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FOREWORD 

This technical report is adapted from a thesis submitted in partial fulfillment 
of requirements for the degree of Master of Science in Optical Sciences at 
the University of Arizona. 

The thesis was completed and approved 17 December 1971. 



ABSTRACT 

Because of their light weight and low cost, transparent plastics would seem to be 
good materials for optical components. This thesis deals primarily with the feasibil- 
ity of producing large ( >4 -in. -diam) plastic components of moderate precision (sur- 
face accuracies 1 fringe per inch of diameter). 

The structure and the physical and optical properties of plastics are discussed, 
with emphasis on their advantages and limitations for optical use. 

A series of experiments on grinding and polishing of plastics was conducted. Data 
are presented on grinding rates. Several polishing processes were evaluated, and a 
polishing technique for plastics was developed. Polishing rate data and surface rough- 
ness data are presented for several polishing processes. With proper techniques, we 
estimate that accuracies of about one fringe per inch are obtainable. 

A series of experiments was conducted on a process called compression forming, 
in which heat and pressure are applied to machined preforms in an attempt to obtain 
precision optical surfaces. The process is described in detail, and experimental results 
are discussed. Based on experimental results, improved processing conditions are sug- 
gested. Further experiments would be required to determine the ultimate process 
capability. 
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INTRODUCTION 

A large number of organic polymers are hard and transparent, which makes them 
potentially useful for glazing and fabrication of optical components. Polymethyl 
methacrylate sheet (Plexiglas G) has been used extensively for aircraft glazing, and 
more recently, polycarbonate sheet is being used for glazing supersonic aircraft be- 
cause of its greater impact strength and resistance to high temperatures (Industrial 
Research, 1971). 

The development of the modern injection molding process in the 1930's (Society 
of the Plastics Industry, 1960) made it practical to produce large numbers of lenses 
and other optical components very economically in a variety of materials. At pres- 
ent, millions of injection -molded lenses are produced annually for such applications 
as objectives in low -cost cameras, magnifiers, and condensers. 

Serious efforts to fabricate precision components from plastics began during 
World War II, stimulated by the shortage of optical glass in the United States and 
Great Britain (Polaroid Corporation, 1945; Raine, 1951; Twyman, 1952). A com- 
prehensive study of the problems of materials synthesis and fabrication of compo- 
nents for precision optics is described in OSRD Report 4417 (Polaroid Corporation, 
1945). Since that report, several new materials and processes have been developed, 
but the basic considerations defined in that report remain valid. 

This report deals primarily with the feasibility of producing large plastic compo- 
nents of moderate precision. Materials and processes developed since World War II 
are of special interest, from the standpoint of determining whether these develop- 
ments lead to significant improvements in the quality of plastic optics. The term 
large components we define as pieces 4 in. in diameter or larger, which would gen- 
erally be produced one at a time rather than in blocks. By moderate precision we 
mean surface accuracies on the order of one fringe (2500 A) per inch of diameter. 
High- precision optics, such as test plates or high- quality astronomical objectives, 
requiring ultrastable materials such as fused silica or CER -VIT, are clearly beyond 
the capability of plastics. 

Some aspects of plastic fabrication methods are of a proprietary nature or other- 
wise not described in detail in the literature. This makes accurate assessment of the 
status of plastic optics technology somewhat difficult. 
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PHYSICAL AND OPTICAL PROPERTIES 

OF PLASTICS 

This chapter summarizes the various physical and optical properties of plastics. 
Where appropriate, these properties are compared with the corresponding properties 
of glass, with which optical designers and opticians are already familiar. 

Structure 

Optical plastics are members of the class of organic compounds known as high poly- 
mers. They consist of long chains of relatively simple molecules called monomers 
joined together primarily by carbon bonds (Wulff, 1964). Typically the "backbone" 
consists of carbon atoms in a chain several thousand units long, with the other atoms 
or radicals of the monomer units forming side groups along this backbone. 

Certain polymers containing small side groups- linear polyethylene, for example - 
tend to be partially crystalline. Crystalline plastics are generally not transparent. 

Optical plastics are noncrystalline and fall into two broad categories: thermo- 
plastics and thermosetting materials. Both mechanical properties and methods of 
fabrication are profoundly affected by whether the material is thermoplastic or ther- 
mosetting. Both groups contain crown -type and flint -type materials. 

Thermoplastics (Fig. la) consist of linear polymer chains that are more or less 
kinked or coiled. The adjacent chains are held together only by van der Waals forces. 
Increases in temperature greatly decrease van der Waals forces, allowing the long 
coiled chains in materials such as Plexiglas to be straightened easily, and causing the 
material to behave like a rubbery solid. Materials with shorter chains may become 
viscous fluids when heated. The fact that thermoplastics can be melted makes them 
particularly useful for injection molding. 

In thermosetting materials (thermosets), adjacent polymer chains are joined to 
each other by chemical bonds, forming a three -dimensional network structure (Fig. 
1 b). Such materials are said to be cross -linked. Cross -linked plastics tend to be hard 
and brittle, but the most striking difference between thermoplastics and thermosets 
is their behavior at elevated temperatures. Thermosets maintain their rigidity as 
temperature increases until the point is reached where the material suffers chemical 
breakdown. The most popular method of fabrication for thermosets is to cast the 
liquid monomer in molds and polymerize the material by catalysts and heat. 
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Glasses belong to a class of noncrystalline, transparent, inorganic materials. In a 
soda -silica glass (Fig. 1 c), we note a short -range order in the arrangement of the con- 
stituents but no long -range order as in a crystal. Both covalent and ionic bonds are 
present. Because of the lack of crystalline structure, glasses have no distinct melting 
points but behave like viscous fluids when heated to temperatures of 500 °C or more, 
depending on the type of glass. At room temperature glass behaves like a hard, 
brittle solid. 

a. Linear (thermoplastic) polymer. 

b. Cross -linked (thermosetting) polymer. 

Si 

0 Na 

O C 

c. Soda -silica glass. 

Fig. 1. Schematics of polymer and glass structures (after Wulff, 1964). 

Chemical Properties 

Most optical plastics are resistant to weak acids and bases. Many thermoplastics 
such as polymethyl methacrylate are attacked by organic solvents whereas thermo- 
sets tend to be more resistant to solvents. Glass, on the other hand, has great chemi- 
cal stability, resisting degradation by most acids, bases, and organic solvents. 
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Mechanical and Physical Properties 

Table 1 summarizes some of the mechanical and physical properties of one thermo- 
plastic, Plexiglas G, and, for comparison, of BK -7 glass. The list of properties is just 
a sampling and is by no means exhaustive. 

Table 1. Comparison of Properties of Plexiglas G and BIC -7 Glass 

Property 

Specific gravity 
Modulus of elasticity (E) 
Poisson's ratio (y) 
Bulk modulus (K) 
Ultimate tensile strength 
Impact strength 
Hardness 
Coefficient of linear 

thermal expansion (a) 
Thermal conductivity (k) 
dnD /dT 
Specific heat 
Vicat softening point 

Plexiglas G 

1.19 
4.5 X 105 psi 
0.32 
4.17 X 105 psi (at 24 °C) 
6000 to 10,000 psi 
11.7 ft lb /in? 
105, Rockwell M 

7.3 X 10-5 / °C (24 -54 °C) 
8.3 X 10 -5 / °C (25- 105 °C) 
4.6 X 10-4 cal /sec cm °C 
-8.5 X 10 -51 °C 
0.35 cal /g °C (25 °C) 
120.9 °C 

BK-7 

2.51 
11.6 X 106 psi 
0.208 
6.64 X 106 psi 
4000 to 10,000 psi 
".-1 ft lb /in? 
-500, Knoop 50 g 
7.1 X 10-6 / °C (- 30 -70 °C) 
8.3 X 10 -6 / °C (20- 300 °C) 
26.6 X 10-4 cal /sec cm °C 
1 to 5 X 10 -6 / °C 
0.205 cal /g °C 

The table shows that low specific gravity is one of the significant advantages of 
plastics over glass. Specific gravities for plastics range from 1.0 to 1.3 whereas those 
for glass range from 2.5 to 4.7. The advantages of low density are partly offset by 
the low elastic moduli of plastics, which range from about 3 X 105 psi to 5 X 105 

psi for unreinforced plastics, compared with about 10 X 106 psi for most glasses. 
Materials are commonly compared on the basis of ratio of elastic modulus to den- 
sity, E; /p. If we normalize E/p for Plexiglas to 1, then E/p for BK -7 would be 12.2. 
Because lenses and mirrors of moderate size are rarely subjected to large loads in use, 
rigidity is more significant from the standpoint of fabrication. The necessity for lim- 
iting deflection of a workpiece during grinding and polishing places restrictions on 
the diameter -to- thickness ratio for thin elements, such as corrector plates. Because 
shells are more rigid than flat plates of the same size and thickness, any increase in 

the bending of an element would be beneficial for weight savings. 

Considerable progress has been made in the past 25 years toward increasing the 
tensile strength and impact strength of plastics. The two materials recommended by 
Polaroid Corporation (1945), polystyrene and polyclohexyl methacrylate, had ten- 
sile strengths of 1980 psi and 1255 psi, respectively. Many plastics now have tensile 
strengths from 6000 psi to 10,000 psi. Impact strength has been another important 
advantage of plastics over glass, accounting for the wide use of plastics for glazing. In 
recent years, General Electric Company developed Lexan polycarbonate resin, with 
an impact strength of 206 ft lb/in.' (Acitelli et al.,1966). Polycarbonate is currently 
used for protective housings on instruments and nose cones for small guided missiles. 
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Since hardnesses of plastics and glass are not directly comparable because of the 
friable nature of glass, abrasion resistance is a more realistic basis for comparison. In 
this respect most plastics are much inferior to glass. Polaroid Corporation (1945) 
overcame this problem in some designs by using a glass front element. Since that 
time, more abrasion -resistant plastics have been developed, such as epoxies, and 
particularly polyallyl diglycol carbonate (CR -39). The manufacturer of CR -39 (PPG 
Industries) claims abrasion resistance equal to glass, by a modified falling emery test. 
This material is now widely used for cast ophthalmic lenses. 

The improved mechanical properties of modern plastics have led to an increased 
number of commercial applications. None of these improvements, however, appear 
to have any effect on the potential surface accuracy of plastic optical components. 

Thermal Properties 

Thermal properties constitute the most serious deficiencies of plastics as compared 
with glass (Table 1). The coefficient of linear thermal expansion for Plexiglas is 10 
times that of BK -7. In addition to their high coefficient of thermal expansion, 
plastics exhibit much lower thermal conductivity than glass. This unfavorable com- 
bination of properties causes distortion of the workpiece during processing. A flat 
plate heated on one side will become spherical, with the warmer side convex. If a 
temperature difference AT exists across a plate of thickness t, this plate will assume 
a spherical radius, R = t /aLT. If the diameter of the plate is D, then its sag AZ is AZ 
= D2 /8R. In terms of thermal properties, 

AZ = D2azT /8t [thermal sag formula]. 

For equal -sized plates of different materials subjected to the same amount of heat 
(steady state), OT is inversely proportional to the conductivity k. Therefore 

AZ a a/k. 

The term a/k can be used as a thermal figure of merit, with lower values indicating 
less distortion. If a/k for BK -7 is normalized to 1.0, then a/k for Plexiglas is 60. For 
fused silica, a/k 0.06. Poor thermal figure of merit is sufficient to exclude all 
plastics from the domain of high -precision optics. No other optical plastic is signifi- 
cantly better than Plexiglas with respect to thermal figure of merit. This situation 
has changed very little in recent years. 

Another property of plastics that must be dealt with in optical system design is 

the large change in refractive index with respect to temperature, dnD /dT. For plas- 
tics this value averages an order of magnitude greater than for glass (Grey, 1948; 
Acitelli et al., 1966). With glass lens systems, changes in the power of the system 
with temperature are generally negligible, but with plastics, temperature effects must 
be considered. Grey (1948) studied the problem of athermalization in detail and 
arrived at some useful results. Athermalization means compensation of a system de- 
sign so that its power does not change with temperature. He introduced the concept 
of thermal V value to describe the change in power of a thin lens with temperature 
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V = 1 VT 
dnD 

dT(nD-1)1 -a 

He showed that a simple lens of polyclohexyl methacrylate would change its focal 
length by 0.03% per °C. By selecting materials with appropriate thermal V values, it 
is possible to athermalize a lens system in a manner similar to achromatizing the 
system. He also showed that a glass element with an inherently high thermal V value 
could be used to athermalize a series of plastic elements. For a concave mirror, 
athermalization is accomplished by spacing the focal surface from the mirror with a 
spacer whose coefficient of linear thermal expansion equals that of the mirror. He 
also pointed out that the contribution of the change in radii to the change in power 
for refracting elements is less than the effect of the change in refractive index. 

Buchroeder (1971) has designed achromatic Schmidt -Cassegrain systems using 
fused silica or CER -VIT mirrors and plastic corrector plates. Because the corrector 
plates have practically no power, the problem of athermalization is less severe. Buch- 
roeder points out that athermalization of system power is well known, whereas the 
problem of athermalizing aberration correction is not well understood and little has 
been published on this aspect of the problem. 

