
led us to decide to include a control (flywheel) which "softened"
the stroke reversals. Air cylinder feed is obviously unsuitable
for moving the bladehead, so a motor and electronic feedback
control were included. Also, since the system of blade tensioning
used in the 686 (four bolts directly pulling on the clamp which
holds one end of the blade pack) would be too complex (mostly in
remembering the order of bolt tightening) and time consuming if
applied to the large saw, we decided to include a new tensioning
system. These requirements, plus miscellaneous designs such as
sturry feed, lubrication, work mounting and addition of an
alignment device developed under the blade task, defined the
goals of the large saw design, fabrication, and testing task.
Several miscellaneous tasks were included, which were
continued economic analysis, cell fabrication, evaluation of

surface damage including optimized damage removal, and design,
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fabrication, and use of a mechanical wafer strength tester to

specify handling and cutting limitations of wafers.

In addition to the above formally stated goals, we made
every attempt to demonstrate conversion factors (m*/kg) as high
as possible up to and including 1.0 m?/kg (which corresponds to
producing 25 wafers from each centimeter length of 100 mm
diameter ingot). Also, during the course of Phase II, it seemed
advantageous to install an end-of-stroke shock absorber or "bounce
fixture" in one of the 686 saws in order to test our assumptions
about decreased wafer breakage and increased life of 0.1 mm
(.004 in.) thick blades in an otherwise known system.

The following sections will discuss in detail how we went

about meeting these goals and the results of our efforts.
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PHASE II: ANALYSIS

Geometric and Kinematic Fundamentals of Slurry Sawing

We hired a consultant, Prof. Guenter Werner of the M.1.T.
Department of Mechanical Engineering, to investigate the theory
of slurry sawing. Professor Werner is a specialist in the fields
of grinding and lapping, and is one of the proponents of the theory
that abrasive grains in lapping roll rather than cut like a lathe

tool. The results of his analyses are presented below.

Rough Calculations Based on the Rolling Abrasive Model

Assuming the abrasive rolls rather than becoming entrapped in
the blade and cutting (as seems likely, in lapping), several features
of the slurry sawing process can be explained. First, earlier
work showed that rounded abrasive (zirconia-alumina) cut poorly in
spite of high hardness. If the abrasive rolls, the material removal
mechanism must be one of impact (Hertzian) fracture, and rounded
abrasive would be expected to cut poorly because of its tendency
to roll smoothly and not provide the impact associated with the
jerky roiling of more angular grains. Second, the low wear rate
of the blades compared to the workpiece makes sense in light of the
fact that the steel blades are much less sensitive to impact fracture
than the very brittle workpiece.

It is interesting to approximate the number of impacts. Given
a relative blade-workpiece motion di/dt and a grain diameter dn ,
and assuming the grain contacts both the workpiece and blade and

rolls without slip, the grain must rotate at a rate .
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R = (de/dt)/n dg (44)

In slurry sawing, d&/dt 1is on the order of 600 mm/sec, and dg
is on the order of .03 mm, This leads to a revolution rate of
6 x 10° per second!

If we assume that the distance between the blade and workpiece
is one grain diameter, and that the denéity of abrasive grains in
that space is the same as in the overall slurry, then in terms of
the "mix" M(g/mm®) and abrasive density p(g/mm®) , the number of

grains touching an area A(mm?) of the workpiece is

N, = 6 AM/ (modi(M/p +1)) (45)
(Note that M is here taken to be the number o* grams of abrasive
added to 1 mm® of vehicle: the significant volume change leads to
the correction term M/(M/p+1) which is the actual density of
particles in g/mm®)., For typical slurry sawing parameters

M=3.6 x10"" g/mm® (.36 kg/1, 3 1b/gal), o = 2,33 x 107° g/mm’

{silicon carbide) and dg = ,03 mm , then

Np/A = 300 particles/mm? (46 )

Although this number is somewhat large, the particles are not crowded:

a simple calculation shows that average interparticle distances are

1 to 1.5 times the particle diameter.
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Although the above numbers are interesting, the truly

astonishing number arises when the number of impacts is
considered, With all the above assumptions, the number N of

particles passing through a unit width in unit time is
N = Np(dz/dt)/ZA mm 'sec”! (47)

And if a grain makes I impacts per revolution, the number of

impacts I* on a unit area per unit time is
[* = INp(dz/dt)/ZdeA (48)

Assuming I 1is 3 (somewhat conservative) and using the numbers

abcve yields I* =5 x 10° impacts per square millimeter per second:
The above analysis is admittedly crude and neglects such factors

as slippage, non-ideal packing, fluid effects, etc. Even if the

numbers are off by several orders of magnitude, it is believable

that an extremely large number of impacts can occur, and the

material removal can be explained by impact-induced microfracture.

