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1 .0 SUMMARY 

Slurry sawing is a difficult to control abrasive wear .process. 

In order to achi·eve the broad program goal of low cost slicing of 
silicon into solar cell wafers, the process must first be clearly 
understood and then techniques developed to allow more controllabili_ty 
and higher productivity. 

The. theory of abrasive wear is presented to judge the efficiency 
of the slurry process relative to other documented forms of abrasive 
wear. The cutting rate of slurry sawing is related to load,.kerf 
area, work material hardness and reciprocation speed. An explanation 
for the high efficiency of slurry sawing is offered in terms of 
binding forces on abrasive particles and the abrasive wear of brittle 
materi a 1 s. 

Results of five cutting tests are given in which kerf length is 
3.88 inches and .984 inch, and cutting loads are varied from two 
ounces to eight ounces per blade. Reduction of cutti~g rate to the 
norma 1 i zed cutting effi r.:i ency, s , shows the accuracy of the theory. 
The efficiency ranged from 1 .13 to .86. The lower efficiencies 
occurred at high loads and short kerf length. 

Thickness measurements show a decrease in wafer accuracy with 
increasing cutting load and speed. Plans for the next three. months 
of activity are given. 
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2.0 INTRODUCTION 

In the multiblade slurry sawing process, a multitude of evenly 
spaced, highly tensioned blades ~re reciprocated across a work 
piece in a bladehead frame. The work is fed upward through the 
reciprocating blades and loose abrasive particles, typically 
suspended in an oil slurry, are dripped into the cutting interface. 
Abrasive wear ·causes the blades to wear away work material until 
only wafers of the starting material are remaining between the blades. 

The alignment of many blades in an accurate configuration, the 
feed, reciprocation and tensioning mechanisms are critical to the 
ultimate accuracy of the wafers produced in the process. However, 
these are not. the most critical problems to consider in order to 
increase the productivity of the process. 

The goal of this program is to investigate the low-cost slicing 
of bulk silicon into wafers suitable for fabrication in solar cells . 

• 
The ultimate limitations of the process will be the tradeoff of 
cutting rate {productivity) and wafer accuracy, thickness, and size; 

·and the useful lifetime (cost) of expendable items (blade packages, 
abrasive, etc.). 

The process is difficult to control externally. Loose abrasive 
particles must be picked up by the'blades, dragged across work 
material and perform an efficient cutting action. The blades wear 
out; they are driven off course if they do not cut as effectively 
as the rest; and any deviation from proper cutting action by one 
blade causes two wafers to be ruined. The major emphasis of the 
first half of this contract effort will be to identify how to control 
this process in order to allow maximum productivity. 

In order to control the cutting process, one must first under­
stand the mode of operation that occurs in the area between the 
blades and work material. 

The first experiments have been completed and certain aspects 
of the cutting mechanism of slurry sawing have been identified. 
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3.0 TECHNICAL DISCUSSION 

3.1 Abrasive Wear 

The theory of abrasive wear has been considered in the literature~ 
Figure l shows schematically the assumptions of the theory. An 
abrasive particle is assumed to be a conical indenter described by 
an angle e. Under a small load 6L, the indenter generates a 
contact area related to the load and to the work material hardness, 
p. 

(1) 

The indenter has a projected area beneath the surface given by 
equation (1) and the angle e. 

AP = r x = r2 tane (2) 

If the indenter is moved laterally by an amount di, the volume swept 
by the indenter is given by 

dV I A = 6L tane 
I di ~ p n p ( 3) 

Equation (3) is the idealized removal rate of work material by 
a single indenter. Many indenters fixed to the same moving carrier, 
under a total indentation force L will result in a volume of work 
material removal given by 

L tane = 
n P 

(4) 

where tane is an average indenter geometry. 
removal is proportional to the normal force 

The rate of work material 
L , the relative sliding 

distance di , and is inversely proportional to the work material 
hardness p . The average indenter geometry, tane , can also be 
considered as a measure of efficiency of the abrasive system. The 

1 Ernest Rabinowicz, Friction and Wear of Materials, John Wiley & 
Sons, Inc., New York (1965). 
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FIGURE l 

GEOMETRIES FOR ABRASIVE WEAR. 
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significance of cutting efficiency will be considered in more detail 

1 ater. 
In planar abrasive wear, the cutting rate, dz/dt , can be 

calculated if the value of tane for the abrasive system is known. 

dz L tane = dt 'Ir p [ d1] -1 
dt A 

0 

(5) 

The downward cutting rate is related to the reJative speed of the 
abrasive system (di/dt), and the area of contact A0 . The rate, 
dz/dt can also be related to the cutting pressure L/A

0
• 
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__ 3.l A~r~sjve Wear of Non-Planar Surfaces 

In multiblade slurry sawing, the shape of the wear trough is 
, . . l ,/ .,., 

similar to tha·t shown in Fi_gure 2 .. Iri the previous considerati'on, 

the _app·lied load. L was normal to the wearing surface, and thus 

was the only load driving abrasive particl~s into the work surface. 