Still more complicated is the problem of sudden changes in ambient temperature, 
which introduce transient changes in the bending of the elements. Correction for 
transient thermal effects may be difficult to accomplish. 

A particularly distressing property of some plastics, polymethyl methacrylate 
(Plexiglas G) especially, is their tendency to absorb moisture and expand with in- 
creases in relative humidity. For Plexiglas G at 25 °C, a change in relative humidity 
from 50% to 60% is accompanied by an expansion of 0.0004 cm /cm (Rohm and 
Haas Company, 1969). Absorption of water is also accompanied by a reduction in 
refractive index, this change being more pronounced for Plexiglas G than for poly- 
styrene, which absorbs less moisture (Polaroid Corporation, 1945). Humidity effects 
are included with thermal properties because the effect on the power of refracting 
elements due to humidity is similar to changes due to temperature. Plastics react 
very slowly to changes in humidity; several days are required for equilibrium to be 
re- established for a small humidity shift. Brief changes in humidity would have little 
effect. For long -term variations, it should be possible (in principle) to compensate 
for humidity effects by a technique analogous to athermalization. 

Refractive Index and Dispersion 

Optical plastics are characterized by relatively low indices of refraction and high dis- 
persion (low V values). The range of indices of refraction for commercially available 
optical plastics is limited, ranging from about 1.49 to 1.60 (Acitelli et al., 1966; 
Polaroid Corporation, 1945; Raine, 1951). A few materials near the extremes of the 
range are listed in Table 2. 
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Table 2. Refractive Properties of Plastics 
(Data from Acitelli et al., 1966) 

Material nD(23°C) V 

Polymethyl methacrylate (Plexiglas G) 1.49021 57.4 
*Polyallyl diglycol carbonate (CR -39) 1.49865 59.1 
* "Glass Resin 100" 1.49499 39.9 
Polyclohexyl methacrylate 1.50695 56.4 
Polystyrene 1.59037 30.8 

*Polycarbonate "Lexan" 1.58513 30.3 
* "Phenoxy" 1.59837 30.3 

*Developed since 1945. 

If we wish to design an achromatic doublet, the lenses must satisfy the relation- 
ship 

V t ft + V2f2 = O 

where fi and f2 are the respective focal lengths. We see that the range of V values 
for plastics is sufficient for the design of achromats. To avoid large curvatures, the 
difference in V values should be great. 

To reduce the Petzval sum, it is desirable to have materials of high index and high 
V values. Polaroid devoted considerable effort to the synthesis of polymers with 
such values. They synthesized 113 different, materials, most of which were not us- 
able for lenses and none of which showed a combination of high index and high V 

value comparable to barium or lanthanum crown glasses. In the 26 years since the 
work at Polaroid, no further progress in the development of high- index, low- disper- 
sion plastics has been evident. Therefore the problems of lens system design, from 
the standpoint of the nominal refractive properties of the available materials, re- 
mains essentially unchanged. Hybrid lenses using barium crown and styrene or poly - 
carbonate flint can be useful in correcting for chromatic aberrations and Petzval 
curvature. 

Other Optical Properties 

Birefringence is commonly encountered in plastics, with detrimental effects on im- 
age quality. When birefringence is encountered in glass, it is a sign that residual 
stresses are present and that proper annealing would eliminate it. Therefore, when 
glass technologists observe a birefringent plastic specimen, they tend to assume that 
stress is present. For plastics, such is not always true. Birefringence in plastics can 
be caused by stress; the stress optical coefficient of Plexiglas G is 1000 psi /in. /fringe 
(Weber, 1971). In the absence of stress, plastics will still exhibit birefringence be- 
cause of selective orientation of polymer chains (Polaroid Corporation, 1945). This 
can be called flow birefringence; it is commonly observed in molded parts. No 
amount of annealing will eliminate it. 
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The magnitude of birefringence varies considerably with material. Plexiglas shows 
the least amount, 59 nm /cm (Acitelli et al., 1966). Other materials range from 
slightly more birefringent than Plexiglas to extreme cases impossible to measure 
quantitatively. It is not clear how much of the birefringence can be assigned to in- 
herent properties of a material and how much to process control deficiencies during 
polymerization and curing. Certainly Plexiglas sheet, with its large volume produc- 
tion, justifies an investment in elaborate process controls. 

Transmission for many plastics approximates that of crown glasses. Materials such 
as Plexiglas or CR -39 exhibit 92% transmission throughout the visible range and 
good transmission in the near ultraviolet. Ultraviolet -transmitting grades of Plexiglas 
are available whose transmission is approximately 50% at 300 nm. In the near infra- 
red, transmission remains equal to that in the visible. Between 1.1 and 1.2 pm and 
between 1.4 and 1.5 pm, all plastics show absorption bands, with transmission at 
these points averaging close to 50 %. At 1.7 pm all the materials show total absorp- 
tion (Acitelli et al., 1966). Beyond 1.8 pm, there are numerous absorption bands, 
but plastics compare reasonably well with conventional optical glasses whose trans- 
mission cuts off at 2 or 2.5 pm. 

Some plastics exhibit absorption or body scattering, which reduces their transmis- 
sion; materials such as styrene average 85% transmission. Acitelli et al. (1966) mea- 
sured scattering for several plastics, but the experimental methods were such that 
body scattering was not strictly separated from surface scattering. It is hard to esti- 
mate how much of the haze or scattering can be eliminated by improved methods of 
synthesis. Polaroid Corporation (1945) reported methods of refining styrene 
monomer. 
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GRINDING AND POLISHING 

An obvious advantage of plastics for optics is that the components can be worked 
close to final dimensions with ordinary machine tools, in much less time than glass 
components of equal size can be made on a generating machine. Most of the devel- 
opment work with plastic optics has been in the manufacture of small, low -cost ele- 
ments; relatively little attention has been paid to grinding and polishing. Acitelli et 
al. (1966) and Polaroid Corporation (1945) experimented briefly with grinding and 
polishing of plastics, but their results were inconclusive and they gave no quantita- 
tive data. Kumanin (1962, p. 22) mentioned a complete lack of experimental data 
on the working of plastics with free abrasive grains. 

The prospect of finishing extreme aspheric surfaces of moderate precision, using 
tape -controlled polishing machines, justifies investigation of grinding and polishing 
methods for plastics. Quantitative data on grinding and polishing rates are vital to 
the development of automatic surfacing techniques. 

Because thermoplastic and thermosetting materials form two distinct classes of 
plastics, the behavior of both types must be investigated. Data are presented here for 
a widely used thermoplastic, Plexiglas G (polymethyl methacrylate), and a widely 
used thermoset, CR -39 (polyallyl diglycol carbonate). For comparison we also in- 
clude data for a crown glass, BSC -2. 

Machining of Plastic Workpieces 

With optical components, it is especially important to minimize internal stresses and 
possible subsurface damage. Kobayashi (1967) made an extensive analysis of the 
problems of machining plastics. He showed that the direction of the cutting force 
depends on the rake angle of the tool, and at the critical rake angle the resultant 
cutting force is parallel to the direction of the relative motion of the tool. At the 
critical rake angle, deformation of the workpiece is minimized, resulting in smooth 
accurate surfaces and minimum tool wear. The value for the critical rake angle de- 
pends on material, cutting speed, and depth of cut. Plexiglas workpieces for the pres- 
ent series of experiments were machined on a lathe at 100 m /min cutting speed. At 
this speed, Kobayashi recommended a back rake angle near 0° for optimum cutting, 
and depth of cut less than 0.1 mm. I used a high -speed steel tool with back rake 
angle of 2 °, side rake angle 10 °, end cutting edge angle 10 °, side cutting edge angle 
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-10 °, end relief angle 10 °, side relief angle 10 °, and nose radius 0.3 to 0.5 mm. This 
produced a good surface finish on Plexiglas. Kobayashi demonstrated that diamond 
or carbide tools at a speed of 100 m /min can generate surface finishes on Plexiglas G 
that have a roughness of less than 1 pm. 

According to Kobayashi, the machinability of cast polyester or epoxy (materials 
similar to CR -39) is inferior to that of polymethyl methacrylate. By observing cer- 
tain precautions, such as using tools with rake angles of 0° to -10° and limiting the 
depth of the finishing cut to about 0.02 mm, acceptable finishes can be obtained. 
Under the best conditions, he obtained an average surface roughness of 2 to 3 pm. 

Since the thermal conductivity of plastics is much lower than that of cutting 
tools, nearly all the heat generated during cutting is conducted away by the tool, but 
Kobayashi recommended the use of coolants to prevent gumming at the surface of 
the work. 

With proper selection of machine tools and machining conditions, it appears that 
it should be possible to obtain contours within ±2 pm of nominal on thermoplastics 
and ±4 pm on thermosets. Surfaces of this quality should eliminate any need for 
grinding with abrasives coarser than 30 to 40 pm prior to polishing. With workpieces 
that are precision machined, grinding operations would serve mainly to eliminate 
narrow annular zones and to reduce the depth of plastically deformed surface layers 
that may result from machining. 

Kinematics of Grinding and Polishing 

To determine the material removal rate during grinding or polishing a workpiece we 
used Preston's formula (Kumanin, 1962), which gives the thickness of material re- 
moved, U, as 

U = Kvpt. 

Here v = relative velocity of the tool in relation to the workpiece, p= pressure on 
the workpiece, and t = grinding or polishing time. K is a constant based on work - 
piece material, abrasive, and tool material; its value is determined experimentally, as 
it has not been successfully derived from purely theoretical considerations (Kuma- 
nin, 1962; Martin and Welford, 1966; Rupp, 1971). Once K has been determined, 
we can compute the material removal rate for any combination of pressure and rela- 
tive velocity. 

When a conventional surfacing machine is set up for lapping an optical flat, the 
computation of the average relative velocity between the tool and workpiece be- 
comes complicated but can be determined using numerical methods. The average 
velocity has been computed by direct integration only for very simple geometries of 
relative motion (Martin and Welford, 1966; Rupp, 1971). 

In conducting grinding and polishing experiments there is a temptation to set the 
machine up for a simple, symmetrical geometry in order to facilitate the compu- 
tation of relative velocity. Since this type of machine setting is not usually encoun- 
tered in actual practice, there is a risk of obtaining inaccurate results, owing to 
factors such as uneven wear on the tool or workpiece. Instead the author set the 
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machine in an asymmetrical geometry representative of the general cases encoun- 
tered in making optical flats. We shall derive an expression for the average relative 
velocity for a general machine setting and demonstrate that a convenient numerical 
integration can be carried out that will yield the relative velocity for a large set of 
actual conditions. 

For a typical case (Fig. 2), a tool is mounted on a rotating spindle (point 03) and 
the workpiece is free to rotate on a pin (point Ow). The pin is mounted on an arm 
that has a translational velocity, imparted by an eccentric spindle. The tool rotates 
the workpiece about the pin by virtue of frictional forces. From Fig. 2 we have 

ws angular velocity of the spindle 

wW angular velocity of the workpiece 

v = instantaneous translational velocity of the workpiece center 
due to eccentric arm motion 

di instantaneous separation between the tool center and work - 
piece center. 

Fig. 2. Geometry of instantaneous relative velocity and instantaneous center. 
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At any instant we can find a point on the plane of the tool where the relative 
velocity vanishes. This is the instantaneous center of rotation, Cr (Martin and Wel- 
ford, 1966). Ri is the distance between the instantaneous center of rotation and the 
workpiece center. If we imagine the workpiece to be fixed, then the relative linear 
velocity at the workpiece center is the vector sum 

vo = di2 ws2 + vi2 - 2vidiws cos(90° - a) , 

where a is equal to the angle between the lines O11,vi and 0,0s as measured counter- 
clockwise from Ow Os. The relative angular velocity is 

Ow = Iws -wwI. 

Therefore as we move away from the workpiece center a distance ri, there is a tan- 
gential velocity riOw. At the point Ci, at distance Ri, the velocity Rizw will be 
equal in magnitude to the velocity (v0) at the workpiece center and opposite in sign. 
At Ç , 

IRiOwI = vo. 

Solving for Ri, we have 

1 

Ri = 
Aw 

di2 ws2 + vi2 - 2vidiwscos(90° - a) . 

For the important case where ws = ww , AG) = 0, and Ri = 00, the instantaneous 
relative velocity is constant over the whole plane and is equal to the velocity vo at 
the workpiece center. When Ri is finite, the relative velocity at any point Pw on the 
zone rw of the workpiece is 

vp = = OwN/Ri2 + rw2 + 2Rirw cos0 . 

Therefore the average velocity of the zone rw is 

vr(ave) 
Aw 
27r I 

2n 

VRi2 + rw2 + 2Rirw cos0 dO . 

This function is an elliptic integral (Martin and Welford, 1966). We can express Ri in 
terms of the outer radius, Rw, of the workpiece, and compare the average velocity 
of the outermost zone of the workpiece with the velocity at the center for selected 
values of Ri. The form of the elliptic integral (Byrd and Friedman, 1971) is 
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e 

Ur(ave) J 
/a +b cos8 dû . 