Consideration of Cut Rate

In analyzing the cut rate from first principles, the actual
blade-work contact area is extremely important. Thus, a consideration

of the "fit" between blade and workpiece is essential,
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Figure 36. Geometry of Worn Blade-Ingot Interactions
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As the blade reciprocates, the ends of the blade are in

nominal contact with the workpiece only at the ends of the
stroke, Also, the sliding speed is maximum at the center of
the stroke and zeroc at the ends. Under these conditions, the
blade must wear more at the center than the ends., The shape of
the worn portion of the blade must be a curve, of unknown shape
but probably close to elliptical as shown in Figure 36(a).

The actual contact area will depend on both the blade and
workpiece wear curves, Assuming that the blade and workpiece
maintain contact (perhaps untrue at the very end of the stroke)
and that the curve shapes are pseudo-static, the workpiece curve
must be geometricaily similar to and smaller than the blade curve.

Two such curves can only touch at a point. Because of non-
jdealities and the presence of grit the contact area will be small
but finite, of length 2k as shown in Figure 36(a). The size of
Qk is discussed below: since it will drop out of the analysis
of cut rate, the discussion of Rk is postponed.

Since, as the blade reciprocates, the contact point moves in
a direction opposite to the blade motion as illustrated in
Figure 36(b) the contact time t. between the blade and a point
on the workpiece is a function of actual contact length lk .
sliding velocity dt¢/dt , nominal contact length X and stroke
length S :

t. = lkS/((dl/dt)(S +K)) (49)
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Combining Equations 49 and 48, the number of impacts per unit

area of work surface in one stroke, N1 , 1s
N1 = I*tc (50)

Each impactcan be assumed to remove a volume which is proportional

to the average load per grain L_ which in turn is proportional

9
to feed force per blade F , kerf width We contact length

zk » and abrasive density Np/A :
Vw = kng = kvAF/szkwk (51)

where ky is an unknown constant (?) with dimensions volume/force.
The cutting rate per stroke d4z*/dt 1is then the volume removed
per impact from (51) times the number of impacts per second ner

unit area from (50):

dz*/dt = vai
= kvAFI*tc/Npi?.kwk
dz*/dt = kVFIS/ang(s +K )wk (52)

Finally, multiplying dz*/dt by the number of strokes per

minute R gives

dz/dt = kaISR/ang(S + K) Wy (53)
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Equation 53 is the equation for cut rate as derived from a

simplified rolling abrasive model, It agrees well with
experiments in several ways: the predicted 1inear increase

in cut rate with stroke rate, feed force per blade per unit
blade width, and inverse of particle diameter are followed quite
closely by the experiments under Phase I. The predicted less
than direct increase of cut rate with stroke length is also true,
although the magnitude has not been checked, It is reasonable

to assume that the linear increase in cut rate with number of
impacts per particle revolution is true, although we have no
means of checking this., We conclude that the rolling abrasive
model is the only one which has yet allowed the derivation of cut
rate as a function of system parameters from first principles,
and the resulting equation is reasonable, useful, but not yet

proved to be true,

"Bounce"

One feature of the slurry sawing process is "bounce", a
vertical motion of the ingot relative to the blade near the ends
of the stroke. Bounce increases as blade wear increases., It is
generally felt that the mction is beneficial since it creates u
pumping action which flushes used slurry and introduces fresh slurry,
However, the forces associated with this motion can break wafers
and blades, so bounce must be controlled. Standard practice is
to shorten the stroke when the bounce becomes excessive so as to

remove the effect of the ends of the worn portion of blade.
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Kinematic considerations of the rolling abrasive model led

Professor Werner to an interesting analysis of bounce, Figure 37
shows a blade and workpiece in contact with geometrically similar
but different size profiles as discussed above. It is apparent
that when the blade moves, the ingot must move downwards with
respect to the blade by a distance B = ¢ - d.