In the wafering process, the indentation of particles ·can ciccur 

partly by a wedging process. The-result can .~e a higher cutting 

rate th_an that predicted by the Equation ,(5). The normal load L 

is not the ~Ork producing.force, SO energy'balance considerations 

do not apply. They would hold true, however, if the horizontal 

force were considered. 

In a localized area dx , the indentation forces can be con­

sidered as 'normal to. _the surface in the trough. Using Equation (5) 

in a· pressure form, the normal cutting rate can be given by 

[. d•/dt l (6) 

where· p is the normal pressure acting on th.e abrasive particles . n. 
i-ndenting the sur;face and· is equivalent to L/A 0 in Equatio11 (5). 

A necessary condition of the assumed ~eometry is that the 

surface profile is stable in time and that the normal cutting rate 

is given by I 

dzn dz 
dt = COSa dt ( 7) 

The vertical comp6nent of the indentation force must be supplied 

by the total vertical cutting force L . 

Py dx. = p 
n dx n cos a ( 8) 

or 
Py = Pn 
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ABRASIVE WEAR OF NON-PLANAR SURFACES 
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The distribution of normal cutting pressure can be evaluated 
by combining Equations (6), (?.),and (8). 

dz 
dt COS a 

The applied load per unit depth, y
0 

, is given by 

L 
= ;an~e [ ~~ ] [ ~~ ] 2 I :~

2 

cos• dx 

or, expressing Equation (10) in the fonn of Equation (5) 

{9) 

( 10) 

( 11) 

The cutting rate can be estimated for non-planar surfaces. However, 
the shape of the surface dictates the degree of bindi~g force that 
cont~ibutes to the abrasive wear ptocess. The efficiency of abrasive 
sawing is compared to the efficiency of planar abrasive wear by 

tane 
e: = 

2 I. xk 
xk 

0

2 cosa dx ( 12) 

The area of a single blade's contact is given by the kerf width xk 
and the kerf length Ym . 

( 13) 

As a mea·sure of how much the binding effect could increase the' 
apparent cutting rate of Equation (5), consider the efficiency of 
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slurry sawing with a flat bottomed trough (a = 0) a semicircular 
trough (a = Sin-l 2x/xk), 

(fl at bottom) 

r = 1 • 27 tane (semicircular) 

It is apparent that a trough with steep sides and little flat 
bottom requires less applied load to generate the same cutting 

(14) 

rate since the magnitude of wedging of abrasives is higher. 
Equation (11) has.been used to judge the effectiveness of slurry 
sawing. However, Equation (12) will be used to judge slurry sawing 
in comparison with planar abrasive wear. 
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3.3 Cutting Efficiency 

All of the parameters of Equation (ll) can be measured in multi­

blade slurry sawing; except for €, the efficiency. The efficiency 

has significance in the mechanism of cutting that occurs in the - . ' .......... . . 

slurry sawing process. 

Two abrasive wear mechanisms have been characterized in the 

literature. When abrasive particles •re bonded to the.cutting 

medium (for example, abrasive paper), <~nly the work material is ,· . 

worn away and the process is called two-body abrasion. The second 

process occurs when loose abrasive fs introduced between two sliding 

bodi·es. In three-body a bras ion, both surfaces a re abraded and the 

cutti~g rates are an order of magnitude lower than with two-body· 

abrasion. This occurs due to the amount of time an abrasive particle 

s.upports 1 oad by ro 11 i ng. 

The efficiency of planar abrasion is assumed to originate from 

the cutting, geometry of abrasive points. Many points will not be in 

a cutting configuration, lying with flat surfaces downward, and only 

a few abra·~ive grains will perfor-m efficiently. Thus, tans ·is a 

necessary average of all cutting points, some of which cut, and some 

of which support load without cutting. 

In three-body abras·ion, the rolling of abrasive particles 

supports tne applied normal load, penetration of abrasive particles 

rar~ly occurs, and the wear rate of both surfaces depends on the 

hardness of each. · 

Slurry sawing occurs by a process which can.be easily compar.ed 
I . 

with lapping. In order to avoid rolling of the loose abrasive, 

the blade material must be softer than the work material~ The abrasive 

must be able to imbed into the blades for a_ sufficient period of time 

and act as a fixed particle. There is a practical limitation to how 

soft a blade may be, since the abili!r to tension a blade governs 

its stability in cutting. Consequently· a blade should be chosen in 

order to be just soft enough in comparison with the wo~k material to 

al low the two-body abrasion p/ocess to occur; but not so muc_h that 

blade stability is sacrificed. If a blade i's too hard, ·the abrasive 

- 10 -
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will indent both surfaces equally, rolling will occur, low cutting 
rates and high rates of blade wear will result. This has been 
observed in the cutting of stainless steels with hardened steel 
blades. 