0 

For Ri = 2Rw, vRw = 1.06v0, where vRw is the average relative velocity 
of the periphery of the workpiece. 

For R1 = 4R, vRw = 1.02v0. 

We see that the instantaneous center distance Rj does not have to be much larger 
than the workpiece radius for the average velocity of the outside zone to approach 
the velocity of the workpiece center. Obviously the average velocity of the entire 
workpiece will approach that of the center even more closely. We showed that for R; 
= °° we need consider only the velocity of the workpiece center. We now conclude 
that we can allow the angular velocity of the workpiece to differ from that of the 
spindle and still restrict our attention to the workpiece center, without incurring a 

large error: 

R; = vo/Ow > 2Rw. 

We can use the above expression to determine the amount that can n differ from 
cos. The fact that cow can vary by some finite amount is important because in a 

conventional surfacing machine the workpiece is rotated only by frictional forces. 
Furthermore, we lose little generality by limiting ourselves to cases where we con- 
sider only the velocity of the workpiece center. In actual practice, the workpiece 
angular velocity is nearly always close to that of the spindle because the equal angu- 
lar velocity condition tends to minimize accelerations. 

We will now obtain an expression for the time average velocity of the workpiece 
center in terms of the machine settings, as shown in Fig. 3. The origin of the coordi- 
nate system is the tool spindle center, Os, and the direction of motion of the pin, Oe, 
on the eccentric arm is parallel to the x axis. The eccentric arm is driven by a sepa- 
rate spindle at some rotational velocity we, and the motion of the pin is a simple 
harmonic of the form 

Ai = A sin(wet) and v1 = Awe cos(we t). 

The center Oe of the pin at t = 0 is displaced from the tool spindle center by an 
amount Q in the x direction and H in the y direction. We can normalize Q and H in 

terms of A, letting Q and H simply be ratios with respect to A. Then at any instant 
we have 

AUX = dy cos + we cos(wet) 

dx ws 

H 

Q + sin(wet). 

Avy = 

dy = 

dx = 
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Taking the vector sum and writing the integral over one cycle of the eccentric, we 
obtain 

I 
zn/ 

nave = 2. /[H+cos(wet)]Z+[Q+sin(wet)]2 dt. 

The values of A, H, Q, we, and cos are measured directly. This function is a rather 
complicated elliptic integral. For the special symmetrical cases it reduces to forms 
that are relatively easy to transform into Jacobian elliptic functions. On the other 
hand, it appears more convenient to evaluate the general case using numerical 
methods. Simpson's method, using intervals of 7r/4, is particularly convenient be- 
cause the values of the factors repeat themselves. We rearrange the factors under the 
radical sign for convenient computation of average velocity 

r 27r 

nave = AN J l + H2 + Q2 + 2H w-1 cos(wet) 
o ws 

+ 2Qsin(wet) + cog - l cos2(wet) dt, 
ws 

where Ns = cos/27r = spindle rpm. The values quoted in succeeding sections for aver- 
age relative velocity were determined by evaluating the above equation using Simp- 
son's method. Another value to be used later is Ne, the eccentric rpm, which equals 
we /27r. 

Y 

d max'Kl 
Roe, R( 

Ai = A sin (we t). 

ws 

OS 

T 
H 

e 

Q-3" 
A 

x 

Fig. 3. Geometry for determining time average velocity as a function of machine settings. 
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Grinding 

Structure of Ground Surfaces 

When a workpiece is ground with an abrasive slurry on a rigid tool, the mechanism 
and rate of material removal depend on the elastic properties of the workpiece and 
to some extent on its chemical properties. 

Glasses are characterized by high surface hardness and low tensile strength. Frac- 
tures in glass are elastic, and the fractured surfaces are conchoidal. If a glass surface 
is struck by a sharp object, the result will be a conical crack radiating from the point 
of impact (Fig. 4a). During grinding, large numbers of these conical cracks intersect, 
thereby removing particles from the surface. Examination under a microscope shows 
that the ground surface is composed of an array of conchoidal fractures. Water in 
the slurry weakens the structure of the surface by hydrolysis, causing the cracks to 
be deeper than when liquids other than water are used (Kumanin, 1962). Directly 
below the surface there are numerous cracks whose depth is about four times the 
height of the surface irregularities ( Kumanin). Successively finer stages of grinding 
not only reduce the surface roughness but also remove the subsurface damage from 
previous stages. 

f 
Conical crack in glass 

(cross section) 

Craterlike indentation in 
plastic (cross section) 

Q 

b 

Conchoidal fractures 
in ground glass surface 

/7T 
Cuneiform furrows in plastic surface 

Fig. 4. Sketches of microscopic appearance of ground surfaces. 
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Optical plastics (Fig. 4b) exhibit some degree of plastic deformation when sub- 
jected to the action of abrasive particles. When a polished acrylic specimen was 
ground for about 5 sec and examined under a microscope, numerous craterlike pits 
were seen. The rim of each pit was raised above the surrrounding surface, indicating 
considerable plastic deformation. Minute cracks may have been present, but they 
were not visible. As grinding proceeded, the walls between adjacent craters became 
thinner and portions of the walls were fractured by the abrasive. Depending on di- 
rection of action of the particles, the fracture may be tensile, compressive, or shear. 

To the unaided eye, plastic and glass specimens ground with the same abrasive 
appear almost identical, but under the microscope the plastic surface shows no rec- 
ognizable over -all structural pattern. The author interprets this as evidence that more 
than one fracture mode is present. On specimens ground with 30 gm or coarser abra- 
sives we observed scattered cuneiform furrows. These appeared to be caused by indi- 
vidual particles penetrating the plastic surface and removing continuous chips. 

We have not measured the extent of subsurface damage on ground plastic spec- 
imens. It is unlikely that deep cracks are present below the surface, but a layer of 
plastically deformed material probably extends some depth below the surface. 

Hydrolysis probably is not a factor in material removal from plastic specimens 
because the presence of water should have little effect on the covalent bonds of the 
polymer chains. 

Grinding Experiments 

Grinding experiments were done on disks 2 in. in diameter and approximately 0.5 
in. thick, on the following materials: (1) Plexiglas G, cast polymethyl methacrylate 
sheet, product of Rohm and Haas Company, (2) CR -39, polyallyl diglycol carbo- 
nate, liquid resin produced by PPG, Inc., cast specimens provided by Itek, Inc., and 
(3) BSC -2, crown glass. 

The grinding tool was a 4- in.- diameter cast iron lap, flat within approximately 3 

fringes per inch diameter. 
The amount of material removed was measured with a micrometer caliper, gradu- 

ated in intervals of 0.0001 in. Thickness of each workpiece was measured at four 
points located 90° apart and 0.7 in. from the center. These locations were chosen to 
average the effects of wedge or changes in surface curvature. In setting the surfacing 
machine, precautions were taken to avoid wedge or changes in figure so that material 
removal would be as uniform as possible over the entire surface. Note that material 
removal is also measured by change in weight. This method is accurate for glass, but 
plastics absorb water, thereby introducing potential errors. To minimize errors in 
thickness measurements, grinding runs extended for 100 min or more. 

A Strasbaugh Model R6Y -2 optical surfacing machine was used for these runs. 
The geometry of the machine settings (see section on Kinematics of Grinding and 
Polishing, pp. 10-14) was as follows: 

NS = 44 rpm 
Ne = 60 rpm 
A = 0.625 in. 
H = 1.00 in. 
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Q= 0.25 in. 

"ave = 3.16 in. /min 
pressure = 0.8 psi 



In all cases the value of w, was near enough to cos that the relative velocity at all 
zones of the workpiece was approximately equal to that at the center. 

The following aluminum oxide abrasives were tested: 

Abrasive 

F Alundum 
WCA-30 
WCA-12 
WCA-3 

Mean particle size 

44 pm 
25 pm 
12 pm 
4 pm 

These are the fine- grinding compounds used for most of the work at the Optical 
Sciences Center optical shop. Unless otherwise noted, the abrasive slurries were 
mixed at the ratio of one part by weight abrasive to four parts of water. During the 
grinding runs, the tool was wetted at 2 -min intervals with about 1.5 ml of slurry. 

Table 3 summarizes the material removal rates. 

Table 3. Grinding Rates and K Values 

Plexiglas G CR-39 BSC-2 

Rate, Rate, Rate, 
Abrasive in. /h K* in. /h K* in. /h K 

F Alundum .0018 .0589 .0044 .1307 .0046 .1533 
WCA-30 .0017 .0572 .0028 .0943 .0047 .1590 
WCA-12 .0026 .0876 .0031 .1042 .0035 .1179 
WCA-3 

*K - 

.0008 

pm/h 

.0273 .0015 .0506 .0016 .0545 

(cm/sec)(g/cm2) 

In all cases the grinding rate for BSC -2 glass is faster than for plastics. Glass always 
fails in tension, and its modulus of rupture is quite low, 4,000 to 10,000 psi. Fur- 
thermore, the high surface hardness of glass combined with the absence of plastic 
deformation results in large stress concentrations when abrasive particles bear against 
the glass surface. Hydrolysis also helps to wedge the surface cracks open. 

For any one type of abrasive used with glass, the grinding rate increased with par- 
ticle size but not proportionally with particle size. Both the shape and the size distri- 
bution of the abrasive particles influence the grinding rate and surface finish. Note 
that the size F Alundum removes material more slowly than does WCA -30, even 
though the F abrasive is much coarser. The WCA abrasives consist of individual 
crystals of alumina, in the shape of thin flakes (Micro Abrasives Corporation, 1970), 
which the manufacturer claims are less likely to disintegrate because of their greater 
surface area. Since the particles are flat, the line of action of the contact forces is 

17 



likely to have a large tangential component with respect to the glass surface. When 
the force approaches the tangential direction, conical cracks are no longer formed; 
rather, conchoidal chips are removed approximately parallel to the surface (Kuma- 
nin, 1962). This implies that the subsurface damage should be less than that caused 
by particles acting normal to the surface. Size F Alundum has a much wider distribu- 
tion of particle sizes and consists of bulky, irregular fragments. Compared with WCA 
alumina, a smaller number of abrasive grains would be in contact with the glass at 
any instant, and the size and shape of the glass particles removed would reflect this 
distribution. Microscopic examination of glass ground with size F Alundum shows a 

much wider distribution of fracture sizes than specimens ground with WCA alumina. 
The plastics tested showed slower grinding rates than glass. This is explained by 

the fact that although the tensile strength of Plexiglas and CR -39, 6000 psi, is about 
the same as that of glass (PPG Industries, n.d.), the plastic deformation of these ma- 
terials causes the stress concentration to be much lower than that of glass when an 
abrasive grain bears against the surface. That is, a large portion of the work of grind- 
ing results in displacement of material instead of the propagation of cracks. 

In all cases, the grinding rate of CR -39 is faster than that of Plexiglas. This is be- 
cause thermosetting materials are typically more brittle and therefore more glasslike 
than thermoplastics. A convincing demonstration of the relative brittleness of CR -39 
is provided by the difficulty in obtaining continuous chips during machining whereas 
Plexiglas produces continuous chips under a wide range of conditions. 

There was a distinct difference between Plexiglas and CR -39 in response to size F 
Alundum, the grinding rate of CR -39 being 2.5 times faster. This difference, al- 
though much greater than expected, has a possible explanation. Kobayashi (1967) 
showed that the rake angle of a tool point greatly influenced the amount of work re- 
quired and the type of chip formed during machining of plastics. The optimum rake 
angle varied with the material. Since the average shape of grains for size F Alundum 
is different from WCA alumina particles, the rake angle phenomenon should account 
in part for the difference in response. 

A finding that was entirely unexpected was that the grinding rate was slower with 
WCA -30 abrasive than with WCA -12. This was observed especially with Plexiglas but 
also with CR -39. Thinking that perhaps our slurry concentration for WCA -30 was 
not optimum for plastics, we compared the action of 1:4 and 1:1 slurries of WCA -30 
on Plexiglas and BSC -2, obtaining the following results: At 1:4, K was 0.0572 for 
Plexiglas and 0.1590 for BSC -2. At 1:1, K was 0.0505 for Plexiglas and 0.1760 for 
BSC -2. The increased slurry concentration served only to increase the disparity. The 
anomalous behavior of CR -39 and Plexiglas ground with WCA -30 alumina remains 
unexplained. Examination of the surfaces ground with WCA -12 and WCA -30 under 
630X magnification revealed no structural differences except that the surfaces 
ground with WCA -30 are proportionally coarser. Since several fracture modes prob- 
ably occur during the grinding of plastics, it may be possible that abrasive particle 
size affects the type of fracture mode that predominates during grinding. 

The experimental data clearly show that the laws of loose abrasive grinding are 
much more complex for plastics than for glass. Much more experimental data would 
be required for a rigorous explanation of the grinding process for plastics. 
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Polishing 

Materials and Processes 

In developing methods for polishing plastics, we are faced with a wide variety of 
polishing compounds, vehicles for polishing slurries, and lap materials. Machine 
parameters such as pressure and relative velocity also influence the results. To reduce 
the number of choices, a series of qualitative experiments was performed, and the 
more promising combinations were chosen for further consideration. Surfaces were 
examined for scattering with the focused filament image of a Bausch and Lomb 
microscope illuminator and examined for smoothness with a test plate. 