Geometrically, the condition of similarity of the two profiles

leads to

d = cK/(S +K) (54)
Combining (54) with the relationship B =¢ -d,

B= c(1 -K/NS+K))=cS/(S+K) (55)

To make Equation 55 useful, we must consider the relationship

between blade wear ¢ and stroke length and kerf length.
Taking the cut rate of Equation 53, multiplying by K , and

modifying the S/(S + K) portion by raising to a power o (0<u<l)

at Professor Werner's suggestion, we obtain the rate of cross

section work removal in a plane parallel to the stroke:

)Cl

i .
dACS/dt = (kJ(FIR/Zﬂdgwk)S /iS + K (56)
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Figure 37. Model for Kinematic Analysis of Bounce
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Multiplying by time, setting the total number of strokes
n=tR , yields

Acg = (k KFIn/2ndow )S%/(S + K)® (57)
Now, from Figure 37, the blade wear can be approximated by

Ag = K c (S +K) (58)
The ratio of blade to work wear has been found to be roughly

constant; call this Kr . Taking the ratios of Equations 57 and
58 and setting vy = Fkv I/ZnKerdgwk
¢ =y nsiK/(s 4K (59)

Substituting (59) into (55) gives the bounce in terms of stroke,

nominal kerf length and number of strokes:
B= yvnS /(s + K2 (60)

It is instructive to rewrite Equation 60 in terms of the ratio

of stroke length to nominal kerf length RSk = S/K :

l1+a 240
B-YnRSk /(R5k+]) (6])

B2




Equation 61 implies that the bounce (and blade wear!) as a function of Rsk
has a maximum, easily calculated to be at Re ™ 1+a ., Figure

38 shows the bounce as a function of Rsk for various values

of a : the implication s that blade wear can be reduced by

picking Rsk < 0,5 . Of course, the non-constant nominal kerf

length encountered in slicing round ingots would complicate and

change the analysis. We have not yet had time to check this

analysis experimentally,

Consideration of Actual Contact Length

It is possible to derive an expression for the actual contact
length between the blade and workpiece, Assume that the gap
g between the blade and work profiles at the end of the actual

contact area is some fraction of the grain diameter

E g = cdy 057c - (62)

In the vicinity of the theoretical contact point, the profiles

can be described by a blade profile radius "y and a work profile

radius L As long as the angle between the two curves is small,

geometrical considerations lead to

l/:’
e ® (2 ¢, dg "ow/ (rb B rw)) (63)

The radii in (63) change with time and with position in the

stroke, Since the actual curve shapes are not known, assume that
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Figure 38, Normalized Bounce as a Function of Stroke Divided by

Kerf Length

(Dotted line shows position of maxima.)
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the curves are arcs of circleg (i.e., ignore the dependence of
radii on position), Then for small values of € and d (see

Figure 37},

= 2
ry (5 + K)28¢

ro= K2/8d (64)
W

Combining Equations 54 and 59 with Equation 64 leads tg:
ry = (S + KY**%/ (8yns%k)

" = (S K (gynsy (65)

b A Fanpr (s (%) e () (66)
Thus. the contact length is directly proporti. sa’ tp grain size
and depends in a more complex fashion on Stroke g nominal

kerf length, The dependence op Square root f kert width and

the physical model chosen, but may be true. We hé e as yet

been unabte to check this equation experixenta?)y“
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7.2  Further Analysis of Blade Buckling

We were puzzled by the fact that, although the analysis
of blade buckling presented earlier predicted no torsional
buckling under normal ronditions, blades do deflect in a manner
which strongly suggests torsional buckling. The following analysis
was carried out in an attempt to resolve this question, and includes
effects such as blade wear and kerf length,

Several assumptions were made to make the analysis feasible.
First, the worn blade profile is assumed to be a straight line.
Second, since the ingot will provide some support to the portion
of the blade buried in the ingot, the portion of blade in the ingot
is assumed to tip as a rigid body around the local centerline.
Third, stress concentrations and redistribution of stresses at
changes in cross section and changes of centerline position are

ignored.

Restoring Torque and Stiffness

[f the portion of a blade in the work is tipped by a small

angle ¢ , the restoring torque TR may be writtenvin the form

T, = C° (67)

where C 1is a constant function of blade properties, dimensions,
and tension,
Considering the blade shown in Figure 39, the stiffnesses

of each worn and unworn section of the blade must be considered.
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- Figure 39. Blade Model for a More Complex Buckling Analysis

85a




.ap i T R RRT RS AT TS T e e R

For any section i , the stiffness is of the form(z)
¢, = (&g +nd /Yy (68)

where £ is a function mostly of blade material properties
("intrinsic" stiffness) and partly of pretension, and 7 is a
function only of pretension.