The highest efficiencies of abrasive wear are .20 in the 
literature. Efficiencies a factor of ten lower are reported for 
three-body abrasion. Efficiencies of 1.00 are not uncommon in 
slurry sawing. This indicates that the utilization of abrasive is 
very effective. The higher efficiency is partly due to the wedging 
effect discussed previously. The brittle nature of typical work 
materials could cause larger volume removal than the swept volume 
of an indenter, and consequently a higher efficiency than with 
more common ductile work materials. It should be noted that efficiency, 
as defined for slurry sawing, can achieve values higher than unity. 

- 11 -



4.0 EXPERIMENTAL RESULTS 

The first stage of cutting tests is aimed at viewing the para­
meter performance of slurry sawing. Once the basics of the process 
is understood, it will be possible to logically identify how process 
cost reductions can best be achieved. 

A modified Varian Model 686 Wafering Machine was set up, measured 
for critical alignment accuracies, and is being used to run a 
series Qf standardized cutting experiments. Blade packages, abrasives, 
and slurry application technique were standardized with currently 
used configurations and techniques. 

The first cut performed was with a 4 inch diameter piece of 
silicon damaged in a grinding process. This was used as a general 
point of reference. 

The next four cutting tests used standardized blocks of silicon, 
and the cutting force.per blade was varied .. The cutting rate, machjne 
operating speed, cutting force and other information are measured in 
each cutting test. Using Equation (ll), the cutting efficiency was 
determined. The sliding distance is a function of stroke length and 
rate and is calculated to ignore differences in both parameters during 
the test. The results, are plotted in Figures 3 to 7. 

It can be seen that the cutting rate in each test builds up slowly 
to a maximum level. This peak rate occurs only when the loose abrasive 
is able to imbed the blades and maintain two-body abrasion. Three-body 
abrasion seems to take during the period that blade conditioning occurs. 
This conditioning stage must be understood, since it is a period 
during which low cutting rates and high blade wear occur. Shortening 
it will help to increase productivity and useful blade life. 

The results shown in the Figures seem to indicate a decrease in 
efficiency at a load of six ounces per blade. This may be due to the 
short 25 mm kerf length (higher cutting pressure) or the different 
kerf width and trough shape. 

The cutting rates of silicon for all tests did follow the general 
trends of Equation (ll), and the linearity of cutting rate with load 
is evident. 

- 12 -
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5.0 CHARACTERIZATION DATA 

For the early cutting tests, the only characterization data will 
be thickness measurements of a sampling of the wafers resulting 
from each run. From the first five tests, twenty to thirty wafers 
were measured at nine points and the dimensions recorded on 
standard forms 

The results are reduced statistically in various ways to 
indicate the nature and cause of wafer accuracy. Table l shows 
a summary of the conditions and results of the five tests performed. 
The average of the total dimensional variation of each wafer, the 
average wafer thickness and the standard deviation of average wafer 
thickness are all recorded.in Table 1. 

The accuracy of resulting wafers decays as the applied load is 
increased. This is mostly based on the stability of blades, but 
data is too limited to draw any overall conclusions. 
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TABLE 1 

SUMMARY OF CHARACTERIZATION DATA 

SLURRY SAWING TEST 

PARAMETER #1-001 #1-011 #1-012 #1-013 #1-014 

Load (oz/blade) 4 2 4 6 8 

Kerf length {inch) 3.88 .984 .984 .984 .984 

Material 111 Silicon 

.... Abrasive #600 SiC 
'° 

Blade Thickness .008 

Spacer Thickness .025 

Average Wafer Thickness .02226 .02170 .021.02 .02113 .01978 

Average Kerf Loss .01074 . 011 30 .01198 .01187 .01322 

Standard Deviation of Thickness .00127 .00076 .00229 .00165 .00335 

Average To ta 1 Wafer Variation .00080 .00066 .00177 .00240 .00334 



6.0 CONCLUSIONS AND RECOMMENDATIONS 

Cutting rate has been shown to be linear with cutting force 
' ' 

per blade in slurry sawing of silicon. The slurry sawing process 
has been shown to utilize an efficient form of two-body abrasion, 
based on comparisons with planar abrasive wear. Wafer accuracy 
improves as cutting force per blade, and consequently ~utting 
rate, decreases. 

- 20 -



7.0 PROJECTION OF ACTIVITY 

are: 
For the next three months, plans for this contract effort 

1. Complete parameterization tests of slurry sawing, 
considering variatfons in blade size, abrasive 
and kerf length. 

2. Extend the theory of slurry sawing to show limits 
of validity of the basic theory and a preliminary 
analysis of wafer accuracy. 

3. Characterize the difference in slicing of (111) 
and (100} orientation silicon (based on anisotropy). 

4. Complete feedback system to form vertical feed 
cutting force control system. 

5. Establish roughness and damage characterization 
procedures on relevant slicing tests. 

- 21 -
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NEW TECHNOLOGY 

There was no new technology developed during 
the reporting period. 

MAN-HOURS AND COSTS 

During the reporting period of January 9, 1976 
to March 21, 1976, the man-hours for this 
contract totalled 479.0 hours, and the costs 
were $11, 171. There were no expenditures 
prior to January 9, 1976. 

23 
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Lexington Vacuum Division 
JPL Contract No. 954374 
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