All the materials listed below were tested on Plexiglas workpieces, but not all the 
possible combinations were used. 

Polishing Compounds 

(1) Barnesite, unmilled 
(2) Rouge, milled more than 100 h 
(3) Zirconium oxide, Lustrox M 
(4) Tin oxide, "Satinox," a product of Transelco 
(5) 0.3 pm alumina, Linde A, a product of Union Carbide 

(in slurry of 10 g Linde A,* 100 ml distilled water, 20 ml glycerin) 
(6) 0.05 pm alumina, Linde B, a product of Union Carbide 

(in slurry of 12 g Linde B,* 100 ml distilled water, 25 ml glycerin) 
(7) 3 pm alumina, Microgrit WCA -3 

*For bowl feed with centrifuging, a lower percentage of solids may be indicated. 

Slurry Vehicles 

(1) Water, distilled 
(2) Glycerin (used as an additive in water -based slurries) 
(3) Silicone fluid, 5 centistoke, Dow Corning 200 

Barnesite and rouge, among the most widely used polishing compounds for glass, 
were completely unsuccessful on Plexiglas. Surfaces polished with barnesite or rouge 
on pitch were hazy, resembling surfaces worked at very low pressures. In addition, 
rouge discolored Plexiglas. 

The zirconium oxide and tin oxide polishing compounds tested are both specifi- 
cally recommended by the manufacturers for use with plastics. Their performance 
was superior to that of barnesite or rouge, but the polished surfaces showed an ex- 
cessive number of scratches with both pitch laps and Politex pads. 

Linde A and Linde B are highly refined alumina compounds specifically devel- 
oped for metallurgical applications. They are widely used for polishing soft crystals, 
gemstones, and small metal workpieces. With all laps, Linde A and Linde B produced 
a much finer polish than the other compounds tested. Generally, surfaces polished 
with Linde B showed less scattering than surfaces polished with Linde A. Most of 
the quantitative tests of polishing were conducted on surfaces polished with these 
two compounds. The results will be discussed in the next section. 

Microgrit WCA -3 alumina was of interest primarily to compare its polishing rate 
with its grinding rate. 
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Lap Materials 

(1) Wool pads, "Blu Streak" 
(2) Microporous polyurethane, Politex "Pix," a product of Geoscience Corporation 
(3) Microporous polyurethane, Politex "Supreme," a product of Geoscience Corporation 
(4) Beeswax 
(5) "Conventional" pitch (medium soft), Optical Sciences Center optical shop 

(formulation: 18 lb rosin, 9 lb asphalt, 1000 ml Hercolyn D) 
(6) Pitch, special extra soft formulation 

(formulation: 100 g "conventional" soft pitch, 15 ml Hercolyn D, 100 g barnesite,* 
30 g beeswax) 

*The amount of barnesite can be increased. 

Wool, Politex "Pix," and Politex "Supreme" are compliant elastic materials. They 
can be run at high pressures and speeds to polish a surface quickly. For reasons to be 
explained later, they do not produce accurate surface figures. The Politex pads were 
of special interest because they are relatively new materials. Because they are com- 
pliant, these laps produce fewer scratches on Plexiglas than conventional pitch and 
would be useful for applications where accuracy is not critical, such as ophthalmic 
lenses. Politex laps also proved useful for buffing Plexiglas. Plexiglas specimens that 
were buffed on Politex impregnated with silicone fluid and intermittently sprayed 
with water showed a reduction in scattering, indicating that microscopic scratches 
were eliminated or reduced in size by plastic deformation or viscous flow. Scratches 
that were large enough to be visible as individual features were not eliminated by 
buffing. Elastic laps, unfortunately, produce on glass, metals, and plastics a charac- 
teristic surface roughness, descriptively called orange peel.* The roughness may be 
coarse enough to be visible to the unaided eye when the specimen is illuminated at 
grazing incidence, or fine enough to appear as a slight graininess in the fringe pattern 
observed against a test plate or in a Fizeau interferometer. 

Beeswax has been specifically recommended for work with plastics by Polaroid 
Corporation (1945) and Twyman (1952). Kumanin (1962) recommended beeswax 
laps for glass, and Rupp (1971) studied its effect on the properties of pitch laps 
when it is used as an additive. Although beeswax is very soft, it behaves not as a vis- 
cous fluid but as a plastic solid. A small amount of wax greatly increases the viscos- 
ity of pitch laps while reducing the indentation hardness. Rupp observed that bees- 
wax also causes the surface of the lap to become more heavily charged with polish- 

*The author suggests the following explanation for orange peel. At the initial stages of polishing, 
the edges of the pits and scratches perturb the fibers of the lap. When fibers rebound, grains of pol- 
ishing compound strike the edges of these flaws with greater average kinetic energy than the av- 
erage over a smooth surface. As the surface asperities are gradually rounded off, a point is reached 
where their average size and slope become uniform over the entire surface. In general the surface 
will never become perfectly smooth; it merely assumes an equilibrium texture, consisting of undu- 
lations whose heights are small relative to their lengths. This hypothesis agrees with experimental 
evidence. During the first few minutes of polishing, we observe that the larger scratches and pits 
become broad, round -edged furrows and depressions. These features gradually merge to form a 
coarse orange peel, which gradually becomes finer. We soon reach a point where continued polish- 
ing brings about no further change in the surface appearance, but the orange peel is never elimi- 
nated. Rabinowicz (1968) proposed a hypothesis similar to the above to explain the burnishing of 
metals. 
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ing compound. We prepared beeswax laps and, using Linde A, observed less scratch- 
ing than with conventional pitch, but scratches were not completely eliminated. 
When the pressure was increased to 2 psi, the lap would disintegrate. When Linde B 

alumina was used, the abrasive charge rapidly increased until the surface of the lap 
was reduced to a paste and the lap disintegrated. Decreasing the pressure to 0.6 psi 
failed to prevent this disintegration. 

"Conventional" pitch is used to polish most precision optics. Each optical shop 
has its own preferred formulations, generally containing varying amounts of wood 
pitch, rosin, and asphalt. Conventional pitches are viscous fluids whose viscosity is 

usually in the range of 108 to 1010 poises. This high viscosity is their main virtue. 
Because pitch flows gradually, the optician can control the surface figure of the 
work, and very smooth surfaces are obtainable because pitch does not selectively re- 
spond to small surface irregularities. Instead, the entire surface is planed down, the 
grinding pits and scratches gradually being eliminated as material is removed. 

The author prepared laps made of medium soft pitch used in the Optical Sciences 
Center optical shop. Plexiglas specimens polished on these laps were smooth when 
examined on a test plate and free of gross scratches. When examined with the high - 
intensity light source, the pieces showed amounts of scattering that varied with the 
polishing compound employed. Examination under a microscope at 250X, using 
opaque illumination, showed a network of long, fine scratches. Under a 2 -psi load 
the pitch flowed rapidly, which made it difficult to control the figure of the work - 
pieces. 

The experiments with lap materials showed that the optimum polishing lap for 
plastics would be a type of pitch with high viscosity and ability to bear heavy loads, 
combined with much lower indentation hardness than pitches used for glass. Starting 
with 100 g of the soft pitch formulation used in the optical shop, the author added 
15 ml of Hercolyn D, a plasticizing agent derived from rosin, produced by the Her- 
cules Powder Company, which is used by the optical shop in small amounts to re- 
duce the viscosity and penetration hardness of pitch. The addition of this proportion 
of Hercolyn D reduced the mixture to an asphaltlike consistency, useless for polish- 
ing. Richard Sumner of the optical shop suggested adding barnesite to increase the 
viscosity of the mixture without increasing its hardness. It was found that a mini- 
mum of 100 g barnesite to 100 g pitch mixture was required to make a usable lap. 
The viscosity of this lap was still too low to prevent excessive flow, so 1.5% beeswax 
was added. Because large amounts of wax will cause the lap to assume elastic proper- 
ties (Rupp, 1971), it is preferable to rely primarily on solid fillers to build up the vis- 

cosity of the pitch, using only small amounts of beeswax as a final adjustment. 
Aluminum oxide, WCA -3, is also a useful filler. 

The best surfaces on Plexiglas workpieces were produced on this extra soft pitch, 
with Linde A and Linde B slurries. The best specimens showed practically undetect- 
able scattering when examined with the high- intensity light source, and very smooth 
fringes when examined with the Fizeau interferometer. Examination at 250X with 
opaque illumination showed isolated, barely visible scratches. The combination of 
extra soft pitch and Linde slurries formed the basis of a recommended process for 
polishing plastics. 
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One problem in working plastics on the extra soft pitch lap is that after about 
10 h the surface charge builds up to the point where additional particles of abrasive 
do not penetrate the lap surface as quickly as when the lap was new. Fine scratches 
begin to appear on the workpiece, much like those occurring when a harder pitch is 

used. Periodic scraping of the lap surface extends its life. Pitch laps for glass com- 
monly last several hundred hours with no maintenance other than periodic washing 
and recutting of grooves. Apparently the surface charge reaches an equilibrium con- 
dition that is not detrimental to the polishing of glass. Plastics, on the other hand, 
require that no abrasive particles be allowed to protrude distinctly above the surface 
of the lap. 

Laps made of this extra soft pitch, used with Linde A slurry, were also found to 
produce a smooth, scratch -free polish on 304 stainless steel. The polishing tests on 
stainless steel were performed by Manuel Correia and Dr. W. T. Beauchamp. 

Pressure 

Another variable of interest is pressure. Because plastics exhibit low indentation 
hardness, it appeared likely that the pressure between the workpiece and lap would 
affect the quality of the surface finish. Experiments with different pressures demon- 
strated that higher pressures produced surfaces with fewer scratches and less scatter- 
ing. Pressures of at least 2 psi are required for best results. As the pressure is 
reduced, the number of scratches and the scattering rapidly increase, finally re- 
sembling a ground surface as the pressure approaches zero. Pressures of 4 psi or 
more bring about no noticeable improvement in surface quality. Because the polish- 
ing of plastics is a planing operation, individual abrasive grains must not be allowed 
to protrude much above the average grains, nor be allowed to roll around on the sur- 
face of the lap. (By way of comparison, large glass optics are polished at pressures as 

low as 0.1 to 0.2 psi.) 

Recommended Technique 

A thin (0.10 in. to 0.15 in.) lap of extra soft pitch is poured into an aluminum 
shell 3 to 4 in. larger in diameter than the lap. (See Fig. 5.) The lap is grooved into 
approximately 0.5 -in. squares, and the shell is provided with an outside wall that is 

high enough to allow the workpiece to be totally immersed in slurry. Total immer- 
sion is necessary to minimize distortion of the surface figure caused by temperature 
differences across the workpiece thickness. Keeping the lap thickness to a minimum 
aids heat transfer and reduces the viscous flow rate of the pitch. Solid fillers also in- 
crease the thermal conductivity of the lap. 

A flexible leaf of polyethylene sheet on an arm bears on the surface of the shell, 
serving as an agitator to keep the slurry in circulation and to keep the abrasive in sus- 
pension. Addition of 15% to 20% glycerin to water -based slurries further aids in pre- 
venting the abrasive from settling and reduces splashing. Polishing is done at 22° to 
24 °C. 

Workpieces are fine ground on an iron tool with WCA -3 alumina before polishing 
with a slurry of Linde A. When all traces of grinding pits are removed, the Linde A 
slurry is replaced with Linde B slurry, and the desired surface figure is obtained. 
Generally the time required to obtain an accurate surface on Plexiglas is greater than 
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Fig. 5. Apparatus for immersed polishing. 

the time required for actual polishing. The author found that further improvements 
in the quality of the polish could be obtained by replacing the Linde B slurry with 
distilled water, using the abrasive charge in the surface of the lap as a fine polishing 
compound. During the first few minutes of this step, about 2 pm of material is re- 
moved, then material removal gradually ceases as the surface charge is fully embed- 
ded in the pitch. At a relative velocity of 200 in. /min, this step takes 20 to 30 min. 
An optional final step is to buff the workpiece on a Politex "Pix" lap impregnated 
with Dow Corning 200 silicone fluid and sprayed intermittently with water. There 
is a risk of scratching the workpiece at this stage with dust particles settling on the 
pad. 

This process, although developed independently, is similar to the bowl feed 
method described by Dietz and Bennett (1966) and by Schroeder and Klimasewski 
(1968) to obtain supersmooth surfaces on fused silica. In their bowl feed method, 
the agitator leaf is removed during the final polishing stage, allowing the solid parti- 
cles to gradually centrifuge out, until the lap is covered only by clear water, the final 
smoothing being accomplished by the surface charge in the lap. The author experi- 
mented briefly with the centrifuging technique; results were promising, but time lim- 
itations prevented a detailed evaluation. 
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Polishing Rate Measurements 

Table 4 gives the results of polishing rate measurements. 