Considering the combination of worn and unworn portions, the
worn and unworn portions on one side of the work are in parallel,
and the sections on each side are in series, SO the overall
stiffness is (noting that & and n do not depend on length,

SO S] and ut apply to both unworn portions and 52 and ub

apply to both worn portions)
- -1
€= (1/(g] + ‘ﬂ-‘) ¥ g«w]/(gz + nz))
-1
+ (2 (E] + n]) + Q'wz/(gz + “2)) (69)
0f course, we are interested mostly in the minimum stiffness
during a stroke. Noting that le + sz = constant = L» using

this relationship to eliminate % from (69), and setting

dC/dlw] =0 gives

1]
x>

L = = L/2

wl Qw2 W (70)

(2) Biot, M.A., "Mechanics of Incremental peformation", John Wiley

and Sons, New York, N.Y. (1965).
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Evaluation of Parameters

From Reference 2, & is the same as the stiffness of an

untensioned member calculated using a modified shear modulus

G'=G=-o07 /2 (71)

vhere ar js the tension.

For a rectangular cross-section of width t and height
. (3)

J'G!

Y
H

J' = ht? (173 + 0,21t (( t4/12n%) - 1) / h)zds (72)
(The expression for J' is an aprroximation to an infinite series
of hyperbolic tengents; therefore h and t cannot be interchanged
in Equation 72.)

With £ defined by Equations 71 and 72, n may be calculated.

From Reference 2,

(3) Roark, R.,J. and Young, W.C., "Formulas for Stress and Strain",

5th ed., McGraw-Hill (1975) .
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where J is the polar moment of inertia. From Reference 3,

J = th ( t2+h?) /12 (74)

Now the only unknown in the above equations is Or Ore
might expect or to be a function of
bjade wear, but to a very close approximation this is not so due
to the method of tensioning. Blade tension is specified in terms
of elongation, usually 2.54 mm (0.1 in.) over the blade length of
381 mm (15 in.) This causes a strain e = 6.67 x 107% and the
stress may be calculated from strain times Young's modulus E .

In the calculation of stress, blade cross-section does not
enter so the blade wear does not affect the pre-tension, This is
actually slightly erroneous, since the jaws holding the blades
deflect slightly (about 0.5 mm, .002 in.) during the tensioning.
As the blades wear, their stiffness decreases and this allows
the clamps to relax, slightly extending the blades and increasing
the tension by about 1%, This change can certainly be ignored.

Therefore,

or = 6.67 x 107° E (75)

Finally, Equations 68, 70, and 71 - 74 may be combined to

define two stiffness parameters (note w is the amount worn)
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s, = L7((6G - or/ 2)(ht*(1/3 + 0.21t((t*/12h*)-1)/h))
+ ocht(h? +£2)/12)
s, = z;l((e = 01/2)(h=w) t* (1/3 + 0,21t (t*/12(h-w)*

1)/ (h-w))) + op(h-w)t((h-w)?+t?)/12)

And from Equations 69 and 67, the restoring torque TR for an

angular deflection O of the center section is
Tp = Zs]SZC)/(s] + 52) (77)

Buckling
When the torque due to offset of the cutting force from the

blade centerline is greater than the restoring torque, the blade
will buckle torsionally. From Figure 38, the upsetting torque Tu
is

Tu = F(h-w)sin® /2 aF(h-w) 0 /2 (78)

Setting the torques from Equations 78 and 77 equal to find the point

of buckling, the buckling feed force Fb is




Calculation of Buckling Loads

The actual calculation of loads is more complex than before
because of the increased complexity of the model. Also, some
further manipulation is necessary since the blade wear w is not
a constant.,

An average blade wears on the order of 3.2 mm (,125 in.)
during a cut on a 100 mm ingot. Assuming the wear rate to be

constant, the wear can be written in terms of the cut depth d
w=23,2dx102%mm

The kerf length K is, in terms of d and ingot diameter D
K = 2 (d(p-d))"/2

The unworn blade length is
2 = (381 =S - D)/2 mm

and the worn, unsupported length is
Ly =197 - 2 - K/2 mm

Typical cross-sections are

-
1

6.35 mm (.25 in.)
.15 mm (.006 in,)