Table 4. Polishing Rates 

Material Process 
Rate, 
in. /h K* 

Plexiglas G Extra soft pitch /Linde A 0.0018 0.0364 
Plexiglas G Conventional soft pitch /Linde A 0.0015 0.0303 
Plexiglas G Extra soft pitch /Linde B 0.0008 0.0162 
Plexiglas G Conventional soft pitch /Linde B 0.0008 0.0162 
Plexiglas G Conventional soft pitch /tin oxide 0.0011 0.0222 
Plexiglas G Conventional soft pitch /WCA -3 0.00156 0.0315 
Plexiglas G Politex "Pix" /Linde A 0.00045 0.0091 
Plexiglas G Politex "Pix" /Linde B -'0.0001 0.00202 
Plexiglas G Conventional soft pitch /Linde A /D.C. 200 0.00021 0.00424 
CR -39 Extra soft pitch /Linde A ^0.00002 ^0.0004 
BSC -2 Extra soft pitch /Linde A 0.00002 0.0004 

* *Pyrex Pitch /barnesite 0.001 to 0.004 

*g µm /h 
(cm /sec)(g /cm2) 

* *From Rupp (1971). 

Unless otherwise noted, all polishing was performed using the immersion tech- 
nique described above. Machine settings were as follows: 

NS = 44 rpm Q = 0.25 in. 
Ne = 60 rpm Vave = 200 in. /min 
A = 0.56 in. pressure = 2.1 psi 
H = 0.31 in. T = 22° to 24 °C. 

The most interesting result of this series of measurements is that the process that 
yielded the best polish on Plexiglas (the combination of Linde A on extra soft pitch) 
showed the highest polishing rate. Also, the extra soft pitch polished Plexiglas 
slightly faster than a conventional soft pitch. Rupp (1971) evaluated a variety of 
pitch formulations and their polishing rates with Pyrex. The only generalization 
that can be made is that the addition of beeswax reduces the polishing rate of Pyrex. 
On the basis of Rupp's experience, it would be impossible to predict whether other 
pitch formulations could be devised for plastics that would significantly improve 
upon the results obtained with our present formula. 

Linde A polishes at nearly the same rate as WCA -3 alumina although the WCA -3 

particles are at least 10 times larger than the Linde A particles. This shows that par- 
ticle size is not the only factor governing polishing rates. Possibly the flat shape of 
WCA alumina particles renders them less efficient as cutting tools. 
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Just as the conventional glass polishing technique using barnesite and rouge on 
pitch produces unsatisfactory results with Plexiglas, the use of Linde A and extra 
soft pitch yielded unsatisfactory results on BSC -2 glass. Linde A polished at a very 
slow rate. In addition, some fine scratches caused by handling during inspection in 
the early stages of polishing were gradually transformed, with continued polishing, 
into broad furrows clearly visible with the Fizeau interferometer. 

All evidence indicates that the polishing of plastics is a simple planing operation, 
with the possible exception of a small amount of plastic flow occurring during buff- 
ing. The mechanism of glass polishing appears to be more complex. Koehler (1955) 
and Kumanin (1962) stated that barnesite and rouge particles are crushed during 
glass polishing, a phenomenon that leads to reduced surface roughness. If particles 
are being crushed, then the polishing of glass, at least in part, is a loose abrasive 
process. The fact that Koehler and others obtained supersmooth surfaces on a 
charged lap immersed in clear water shows that planing of the surface by fixed abra- 
sive also contributes to the polishing operation. Hydrolysis is also believed to play 
a part in glass polishing. The fact that Linde A alumina, which is very hard and 
has a high modulus of rupture, exhibits a slow polishing rate when used as a fixed 
abrasive with glass, conforms with the hypothesis that glass polishing is not 
strictly a planing process. 

Politex "Pix" shows a much slower removal rate than pitch laps. The extremely 
compliant surface of those pads evidently reduces the pressure of the abrasive grains 
against the surface of the workpiece, hence the reduced removal rate and relatively 
fewer scratches. Because there is no break -in period with these pads, the actual 
polishing time is not as long as the low material removal rate would imply. 

When Dow Corning 200 silicone fluid was used as a slurry vehicle, the polishing 
rate was reduced by nearly an order of magnitude compared with water slurries on a 

pitch lap. At the same time, we observed a greater number of distinguishable 
scratches on the workpiece. Evidently the silicone is a mediocre lubricant, allowing 
only the largest particles in the slurry to remove material. Silicone fluid is sometimes 
used as a polishing vehicle for water soluble crystals. 

A remarkable result is the extremely low polishing rate observed on CR -39, about 
1 /100 of that on Plexiglas and about the same as on BSC -2 glass under the same con- 
ditions. We recall that the grinding rate of CR -39 is greater than of Plexiglas. Both 
Plexiglas and CR -39 have similar bulk mechanical properties (Acitelli et al., 1966) 
except that CR -39 behaves like a more brittle material when being machined. We 
note that the abrasion resistance of CR -39, as measured by a modified Tabor 
method, is 30 to 40 times greater than of Plexiglas, and nearly equal to glass, as mea- 
sured by the modified falling emery method (PPG Industries, n.d.). The abrasion 
data correlate well with our polishing rate measurements. This indicates that polish- 
ing rate and abrasion resistance are determined by the surface properties of a mate- 
rial rather than its bulk properties. We suggest that the polishing rate for plastics 
may be related to the surface energy of each material. It should be worthwhile to 
conduct a series of experiments to determine the relationship of polishing rates, 
abrasion resistance, and surface energy for several plastics. 
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Accuracy of Polished Surfaces 

The following remarks apply mainly to situations where the lap covers the entire 
workpiece surface. 

If we wish to modify the surface figure of a workpiece, the change in figure must 
generally be accompanied by a complementary change in the surface of the lap. As 
the surfacing machine moves the workpiece relative to the lap, the percentage of 
time that the workpiece is in contact with each zone of the lap will vary according 
to the geometry of relative motion. If the lap were perfectly rigid and wear resistant, 
neither the lap nor the workpiece would change figure, regardless of dwell time dis- 
tribution. If the lap were elastic but extremely compliant, we would not be able to 
modify the workpiece because the lap would not assume a permanent change in sur- 
face figure. For this reason, elastic laps are not often used for generating precision 
surfaces. 

The fact that pitch laps can be made to change shape by viscous flow makes them 
indispensable for large precision optics. The rate of change of figure depends on the 
wear rate of the workpiece and the viscosity of the lap. Note that the type of figure 
ultimately generated is independent of the workpiece material. 

A material like Plexiglas, which polishes rapidly, can change figure rapidly and is 
therefore difficult to control. Small changes in machine settings (dwell time distri- 
bution) can greatly modify the figure. The author recommends thin laps of high vis- 
cosity to keep the rate of change of figure within manageable limits. On the other 
hand, CR -39, which polishes at a rate equivalent to glass, is easier to control. 

In selecting the viscosity of the lap, we must consider that the flow rate is propor- 
tional to the pressure and that plastics are worked at a higher pressure than large 
glass pieces. This tendency toward increased flow is partly compensated because im- 
mersed polishing minimizes reductions in viscosity due to temperature rises. It 
would appear that the viscosity of pitch laps for plastics should be at least equal to 
those used for glass. From the previous discussion, we know that pitch formulations 
with high viscosity and low indentation hardness are obtainable (Rupp, 1971). 

Ultimately, the accuracy of plastic surfaces is limited by temperature differences 
across the thickness of the workpiece. For this reason, the workpiece should be 
totally immersed in slurry during polishing. The author performed an experiment in 
which the lap was wet only intermittently and the work was polished for 5 min, 
rinsed, and placed on a test plate as quickly as possible. The change in surface figure 
with time was observed. This was repeated several times. Each time, within 15 min, 
the figure would change by 5 to 7 fringes, always changing in the concave direction, 
showing that the polished face had been heated by the lap. Using the thermal sag 
formula (page 5), we find an average temperature difference of .6° to .8 °C. A sim- 
ilar experiment was performed during the final polishing step on the charged lap 
immersed in distilled water. The workpiece was polished for 10 min. When removed 
from the lap it did not require a rinse and therefore was placed on the test plate 
within 15 sec. This was repeated three times. Within 1 h the figure had changed 
only one to two fringes in the concave direction, indicating an average temperature 
rise of .1° to .2°C. In general, the surface figure deviation due to temperature differ- 
ences during polishing will be aspheric because the central zones will usually attain a 

higher temperature than the periphery. 
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Acitelli et al. (1966) had stated that it is impossible to grind and polish plastics to 
accuracies on the order of 1 or 2 fringes. From the foregoing discussion, it is ap- 
parent that their methods were inadequate. They polished machined surfaces with- 
out grinding, used felt polishing pads, and apparently did not immerse the work - 
pieces in slurry. 

Polaroid Corporation (1945) reported experiments in grinding and polishing poly - 
clohexyl methacrylate. They had difficulty in obtaining a good polish; their best 
results were obtained using titanium oxide on beeswax laps. Specimens 1.5 in. in 
diameter by 1 in. thick were polished by hand. Because of temperature differentials, 
the surface figure changed from 5 fringes concave to 5 fringes convex in 24 h. They 
also reported accuracies of 2 to 5 fringes per inch of diameter for specimens cast 
between Pyrex flats. 

In addition to the special precautions regarding temperature differentials, extra 
care must be taken in mounting plastic workpieces. Not only is the modulus of elas- 
ticity about 20 times lower than in glass, but plastics require relatively high pressures 
for a good polish. 

Structure of Polished Surfaces 

Measurements of surface roughness allow a quantitative evaluation of the polish- 
ing process and provide a direct comparison of the surface quality of different 
materials. No references to the surface structure of polished plastics were found in 
the literature. 

The most accurate method of measuring surface roughness is by multiple beam in- 
terferometric fringes of equal chromatic order (FECO). Tolansky (1970), a pioneer 
in this method, derived the following relation to explain the principle of the FECO 
apparatus: 

dt = do X /2. 

Here dt is the change in surface height and do is the deviation of the fringe in terms 
of order. A fringe viewed with a FECO interferometer is essentially a cross section of 
the surface under test and thus yields only two -dimensional information. That is, 
one cannot tell whether the cusps of such a fringe are cross sections of cones or of 
furrows. By measuring sections close together, Koehler (1953) determined that the 
cusps of the fringes for glass specimens were cross sections of cones. In the case of 
plastic specimens, the only surface features that were evident under microscopic ex- 
amination were progressively finer scratches that eventually became invisible on fur- 
ther polishing. This leads us to believe that any cusps appearing in the fringes for 
plastic specimens are cross sections of furrows. These furrows are not parallel but 
form an intersecting network. 

Table 5 lists the processing conditions for four specimens of plastic and the final 
rms surface roughness of each. In all cases the polishing was done by the immersed 
technique on a soft pitch. Each specimen was fine ground with 3 pm alumina on an 
iron tool, then polished with Linde A slurry on special soft pitch until all grinding 
pits were removed. Unless otherwise noted, the polishing steps listed in the table 
were done at an average velocity of 200 in. /min and a pressure of 2.1 psi; buffing 
was done at 300 in. /min and 0.7 psi. 
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Table 5. Effect of Polishing Process on Surface Roughness 

Specimen Roughness 
No. Material Process description (rms), nm 

006 Plexiglas G Slurry: Linde B, 2 h. 10.5 
Lap: Soft, barnesite -filled pitch. 

008 Plexiglas G Slurry: Linde B, 2 h. 8.9 
Lap: Soft, alumina- filled pitch. 
Buff: Politex "Pix," 10 min. 

009 Plexiglas G Slurry: Linde B, 30 min. 7.3 
Lap: Soft, barnesite -filled pitch. 
Slurry replaced with distilled water. 
Polish on charged lap, 30 min. 
Buff: Politex "Pix," 15 min. 

301 CR -39 Slurry: Linde B, 30 min (3.3 psi). 5.7 
Lap: Soft, barnesite -filled pitch. 
Slurry replaced with distilled water. 
Polish on charged lap, 30 min. 
Buff: Politex "Pix," 10 min. 

Processing was terminated at a different step for each Plexiglas specimen; we also 
have a direct comparison between Plexiglas and CR -39 for the complete process. The 
actual processing time with Linde B was governed by the need to prepare a reason- 
ably flat specimen for the FECO measurements and should not be interpreted as a 

minimum time required to obtain the surface roughness figure. In view of the rapid 
polishing rate with Plexiglas in Linde B slurry, the equilibrium surface roughness is 
probably obtained in 15 to 30 min. 

The roughness figures confirm our recommended polishing techniques and are 
consistent with the qualitative observations mentioned in previous sections. Note 
that the processing of the roughest specimen (006) terminated with the Linde B pol- 
ishing step. Specimen 008 included a buffing operation; however, because the lap 
used in this case was softer than the barnesite -filled lap, we cannot necessarily attrib- 
ute the improvement to the effects of buffing. The polishing on a charged lap for 
specimen 009 clearly improved the quality of the surface and was therefore worth- 
while. Comparing specimen 009 with 301 (CR -39), which received essentially the 
same processing, we note that the CR -39 specimen is distinctly smoother. The very 
slow polishing rate of CR -39 evidently accounts for this. 

Koehler and White (1955) provided rms surface roughness data for glass polished 
5 h with fresh barnesite on pitch. They obtained 15.4 nm for flint glass, 6.8 nm for 
sheet glass, 5.1 nm for Pyrex, and 3.6 nm for fused silica. As expected, the harder 
materials had smoother surfaces. By using more elaborate techniques, Mott (1971) 
obtained surfaces on fused silica of 1.0 nm or smoother. Obviously the surfaces of 
polished plastic specimens are not equal to those of superpolished fused silica, but 
we were pleased to find that the finish of plastic specimens is comparable to that of 
sheet glass or Pyrex as reported by Koehler and White. 

Comparing the structure of the FECO fringes obtained for plastics (Fig. 6) with 
those for glass, we noted that the cusps of the fringes for plastic specimens appeared 
as sharp as the cusps for glass. The sharpness of the cusps for the plastic specimens 
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indicates that plastic flow plays, at most, a minor role in the polishing of these mate- 
rials. Even specimens that had been buffed showed sharp cusps. 

We mentioned previously that buffing reduced the scattering to some extent but 
did not remove visible scratches. This implies that buffing affects scratches only a 
small fraction of a micrometer wide and a few angstroms deep, features too small to 
show up as distinct cusps on a FECO fringe. Plastic specimens, especially those with 
a coarser finish, exhibit a feature not generally found on polished glass, namely, scat- 
tered scratches that are considerably deeper than the average surface roughness. 
Some of these are visible when a silvered plastic specimen is examined visually in 

Specimen 006 (Plexiglas) 

Specimen 301 (CR -39) 

Fig. 6. Fringes of equal chromatic order. 

6th order 

4th order 
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bright light. The CR -39 specimen had much fewer of these scratches than the Plexi- 
glas. We believe that the scratches are caused by contamination and excessive han- 
dling during processing. One specimen of Plexiglas was polished by the centrifuging 
bowl feed technique, with greater precautions to avoid scratches; when it was 
silvered and examined visually, it appeared free of scratches. Unfortunately this 
specimen was not available in time for the FECO measurements. 

Automatic Surfacing of Plastic Aspherics 

Recent development of tape -controlled polishing machines, such as the Itek CAOS- 
Mod, suggests that extreme aspheric surfaces can be generated at moderate cost. We 
define an extreme aspheric as a surface that deviates at least 100X from the nearest 
reference sphere; it is generally not a conic section. Preliminary designs of plastic 
corrector plates for Schmidt- Cassegrain systems incorporating extreme aspherics 
have been computed (Blenman and Shannon, 1971; Buchroeder, 1971). 

The Itek CAOS -Mod machine uses a separate motor to drive the pin, the tool 
being mounted on the pin and the workpiece on the spindle. Relative velocity is 
therefore accurately controlled. Material removal for each zone is assumed to be pro- 
portional to the dwell time of the tool at each zone. Dwell time is controlled by pro- 
gramming the amplitude of the eccentric arm stroke. Because the curvature of an 
aspheric surface varies with the distance of each zone from the center, the tool must 
be compliant enough to adjust to the local curvature without tending to smooth out 
variations. R. L. Luckett of our optical shop has built polishers consisting of pitch 
buttons on a compliant substrate for parabolizing spheres. Further development of 
these tools could extend their capabilities to the domain of extreme aspherics. Be- 
cause the tool area is small relative to the workpiece, heat dissipation for immersed 
polishing would be much improved compared with full -sized tools, minimizing the 
tendency for the central zones of the work to become warmer than the outer zones. 
In addition, the small tool allows us to obtain sufficient polishing pressure while the 
total load on the workpiece remains small. We recall that 2 psi is required for best 
results. 

A possible sequence of operations for the manufacture of a medium precision as- 
pheric from Plexiglas is as follows: 

(1) The aspheric surface is machined on a Plexiglas disk to a tolerance of -}2 to 
4 pm. 

(2) The surface is ground with a compliant lap or diamond fining tool in prepa- 
ration for polishing. 

(3) The surface contour is measured and compared with the nominal contour. 
A correction tape for the CAOS machine is generated from these data. 

(4) The workpiece is polished for the amount of time required by the correc- 
tion tape. 

(5) Repeat step (3). 
(6) Repeat step (4) if required. 

Temperature must be carefully controlled during fabrication and testing. 
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Automatic surfacing should be reasonably tolerant of deviations caused by pro- 
cess variables. Suppose that the correction of a 4 -pm error requires an average mate- 
rial removal of 8 pm but the process deviates from predictions by ±20 %. Then we 
would expect the correction tape to leave a residual error of 1.6 pm. Another itera- 
tion would be required to reduce the error to 0.64 pm. We see that the system can 
tolerate process variables, at the cost of iterations. Opticians using conventional 
machines often perform many such iterations before obtaining the required figure. 

Convenient methods for testing the workpiece in process must be developed to 
make automatic surfacing practical for extreme aspherics. If normal interferometric 
methods are used, the field could easily contain thousands of fringes, making data 
reduction extremely difficult even with automatic scanning techniques. Wyant 
(1971) recommended the use of two -wavelength holography to reduce the number 
of fringes in the field. Basically, two -wavelength holography uses a laser light source 
in a Mach -Zehnder or Twyman -Green interferometer to make an exposure of the 
fringe pattern on a holographic plate. The plate is developed and the resulting holo- 
gram is placed exactly in the original position. When laser light of a different wave- 
length is used to test the work and is passed through the hologram, the resulting 
fringe field is a moiré pattern equivalent to a fringe field resulting from a much 
longer wavelength 

Àeq = A,x2lA1 -A21. 

Using appropriate visible wavelengths from an argon laser, Wyant obtained fringe 
fields equivalent to using wavelengths up to 24 pm. Although qualitative interpre- 
tation of this method is more convenient, it is less accurate. 

During the past few years, profilometers with digital readouts have been devel- 
oped for inspection of precision mechanical parts. These instruments are capable of 
accurate readings within a few microinches, sufficient for medium precision optics. 
Because these instruments convert the probe position into an electrical signal, it 
should be feasible to store the nominal position for each zone as a reference signal 
and obtain a direct readout of the error. This error signal, as a function of distance 
of each zone from the center, could be used to generate a correction tape. A test 
method similar to the one outlined above potentially offers a rapid means of correct- 
ing individual components to the required tolerances. 
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CASTING AND MOLDING 

Two general processes especially suited to many plastics are casting and molding. 
Casting is defined as the process of forming a part by pouring a liquid or plastic 
material into a mold and letting it harden without pressure. Molding is defined as the 
shaping of a part in a mold under pressure. 

Casting 

For many years, plastic lenses and prisms of various sizes have been made by the 
casting process, which is suitable for both thermoplastic and thermosetting mate- 
rials. In casting, plastic resin in a liquid state, in either a monomeric or partially 
polymerized form, is introduced into a mold. Before introduction into the mold, a 

catalyst has been mixed with the resin to initiate polymerization. Many resins must 
be cured at high temperatures (600 to 1 00°C) to effect complete polymerization. 
Complete curing cycles may require up to 24 h in molds made from crown glass, 
Pyrex, or steel. An extensive discussion of various casting techniques is found in 

OSRD Report 4417 (Polaroid Corporation, 1945). Since that report, there have 
been more advances in resins for casting than in casting techniques. 

Certain characteristics of casting resins limit the ultimate accuracy of the process. 
Foremost among these characteristics is polymerization shrinkage, ranging from 5% 

for epoxies to 20% for methyl methacrylate. Accompanying the greater shrinkage 
is the danger of the partly cured casting pulling away from the mold surface. An- 
other problem is that the curing reaction is often strongly exothermic, resulting in 

nonuniform polymerization rates, internal stresses, and inhomogeneous optical 
properties. 

A set of measurements of the surface accuracy of small (about 2- cm -diam) cast as- 

pheric lenses was published by Ansevin (1967). The molds discussed in his report 
were reworked once or twice to eliminate systematic errors, but even after correc- 
tions, local areas of the lenses contained errors up to 30 fringes. 

Spin Casting 

A recent technique for fabricating large mirrors is spin casting, based on the fact that 
a liquid surface will assume a parabolic form when rotated. In this process (Schmidt, 
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1966), a thin layer of room - temperature- curing epoxy is placed on a preform and 
the whole assembly is rotated at constant angular velocity until the epoxy hardens. 
Such a technique requires great mechanical stability in the apparatus and a uniform 
rate of polymerization in the resin. Schmidt gave no data on the actual surface 
figures of his mirrors. 

Injection Molding 

As mentioned in the Introduction, millions of lenses are produced annually by the 
process of injection molding. In this process, pellets of thermoplastic are fed into a 

cylinder and heated until they become a viscous fluid. By means of a ram or screw, a 

precisely measured amount of material is forced into a polished mold under high 
pressure. After a short cooling period the molding machine is opened and the fin- 
ished part is ejected. (There are thermosetting resins for injection molding, but they 
are used less and less frequently because of improvements in thermoplastics.) 

Because there are many process variables, high- quality injection molding is an art, 
and individual molding companies tend to keep some of the details of their tech- 
niques proprietary. A new mold is given several trial runs, and the contours of the 
mold are then empirically adjusted to eliminate systematic errors. When a satisfac- 
tory molding cycle is established, consistency is maintained by rigorous process 
controls. 

Quantitative data on surface contour tolerances are hard to obtain. Ansevin 
(1967) gave valuable data on injection molding tolerances for lenses and showed the 
effects of several stages of mold compensation in improving the accuracy of the 
parts. In general, the rapid changes in temperature and the flow patterns associated 
with injection molding lead to surface distortion and birefringence. Because the tol- 
erance range is roughly proportional to the size of the part, large precision optics are 
out of the question. 

Surface Replication 

In surface replication -a method used to produce reflective surfaces -a rigid pre- 
form, selected for structural rigidity and thermal stability, is coated with a thin layer 
of liquid resin and placed in contact with a master surface. When the resin is cured, 
the coated preform is parted from the master, giving a reverse replica of the master. 
In principle, the method of surface replication could be applied to refractive optics 
(Acitelli et al., 1966), but this would nullify the structural advantages of the process. 

McClelland (1962) reported an extensive study of surface replication conducted 
at Electro- Optical Systems, Inc., for the purpose of manufacturing corner reflectors. 
McClelland's report clearly defines the effects of polymerization shrinkage, resin 
thickness, substrate material, and substrate accuracy on the surface accuracy of the 
replica reflectors. The central problem with the replication process is that the resin 
layer must adhere to the master during curing, but the adhesive bond must be weak 
enough to allow the master and replica to be separated without damage to either. By 
using vacuum deposited copper parting layers, McClelland succeeded in producing 
several good specimens, with flatness on the order of 1 fringe; it appeared that fur- 
ther improvements in parting layers would be required to make surface replication 
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practical. McClelland derived some useful expressions for computing distortion due 
to skin stresses, which are useful in the study of the compression forming process 
discussed below. 

Compression Forming 

In spite of the difficulties of the injection molding process discussed above, its in- 
herent economy justifies some investigation of possible modifications to improve the 
quality of optical components beyond that currently obtainable. Thus, some experi- 
mental work on compression forming was done at the Optical Sciences Center. Be- 
cause of its general availability and relatively homogeneous quality, the thermo- 
plastic Plexiglas G (polymethyl methacrylate) was used in this series of experiments. 

An Ideal Molding Process 

Molding of thermoplastics is a process whereby the plastic, heated to the tempera- 
ture at which it becomes a viscous fluid, is introduced into a mold cavity and forced 
by pressure to assume the shape of the cavity, is cooled in the cavity until it be- 
comes reasonably hard, and then is removed from the mold. The finished article is 

an approximate replica of the mold cavity. 
The ideal molding process, from the standpoint of accuracy, would be one in 

which all process variables are controlled so as to exactly replicate the cavity. Some 
features of an ideal process, using existing materials, are as follows: 

(1) The mold surface is highly polished and free of distortion. 
(2) The amount of material introduced into the mold cavity is precisely con- 

trolled. 
(3) Material flow during the process is held to an absolute minimum. 
(4) Temperature differences across the material are held to an absolute mini- 

mum. 
(5) Maximum temperature during processing is no higher than necessary to 

soften the material. 
(6) Contact between the cavity surface and the part is maintained throughout 

the cooling cycle. That is, shrinkage is held to a minimum. 

To satisfy these criteria, the author developed a process called compression form- 
ing. Compression forming differs from ordinary molding processes in that the start- 
ing material is not a liquid plastic but rather a precision -machined blank whose 
dimensions and surface contours conform closely with the mold cavity. Thus, the 
amount of material in the cavity is precisely controlled, and flow is kept to a mini- 
mum. The material can be molded at a temperature slightly above its softening 
point; there is no need to liquify it. 

Now we must consider the problem of fabricating high -quality parts without a 

molding machine. All materials have a finite compressibility, or inversely, a finite 
bulk modulus, defined as 

K = E/3(1 - 2v), 
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where E is the modulus of elasticity and y is Poisson's ratio. For a change in volume 
AV, the hydrostatic pressure Phyd would be 

Phyd = KAV /V0. 