[ad
]
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For steel,

o
"

= 7.9 x 10* N/mm? (11.5 x 10°% psi)

m
L]

2 x 10% N/mm2 (29 x 10° psi) (85)

It is of interest to compute the amount of stiffness due
to preload. Under no pretension, the stiffness per unit length
is J'G' (see Equations 68, 71, 72, and 73 with gr = 0). For
a pretension of 0 , the stiffness per unit length J'G' of a
section of height 6.35 mm and thickness 0,15 mm is 556 Newton
millimeters per radian per millimeter. From the same equations,
the stiffness per unit length of the same section stretched to
op = 1330 N/mm? is 4,81 x 10 Newton millimeters per radian per
millimeter, The "intrinsic" stiffness of an untensioned blade is
therefore about 12% of the total stiffness of a tensioned blade,
so the intrinsic stiffness is small compared to the "induced"

stiffness but probably should not be ignored.

Results of Computations

The above equations were evaluated for the parameters given
above for various values of cut depth d and for an ingot diameter
D =100 mm , and a stroke S = 203 mm (8 in.). Buckling loads
were evaluated on an HP-97 programmable calculator for cut depths

of 0O to 100 mm in steps of 1 mm.
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The initial buckling load was found to be 15.5 N. This
load increased to a maximum of 17.8 N at d = 15 to 17 mm ,
The buckling load then decreased to 6.3 N at the 100 mm depth,
This analysis agrees quite well with the independent analysis
reported under Phase I in which the buckling load of a similar
unworn blade (disregarding intrinsic stiffness) was found to be
14 N (viz. 15.5 N calculated from this analysis), Since typical
loads for such blades are 0,82 N » and blade wander occurs almost
from the beginning of the cut, the above analysis refterates the
conclusion that a torsional buckling analysis cannot explain the

observed blade wander.
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8.0
8.1

LARGE_SAW DESIGN

General Considerations

As discussed earlier, many aspects of the large saw design
were forced by the necessity to increase bladehead mass by a
factor of about 10, This meant that the saw had to be a work-
moving saw with the workpiece reciprocating and the bladehead
fed into the work by an electric motor drive, controlled by a
closed-1oop force controller, In addition, an improved blade
tensioning system was required.

The only major question remaining in the rough design was
the layout of the ingot moving system, specifically how to arrange
the components for maximum protection freim slurry, Several concepts
were considered (sketches will be found in the appendix), including
an "upside down" arrangement in which the workpiece was suspended
over the blades and the blades were fed upward, We finally
decided to build a carriage consisting of a space frame, supporting
the ingot, hanging from linear ball bushings. The frame was designed
so that splash shields could be installed between the main part
of the carriage and the bushings.

The major detailed design tasks were then design of the
carriage drive system (including provisions for stroke adjustment),
design of the bladehead and tensioning mecharism, and design of the
cutting force controller. These tasks are discussed in detail

below.
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8.2

Cutting Force Controller Design

We decided to measure the cutting force by supporting the
ingot on a spring-supported pilate guided by precision ball
bushings. This plate formed the top portion of the carriage,

The distance between the plate and carriage could then be

measured, and the known spring constant used to convert to

force. This system had the additional advantage of allowing

the ingot support to have Tow mass and low spring constant,
reducing the shock force on the ingot associated with end-of-stroke

bounce,

Model of Cutting Desian

In order to design a closed loop control system, it is
necessary first to derive a mathematical model of the dynamics
of the cutting process.

The system defined above is illustrated schematically in
Figure 40, A precision variable speed DC motor-generator is
controlled by an input DC voltage Ei . The motor rotation is
reduced through a gear system, and drives a lead screw which drives
the bladehead and blades down into the ingot. A displacement
transducer (LVDT, or linear variable differential transformer,
used because the low spring constant desired required large
deflections) measures the ingot displacement, and the LVDT
conditioning module generates a DC output voltage proportional to

ingot position,
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This system is rather easily analyzed if the dynamic
characteristics of the motor controller and LVDT conditioner
are ignored. It turns out that the time constants in these
two components are about 10-100 times less than those in the
other components, so these dynamic characteristics can be {gnored.
Assume, therefore, that the bladehead velocity is related to
E; bya proportionality constant A , or

de/dttAE1 (86)