At 23 °C, K for Plexiglas is 4.17 X 105 psi, about 1/50 that of steel. That means that 
a Plexiglas blank can be confined in a steel mold and be compressed a few percent in 
volume without damaging the mold. Since the coefficient of thermal expansion is 
known for Plexiglas as a function of temperature, we can make a precision blank 
some known amount smaller than the mold cavity and compute the temperature at 
which the cavity will be completely filled when the mold is heated. By selecting a 
maximum temperature, we can control the amount of compression and the maxi- 
mum pressure that the blank will experience. Thus we can perform a molding -type 
operation without any molding machine. 

The ultimate purpose of such a process would be the fabrication of highly pol- 
ished medium precision components, say ±1X tolerance, starting with a blank with a 
mediocre polish and a tolerance of perhaps ±10X. Clearly this process will not be as 
economical as injection molding. 

Another useful feature of this process is that it allows us to observe effects of 
material flow or displacement more directly than would be possible with injection 
molding. 

Viscoelastic Behavior of Plexiglas 

Thermoplastics in general are neither purely an elastic solid nor a viscous fluid; 
instead they are viscoelastic (Van Vlack, 1970). The deformation resulting from a 
given load consists of three components: a reversible elastic component that is not 
time dependent, a reversible elastic component that is time dependent, and an irre- 
versible viscous component that is time dependent. The elastic modulus, more ap- 
propriately called the viscoelastic modulus (Van Vlack), obviously is a function of 
time. 

In plastics, the viscoelastic modulus is also strongly dependent on temperature 
(Fig. 7). In Fig. 8, for a 30 -sec modulus, there is a distinct knee, corresponding to 
the glass transition temperature, Tg. Above Tg an elastic behavior dominates and the 
material is rubbery. With Plexiglas sheet we do not operate the mold in the viscous 
liquid temperature range because the accompanying pressure would be too high. 
Since we do not reach the liquid state, limiting the displacement of material is also 
important to minimize the residual stresses from the anelastic state. If the material 
were a viscous fluid, the displacement of material during the forming process would 
be less critical, if we could ignore the effects of flow birefringence. 

From Figs. 7 and 8 it is clear that compression must begin and end well below Tg. 
The maximum temperature need be only about 140 °C. In examining the time de- 
pendence in Fig. 7, we conclude that we need to apply the maximum temperature 
only for a short time because of the rapid relaxation at the higher temperature. 
Cooling should take place slowly to minimize the viscoelastic modulus and thereby 
minimize stress. 
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Fig. 7. Viscoelastic modulus for Plexiglas G at various 
temperatures, vs time (Van Vlack, 1970, p. 238). 
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Fig. 8. 30 -sec modulus for Plexiglas G (Rohm and 
Haas Company, 1969). 

How does cooling rate affect temperature differentials across the specimen inside 
the cavity? It is important to avoid stress gradients across the thickness of the spec- 
imen. If both faces of the specimen are at the same temperature during cooling, the 
effect of thermal stress is balanced and no distortion should occur, but rapid cooling 
makes it difficult to guarantee this uniformity. 
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Suppose, for a %z -in. -thick Plexiglas plate in contact with both faces of the mold, 
we would limit the temperature difference across the thickness to 1 °C. How quickly 
can we cool the mold faces? For a rate of heat transfer of q cal /h, we have 

q = kAOT/Ot, 

where A is the area of the face, and t is the thickness. For each square centimeter of 
surface area, with heat transfer at both faces, the effective value of At is 0.63 cm, 
AT is 1°C, and k is 4.6 X 10' cal /sec cm2 °C. Then 

q = 2.66 cal /h. 

The specific heat of Plexiglas is 0.35 cal /g, and the density is 1.19 g /cm3. Each 1 °C 
change in the temperature of the unit area plate requires 0.263 cal of heat transfer. 
Therefore, to maintain a temperature differential of no more than 1 °C, we can cool 
at a rate of 10 °C /h. (With injection molding, parts can be cooled as fast as 10 °C /sec.) 

Since we wish to cool the part slowly, especially between 100 °C and 75 °C, to 
minimize the viscoelastic modulus and thus minimize stress, the additional stress due 
to temperature differences should be negligible. 

Mold Design 

The mold shown in Fig. 9 is simpler than conventional injection molds, lacking 
such features as sprues, gates, and ejector pins. The stoutness of its construction is 

equivalent to that of small injection molds. It consists of an insert plate to hold the 
master surface, a cavity plate, and a cover plate, all of tool steel. The master surface 
consists of a finely polished CER -VIT or fused silica optical flat, whose surface is 

flat to within X /4. If desired, the cover plate also can be provided with an insert. 
Eight 3 -in., 3 /8 -in. -diam, 16- thread bolts are used to clamp the mold together. Not 
visible in the drawing are four vents in both the top and bottom surfaces of the cav- 
ity plate, 0.125 in. wide by 0.001 in. deep, to prevent trapping of air in the cavity. 
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Fig. 9. Cross section of mold assembly. 
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Because of the high pressures generated during compression forming, the diameter 
of the cavity is restricted to 2.00 in.; otherwise the pressures would cause excessive 
deformation of the mold. If we consider each side of the mold as a plate, simply 
supported at the bolt circle diameter, we can compute the deflection of the mold 
cavity surfaces. The assumption of simple support at the bolt circle is commonly 
used to compute the deflection of cylinder heads and should be valid for this case. 
Using the formulas in Kent (1956), we find that each side of the cavity will be de- 
flected approximately 1 fringe (10 -5 in.) for each 1000 psi pressure on the mold 
faces. Uniform loading is assumed -a safe assumption when the plastic is in the 
softened state. 

Experimental Method for Compression Forming 

The temperature at which compression begins is determined by the initial dimen- 
sions of the preform in relation to the mold and the thermal expansion coefficient 
of the preform. The thermal expansion coefficient a of Plexiglas is also a function 
of temperature 

a = at + (da/d7)(6,7). 

For Plexiglas, a is nearly linear with temperature, ai will be a at 24 °C, and da /dT 
will be constant. From the data for Plexiglas G (Acitelli et al., 1966) we obtain the 
empirical equation 

a = (6.7 X 105)+(0.4 X 10-6)OT. 

To compute the temperature at which compression begins, assuming the preform is 

measured initially at 24 °C, 

OL = 0.0067OT+ 0.00002(OT)2, 

where AL is the percent difference between the preform and cavity dimensions at 
24 °C and AT is the temperature rise above 24 °C. 

When the preform completely fills the cavity, further increases in volume are pre- 
vented by the rigidity of the steel mold, and further increases in temperature result 
in hydrostatic compression. Since the maximum temperature that the mold will 
reach would result in an additional linear expansion of less than 1 %, if the preform 
were unrestrained, we can say that 

AV = 30L. 

Recalling that the bulk modulus K for Plexiglas at 24 °C is 4.17 X 105 psi and that 
Phyd = KAV /V0, we see that, for AV = 1%, Phyd = 4170 psi. Since K is quoted at 
room temperature, the value of K at elevated temperatures must be assumed. Be- 
cause the bulk moduli of most organic liquids and rubber are approximately equal to 
that of Plexiglas and do not change rapidly with temperature, we assume the value 
quoted for Plexiglas at 24 °C will not change substantially at higher temperatures. 
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Figure 8 showed that Plexiglas becomes rubbery at 140 °C. Therefore, in our ex- 
periments, to be described below, temperatures near 140 °C were chosen as the maxi- 
mum temperatures in the forming cycle. By computing the temperature T, at which 
compression begins and subtracting this from Tmax, we can compute the volume 
compression and the maximum pressure. 

Experimental Data and Description of Specimens 

Eleven specimens were compression formed in this series of experiments. The con- 
ditions were as follows unless otherwise noted. 

(1) Preforms were turned on a lathe to the required diameter. To obtain the re- 
quired thickness accuracy, one face was ground with 12 or 3 gm alumina on a pol- 
ishing machine. The diameter -to- thickness ratios were chosen so that T, would be 
the same in both directions. 

(2) All mold surfaces and preform surfaces were cleaned with denatured alcohol 
immediately before sealing in the mold. 

(3) Each bolt was given a minimum of 150 lb in. torque when the mold was 
sealed. This corresponds to a total preload of at least 16,000 lb (2,000 lb X 8 bolts). 

(4) All runs were done in a thermostatically controlled oven of approximately 1 

cu ft volume, with free convection heating. Mold temperature was read with a mer- 
cury thermometer in a well drilled adjacent to the cavity. When Tm ax was reached, 
the oven was turned off and the mold was allowed to cool inside the oven. 

Figure 10 shows the temperature cycle for specimen 404 and succeeding 
specimens. 

140 

v 120 
0 

a- 100 

co 80 

E 60 

40 

20 

Oven turned off 

0 2 3 4 

Time, hours 

Fig. 10. Typical temperature cycle for specimen 404 
and succeeding specimens. 

1 5 6 7 

Table 6 (next page) summarizes the "before" and "after" thicknesses of the speci- 
mens and the heating temperatures and hydrostatic pressure for each run: t = thick- 
ness, D = diameter measured midway between the faces; figure is stated in fringes, 
green mercury line; T = temperature at which compression begins, Tmax = maxi- 
mum temperature, Phyd = hydrostatic pressure. In computing the hydrostatic pres- 
sure, the expansion in the steel mold was neglected. 

In the paragraphs that follow, special conditions for each run are described. 
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Specimen 401 

A CER -VIT master was lapped into the bottom of the insert plate opening to avoid gaps. A wedge 
was present in the mold cavity, with cavity depths of tmax = .4900 in. and tmin = .4895 in. One 
side of the plastic specimen was as cast, the other side ground with 3 pm alumina. The ground side 
was placed against the master. The sealed mold was placed in an oven preheated to 140 °C. The 
mold was heated 4 h, until internal temperature was 140 °C, then the oven was turned off. When 
the mold was opened, at T = 62 °, the master was found to be cracked all the way across but not all 
the way through. Specimen had flash all around, .002 in. thick, extruded into the gap between the 
cavity plate and master, particularly into the vents. It appeared that the master had cracked while 
the mold was cooling, as a result of the extruded flash being trapped between the cavity plate and 
the master. The specimen was polished from contact with the mold. Slight scattering was seen with 
the focused filament of a microscope illuminator. Figure was about 3 fringes concave over most of 
the area, showing symmetry with respect to the vents. Near the edges of the specimen the number 
of fringes increased rapidly. Birefringence was noted near the edges. 

Specimen 402 
A new master was made from fused silica and lapped into the bottom surface of the insert plate 
opening. A thin (about .001 in.) layer of RTV rubber was poured between the bottom of the flat 
and insert cavity to avoid local contact between the flat and the steel, a possible factor in the 
breakage of the master during the forming cycle of 401. The RTV rubber was cured too quickly, 
so the flat was not perfectly flush with the surface of the insert plate. The periphery of the cavity 
on the face adjacent to the master was provided with a chamfer at an angle of 30° to the face and 
.033 in. thick at the root. This chamfer was intended as an overflow reservoir to prevent the extru- 
sion and entrapment of flash. Because the master was not flush with the insert plate, the cavity 
depth ranged from tmax = .4908 in. to tmin = .4901 in. A gap of .0005 to .001 in. was present be- 
tween the master face and the cavity plate. Specimen 402 and succeeding specimens were formed 
with the cast face against the master. 

Specimen 402 was made smaller than 401 to reduce the maximum pressure. Heating cycle was 
the same as for 401. The mold was opened at 60 °C and the master was intact. About '/a of the area 
of the specimen near one edge was in optical contact with the master, and the piece was released 
by applying an ice cube. A line of demarcation was visible around the area of optical contact; the 
surface figure comprised two distinct areas, the larger of which was approximately 12 fringes con- 
cave and the area that had been in contact about 6 fringes concave. The volume contained in the 
chamfer was 0.38 %. About 3/4 of this volume, or 0.30 %, was filled with plastic. Total potential ex- 
pansion was 0.98 %, so we conclude that the overflow did not reduce the Phyd by more than 30 %. 
From Table 6 we note that the end of the specimen that originally was .4878 in. thick became 
.4864 in. thick, showing that this area pulled away from the master face at a temperature higher 
than Te. The area that was originally .4870 in. thick became .4874 in. thick and was also in optical 
contact, showing that adhesion retards local thickness shrinkage. The periphery of the specimen 
became concave and showed "sink marks," indicating that the material that filled the chamfer 
came from the periphery. The surface of the specimen showed a brilliant polish, free from scat- 
tering, whereas birefringence was evident especially near the periphery. 

Specimen 404 
Specimen 404 was made larger than 402 to increase the pressure. The thermostat setting on the 
oven was changed to reduce the heating time to 2 h; cooling rate remained the same as before. 

The mold cooled overnight, and when it was opened the master was found to be cracked in 
three places. Crack marks had been transferred to the plastic piece. Each section of the piece was 
strongly concave, but there were too many fringes to measure. Flash, extruded beyond the edge of 
the chamfer, was the probable cause of the failure. The periphery of the specimen was concave. Bi- 
refringence was present. 