In the cutting of the ingot, the cut rate will be a function of
the force applied to the ingot. Assuming this function to be
linear, the cutting interface is equivalent to a damper., The
velocity difference acrocs the damper is equal to the difference
between blade and spring velocities, so the force on the damper

is
Fsb(de/dt-de/dt) (87)

The force on the damper is also equal to the spring force

plus the inertial force due to the velocity of the mass, or

= 2
F des/dt'ers (88)
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Equating Equations 87 and 88, and using (86) to eliminate
de/ dt

2 =
deS/dt+bdxs/dt+KxS-AbE1. (89)

The LVDT conditioner output is related to x_ by a proportionality,

S

E0 = BxS . Using this relation to eliminate x_ from Equation 87

3
and dividing through by M,

dzEO/dt + (b/M)dE/ dt + (K/M)E = (ABb/M)E (90)
For the controller analysis, the Laplace transform of Equation 90

is desired. This is easily done., For notational convenience,

define

A* = ABb/M
b* = b/M
K* = K/M (91)

and the Laplace transform of (90) is

EO/E1.=A*/(52+b*s+k*) (92)
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? 2 Controller Layout and Analysis

The controller block diagram, including the Laplace transform
(transfer function) for each component, is shown in Figure 44,
: : A reference voltage E. (proportion:1 to desired cutting load)
| is subtracted from the LVDT output to obtain an error signal Ee .
Since we felt that relatively high frequency load variations .
; 3 (such as those induced by bounce at about 1-10 Hz) should not N
affect the cutting force control, the error signal passes through
a low-pass filter. The filter output is then integrated, so small
errors can lead to large speed changes in time, and fed back to
the centroller. (Note that the integrator in Figure 41 is not
ideal; an ideal integrator has (nfinite DC gain (Ai =0) . Since

we were afraid that th. cains involved might be large enough to

E approach the gain limit of an op amp, we decided to explicitly
E include the finite gain.)
The filtered error signal is also amplified and displayed

on a null meter. This allows both monitoring of performance
and nulling out the deadweight of the system before the run.

The system in Figure 41 is perhaps most easily analyzed

by starting from an arbitrary point and multiplying transfer
functions around the loop. S5tarting at the LVDT output Eo s

Ee is given by
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Multiplying Ee by the filter transfer function gives Ef
- =1
Ef --Ee (Af + TS )

= (E, - Eo)(Af +1.5)7! (94)

r f

Proceeding in this fashion through the integration and sawing

processes, we again obtain E0 :

E. = (E

; - Er)(A + T

-1 -1
0 Froes) (A +rs)

E, = (B -E)(A+ceS)TH(AL + 748 )T1A (s2+b s +k )Y (95)

Defining some coefficients

*

ap = b+ Agte Ay (96 )

_ * * *

* * *

ay = AfAjh /TfTi + Aik /Ti + Afk /Tf

B * %
a, = AfAik /Tin - A /Tin

_ *
a5 = -A /Tin
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and manipulating Equation 95 into the form Eo/Er = some mess,

by pure chance the mess becomes
- & 3 2
E/E, = aS/(s + a8 +ays tags * a4)

For perfect cut force control, Eo/Er should be 1 . [If the
integrator were perfect, this would be true (after times long
enough to let the system settle); but sirce the integrator is

not ideal, the ratio Eo/Er in steady state (s = 0) is
_ * A * *3
Eo/Er = -A /(Af ik - A)

and the parameters Af and Ai must be chosen to make this
eio sufficiently close to 1 (Note, A <O).

Also, for stability, all the roots of the denominator of
Equation 97 must lie in the left haif-plane (i.e., have negative
real parts). The choice of parameters to meet these goals is

discussed below,

Choice of Controller Parameters

The choice of controller parameters is made difficult by
the fact that several of the sawing process parameters cannot

be known exactly: only ranges can be giver.
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The motor controller is such that a -15 volt signal causes
the motor to run at 5000 RPM, This is reduced through a

% 5000:1 gearhead, a 2:1 transmission, and another 5:] gearbox.

This gearbox turns a lead screw with a lead of 5.08 mm/ rev
(.2 in./rev). Thus, the proportionality constant between

controller input voltage and bladehead velocity is

A = (5000 rev/-15 V min)(1/5000)(1/2)(1/5)(5.08 mn/rev) (99)
A =3.39 x 1072 mm/min V = -5.64 x 10™* mm/sec V

Several other parameters were picked arbitrarily. The LVDT

sensitivity B and the table spring constant K were picked as

[+
i

= .394 V/mm (10 V/in,)
(100)

~
f

128 Newton/mm (731 1bf/in.)

The combined table and ingot mass is very close to 18.1 kg

(40 1bm), so

<
"

(18.1 kg)(10™* sec? N/kg mm)

(101)
1.81 x 1072 N sec?/mm

=
n
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The cutting resistance b 1is more difficult to assess.
However, in the range expected a cutting force of .83 N/blade
(3 ozf/blade) results in a cut rate of about .05 mm/min

(.002 in/min). Thus, b 1is approximately (for 1000 blades),

o
n

(1000 blades)(.83 N/blade)(1/.05 min/mm)(60 sec/min)

10° N sec/mm (102)
For safety, we considered
5 x 10° <b< 5 x 105 N sec/mm (103)

From these equations, a range of parameters in Equation (92) can

be calculated using Equation 91:
6,14 x 10°>A"> -6.14 x 10* (sec"?) (104)
* -
2.76 x 107 < b < 2,76 x 10° (sec’!)
* -
K = 7,07 x 10° (sec™2)

The problem is then to choose /\f » T o Ai s T; SO as
to make the roots of the denominator of (97) all have negative

real parts, and minimize the difference of Equation 98 from 1.
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The equation for which we need the roots:
s(s(s(s + a;)+a,)+a3)+a, (105)

With a;-3, given by (96), is somewhat intractable: both the
coefficients and roots vary greatly in magnitude, and slopes
are steep in the vicinity of the roots.

We also did not have access to much computing power: an
HP-97 programmable calculator was our computer. Extremely
powerful algorithms can be implemented on this machine, but it
is difficult to automatically include difficult cases such as
the problem posed here.

We, therefore, arbitrarily restricted our search for parameters.
The inverse of filter gain, Af , was chosen to be 1 . Since we
could not optimize the controller response (e.g. by root locus
methods) and it is more difficult to find accurate complex roots
than real oncs, we decided to choose parameters so as to make all
roots negative real. Roots were first approximated with an
"analytical" solution and refined by binary search.

With these restrittions, the following parameters proved

suitable:

x>
n
—r

Te = 0.1 sec (106)

A. = 0,01 1. = 0.05 sec
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Z For the lower 1imit on b , the coefficients and roots of (105)
- are:
. a, = 2.7600 x 107 R, =-2.587 x 1072 (107)
L 2, = 2.8153 x 10° Ry =-1.739 x 107
¢ ag = 5.5272 x 107 R3 =.10.00
E c a, = 1.2421 x 10° Ry =-2.760 x 107
i, and for the upper 1imit on b , the coefficients and roots are:
: a, = 2.7600 x 10° R, = -2.560 x 1072 (108)
a, = 2.8152 x 10° R2 = 21,740 x 107}
= a S -
ay 5.5207 x 10 R3 10.00
a, = 1.2294 x 107 R4 = -2,760 x 10°
E
(We do not mean to suggest that even most of the figures in

Equations 107 and 108 are significant.)
The maximum controller error in percent is easily calculated

from Equation 98 as

* * *
percent error = 100 (1 - A /(AfAiK -A)) (109)

.- 103




T I T e e e

T T R REARI T L g g s e

8.3

and the maximum occurs with the minfmum b and is 1.1 percent,
This completes the controller design except for one small
addition: a system to disable the loop and control E1

(motor speed) directly from the front panel was installed.

This is a "cut rate control® system and was used in case of
force controller failure, A schematic of the actual circuit will

be found in the Appendix.

Carriage Drive

In order to minimize power requirements and smooth out the
acceleration of the ingot, we decided to drive the carriage by
a flwwheel-connecting rod system. It was necessary to analyze the
system to determine reasonable flywheel mass and connecting rod
length,

Figure 42 shows a schematic representation of the system,
In terms of the notation defined in Figure 42, it is most convenient

to change notation slightly by defining

—
n

I/Mr? (10)

-
"

L/r
C = cosé

s =sin0
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Then, the equations of motfon for this system are

d%o/dt? = (do/dt)?(cs + <:(3s’-1)/wa*sc(Zs’-l)/L*2 (1)

3 1 2
+c’s’/L* +c’s’/L* )(I*+c’+2c’s/L*+c’s’/L* )7t

d?x/dt? = rd’@/dt’(c+sc/L*)+r(d®/dt)’((l-Zs’)/

3
L*os-c2s2/L™)

The equations of motion were integrated numerically for natural

motion using fourth order Runge-Kutta integration on an HP-97

calculator. The stroke length (2r) was chosen to be 254 mm (10 in.).
For the flywheel selection, the connecting rod was chosen to

be infinitely long. For this condition, (111) reduces to

d20/dt? = (do/dt)?es/1" (112)

d*x/dt* = -cd?0/dt® - sr(do/dt)?

Figure 43 shows the simulation of one cycle of motion for various
*

values of I ., A value of I* = 3 was chosen since the peak

acceleration for this case is only 12% more than the sinuscidal

(I* = ) case,
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With I' = 3, Equations 111 were then simulated for various
values of L* . The results are shown in Figure 44, Since 2
13 increase in peak acceleration occurs for L' =8, a value
of L' greater than 8 was specified.

figure 45 shows the system motion far I* = 3 and various
values of L* .

Since the carriage mass 35 about 440 ko {200 1bm), the
flywheel moment of inertia and connecting rod length can be
calculated from (110},

The system requires some method of stroke adjustment, The
system chosen is illustrated gchematically in Fiqure 46. A
disc, to which is mounted the connecting rod, is mounted off-
center on the flywheel., The disc can be rotated arvound its own
centerline, and the distance between centerlines and disc size
are chosen so that tne distance between the flywheel centerline
and connecting rod end can be varied from g to 64 mm (0 to 2.0 ind.
L walking beam amplifies the resulting 128 mm (4 in.) naximum
stroke by a factor of two, to allow continuous adjustrent of
carriage stroke petween 0 and 254 mm.

Figure 47 is an jsometric drawing of the system, A rod extends
through the fiywheel axle, and a pinion on the vod turns the disc
through a ring gear. Another rod, gyrrounding the first rod, can

be screwed in to clamp the disc between a plate and ring to

lock the stroke by friction,
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Figure 44, Acceleration of a Crank Drive for Various Crank Lengths
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8.4

This system was used in the large saw, and several dis-
advantages were noted, The relationship between stroke and
adjustment rod rotation is sinusoidal rather than linear, making
setting of a desired stroke difficult. The frictional locking
mechanism failed several times, allowing the stroke to slip.
Finally, the carriage drive rods must move up and down slightly
as the walking beam sweeps through a stroke: this makes it
difficult te seal these rods where they pass through the wall of

the slurry containment area.

Bladehead and Tensioning System

The bladehead was designed as simply as possible, and the
major components are shown in Figure 48,

At each end of the blade pack, a top jaw 1ifts off to
expose a groove into which the spacers fit. The top jaw is then
bolted to the lower jaw., Alignment between the jaws is maintained
by a key.

One half of the tensioning mechanism is shown at the lower
center of Figure 48, Four bars are assembled into a diamond
shape (viewed from the top). The leftmost (partially shown)
pack-holding jaw is fixed. As a bolt is tightened, two oppnsing
corners of the diamond are drawn together, forcing the other two
corners apart. This moves the moveable (rightmost) jaw away from
the fixed jaw, extending the blade pack. An identical system on

the other side of the blade pack insures even extension. Two
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of the four arms in each linkage are fitted with wedge blocks
to allow adjustment of the system.

This system has the significant advantages of only two
bolts, high mechanical advantage which increases during
the tensioning process, and simple operation. Several serious
disadvantages were noted after using the system: there i-
significant danger of lockirg the system by tightening the
bolt too much (over-straightening the diamond shape), no bolts
are available easily which last more than about 4 tensionings
(hydraulic or pneumatic tensioning would be preferable, with
boits for holding), and the system is essentially unusable with
pin-construction blade packs (in which the blades must be slipped
to insure equal lengths) because it is difficult to set the wedge
blocks so as to simultaneously allow sufficient mechanical

advantage and prevent locking the system,

S A N C e -

8.5 Misczellaneous Design
§ Figures 49-54 show the progressive assembly of the major saw
é systems. In Figure 49 the drive motor and chain to drive the
i% flywheel are shown inside the tube-and-plate frame. Figure 50
(E shows the additicn of the f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>