Specimen 405 
It became clear that flash must be avoided and that the master must be kept flush with the surface 
of the insert plate to eliminate gaps. A CER -VIT master was made and seated in the insert plate, 
opening on a layer of RTV rubber .0005 in. thick. While the RTV rubber was in a liquid state, the 
master was adjusted flush within .0001 in. The remaining specimens were formed in this mold con- 
figuration. The master remained intact through the remaining pressings. Conditions for this series 
of pressings followed a trend toward increased pressure. 
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For Specimens 405, 406, 407, 403, 408, and 409 the cavity depth was .4898 in. 
To detect flow patterns, a set of grid lines, spaced .310 in. apart, was applied to the face of 

Specimen 405 with waterproof ink. 
The mold was opened about 70 h after the oven was turned off. A triangular area of light opti- 

cal contact was present near the edge. Grid lines were undistorted, and a faint but clear outline of 
the grid was also present on the master. Grid lines did not extend into the extruded chamfer on 
the specimen, clearly demonstrating that the material forming the chamfer came from the periph- 
ery of the specimen and that there was no flow along the face. 

Surface figure was a slightly irregular saddle, about 6 fringes deep, one of the saddle lobes being 
formed by the area that had been in contact. The surface was free of scattering, and slight bire- 
fringence was present near the periphery of the specimen. 

It is significant that the final thickness of the specimen was .001 in. greater than the initial 
thickness, showing that adhesion between the specimen and master prevented the specimen from 
releasing until thermal stresses upon further cooling overcame the adhesive forces. For the face the 
release temperature, TR, was 90 °C, lower than the initial compression temperature, Tc. 

Specimen 406 
The face of Specimen 406 was ground with 3 Am alumina, provided with the same grid as 405, and 
placed on the master. 

The mold was cooled for 22 h. When it was opened, a few small annular segments of optical 
contact were present near the periphery. Surface figure was nearly spherical, with slight shifts in 
the fringes where they crossed the grid lines. 

There was no flow at the face. Grid lines were in the same condition as in 405. Thickness in- 
creased as for 405, with TR = 92 °C. Slight scattering was visible on the pressed surface, as viewed 
with a microscope illuminator. (Under diffuse illumination, scattering is not visible.) Birefringence 
was present around the periphery. 

Specimen 407 
The mold was cooled for 22 h. Specimen was not in optical contact when the mold was opened, 
but closer inspection showed several demarcation lines on the surface, indicating that the specimen 
had broken optical contact incrementally as it cooled. Figure was concave but too irregular to 
measure. Birefringence was slightly greater than in 405 and 406. No scattering was visible. Again, 
there was an increase in thickness, corresponding to TR = 90 °C. 

Specimen 403 
This specimen was made larger than the three previous specimens, for increased pressure. Grid lines 
were marked as for 405 and 406. The mold was cooled for 21 h. No optical contact was present 
when it was opened, but close inspection showed a series of very fine demarcation lines near one 
edge of the specimen. The thickness of the finished specimen was not changed from the preform 
thickness. Again, there was no distortion of the grid lines. Surface figure was 20 to 30 fringes con- 
cave and astigmatic; the figure in the region that showed incremental optical contact was irregular. 
No surface scattering was visible, but the specimen was slightly more birefringent than 407. 

Specimen 408 
This specimen was provided with a chamfer .050 in. by 45° at the edge of the face in contact with 
the master. The mold was cooled for 22 h. No optical contact was noted when the mold was 
opened. The chamfer had been nearly pressed flat, and the surface figure was virtually spherical 
(40 fringes concave). Average thickness decreased slightly, showing that the filling of the chamfer 
relieved some of the pressure in the mold. Large sink marks were present on the periphery. The 
pressed surface was free of scattering. Birefringence was about the same as for 403. 

Specimen 409 

For this specimen the cavity plate was turned over so that the chamfer was adjacent to the cover 
plate. Cavity configuration was much like that for 401, but the gap between the cavity and master, 
which had contributed to the breakage of the original master, was practically eliminated. 

The mold was cooled for 70 h. No optical contact was present when it was opened. Surface 
figure was about 30 fringes concave and nearly spherical. Thickness was increased, corresponding 
to TR = 90 °C. The surface was free of scattering, and birefringence was about the same as for 408. 
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Specimen 410 
For specimens 410 and 411, the cavity plate was reground, eliminating the chamfer. Cavity depth 
changed to .4583 in. Cavity configuration was much like that for 401, but the gap between the 
cavity and master, which had contributed to the breakage of the original master, was now practi- 
cally eliminated. 

For specimen 410, the mold was cooled for 17 h. When it was opened the specimen was not in 
optical contact, but a distinct area of contact had been present, covering about 1/4 of the area at 
one end of the specimen. Surface figure over the uncontacted area was about 20 fringes concave. 
The area of contact was also concave, but to a lesser degree. If the entire surface had been like the 
contact area, the surface figure would have been about 10 fringes concave. 

The final thickness increased, with the contact area .0002 in. thicker than the rest of the part, 
or .0007 in. thicker than the preform dimension. Much less flow was evident at the periphery. A 
ring of flash less than .001 in. thick was extruded all around the part, the annulus width of the 
flash being about .060 in. The increased thickness corresponds to TR = 83 °C. The surface was free 
of scattering. Birefringence was about the same as for 409. 

Specimen 411 

The mold was cooled for 5 h. When it was opened, optical contact was present in a roughly trian- 
gular area extending from the edge toward the center and covering about a quadrant. 

Surface figure outside the quadrant was about 15 fringes concave and followed the outline of 
the quadrant. Inside the quadrant the figure was somewhat irregular and about 4 fringes deep. The 
surface was free of scattering. Birefringence was distinctly less than for 410. For the first time, a 
contact area was noted on the face that was against the steel, directly opposite the contact area 
that was against the master. Very little flow occurred at the periphery. 

Discussion of Results 

An unexpected result was the extrusion of flash into the narrow gap between the 
master and the cavity plate. Injection molding formulations of polymethyl meth - 
acrylate do not flash easily, even though the material is much more fluid in injection 
molding than in compression forming. The fact that the specimens were subjected to 
enough pressure to fill small crevices accounts for the excellent replication polish ob- 
served on the finished parts. When the preform has a ground surface, the finished 
surface shows residual scattering, but when the preform is polished (i.e., the "as 
cast" surface -the original surface of the Plexiglas sheet) there is no scattering after 
compression forming. Therefore, the preform should be polished for best results. 

The grid lines demonstrated that no flow occurred at the interface between the 
specimen and master surface. This indicates the existence of a boundary layer, of 
undetermined thickness, whose behavior is different from that of the bulk of the 
specimen. 

All finished specimens were birefringent, particularly around the periphery, be- 
cause of flow and because of stress gradients at the edges. A sharp discontinuity 
exists where the steel cavity plate meets the CER -VIT master. 

Despite the cracked master, specimen 401 showed the most accurate surface fig- 
ure. This specimen filled the mold cavity at the lowest temperature and therefore re- 
mained in contact with the master surface until its viscoelastic modulus attained 
higher values than the other specimens. With the succeeding specimens we gradually 
increased the pressure from relatively low levels to avoid breaking more optical flats 
in an effort to improve our understanding of the process and to determine the mini- 
mum compression required for accurate surfaces. Obviously, the required compres- 
sion was not attained in this series of experiments. 
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These experiments show that optical contact is a crucial feature in the compres- 
sion forming process, with the distinct difference between T, and TR indicating the 
strength of the optical contact. For example, in specimen 405, Tc -TR = 23 °C, 
which corresponds to .004 in. potential shrinkage in diameter. The skin stress devel- 
oped by the adhesion of the specimen to the master accounts for the concavity of 
the finished parts. Because the boundary layer is prevented from shrinking away 
from the peripheral cavity wall with the bulk of the part, elastic skin stresses cause 
the surface of the plastic part to contract when released from the mold, resulting in 
a concave figure. Obviously, if both sides of the part were in optical contact with a 
master, skin stresses would tend to balance out, but in this initial series of experi- 
ments it is advantageous to use the one -sided configuration to show the effects of 
skin stress more clearly. 

Incremental release of optical contact during cooling severely degrades the surface 
figure for two reasons. First, the skin stresses will be different for each area of the 
specimen, and second, the air gap formed by local release of optical contact will 
cause variations in heat transfer rates, inducing thermal stresses. 

Because compression forming involves adhesion, in the form of optical contact, 
and shows boundary layer effects, it is more closely related to the surface replication 
process than it is to injection molding. The boundary layer can be considered equiva- 
lent to the replica coating, with the bulk of the material functioning as the substrate, 
except that in compression forming no discontinuity exists between the coating and 
substrate. In fact, the mathematical analysis used by McClelland (1962, p. 76) to 
describe surface replication can be applied qualitatively to compression forming. The 
sag, Y, produced by skin stresses on one face of the specimen is given by 

( trD2Erl 1 - vp Y- 
3/( t2E /-Scr+(ap -ar)(T-T)) ( 

1 v ) p p r 

where t = thickness of the specimen, D= its diameter, E= Young's modulus, -Scr = 

curing shrinkage, a = thermal coefficient of linear expansion, T= temperature, and v 

= Poisson's ratio, and subscript r pertains to the coating material and subscript p to 
the substrate material. Because the substrate and coating are of the same material in 
compression forming, the equation reduces to 

Y = -34 (trD2/tp2 ) SCr 

In this expression, tr is interpreted as the thickness of the equivalent replica layer 
and tp as the thickness of the bulk of the specimen although tr and tp are not 
strictly distinct. We interpret Ser as the potential curing shrinkage induced by sur- 
face adhesion. In compression forming, large values of Tc -TR correspond to large 
values of So., resulting in the large values of Y we observed. 

If the specimen is kept under hydrostatic pressure until the instant it is released 
from the mold, then Scr = 0 and Y = 0, assuming that TR is low enough that the 
stress of breaking optical contact does not exceed the elastic limit of the part. In 
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principle, at least, it appears possible to obtain an undeformed part with compres- 
sion forming. In conventional casting, on the other hand, we are always faced with 
the problem of bulk polymerization shrinkage. Surface replication casting minimizes 
the effect of polymerization shrinkage by the use of a thin layer of resin on a rigid 
substrate. Surface replication appears more suitable to reflective optics than to re- 
fractive optics, as refractive components require a match between the optical prop- 
erties of the surface layer and the substrate whereas reflective components only 
require substrates selected for good structural properties. 

Because we did not satisfy the criterion that Sc, = 0 in this series of experiments, 
the zero deformation hypothesis has not yet been tested. 

Recommendations for Future Experiments 

FECO measurements should be done to examine the structure of compression 
formed surfaces. A possible explanation for the scattering observed on surfaces that 
were initially ground is that some of the surface irregularities were converted to 
microscopic fissures. If such fissures are formed, the maximum temperature of the 
process would be too low to weld them together. We also need to know how much 
improvement was obtained in the quality of the surfaces that were initially polished. 

To reduce edge effects and birefringence, it is necessary to prevent flashing and to 
eliminate sharp corners if possible. This would entail more elaborate mold designs, 
the expense of which would not be justified at this stage of development. 

The critical test of the process, using the present mold configuration, is to pro- 
duce parts satisfying the requirement that 5c,. = O. This would involve reducing Te to 
75 °C or less so that the part would have sufficient structural integrity to survive re- 
lease from the master surface. It should be permissible to reduce Tm ax to 125 °C to 
keep the hydrostatic pressure within reasonable limits. The cooling cycle can be sim- 
ilar to the one we have been using, but it may be worthwhile, upon reaching a tern - 
perature about 5° above Tc., to allow the mold to soak at that temperature for sev- 
eral hours to relieve stress gradients. At the end of the stress relief cycle, the finished 
part should be released from the master very quickly by quenching the mold, to 
avoid any distortion due to gradual cooling in a state of partial optical contact. 

Several specimens should be compression formed to provide data on the consis- 
tency of the process. At present, we have no data to separate systematic errors from 
random errors in surface figure, nor do we know the effect of preform surface figure 
on the finished part. If the results of further experiments are encouraging, the mold 
should be adapted to a double -sided configuration -that is, with a master flat in the 
cover plate also. Owing to symmetry, we would predict further improvements in sur- 
face accuracy, but this must be verified experimentally. Any practical refracting 
element will require both surfaces to be polished and to have accurate figures. 

The double -sided forming experiments would exhaust the capabilities of our 
mold; further development of the process would require more elaborate equipment. 
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FINAL COMMENTS 

We have shown that grinding and polishing is a feasible method for producing plastic 
elements of moderate precision, using either thermoplastic or thermosetting mate- 
rials. However, to realize this quality level, greater care must be exercised than with 
equivalent glass elements. The use of ground and polished plastic components is 
justified when light weight is of paramount importance and when the figure is an 
extreme aspheric, as the machinability of plastics reduces the over -all grinding and 
polishing time. 

Of the molding or casting processes, only compression forming offers a possibility 
of attaining the required precision, but the feasibility of this process has not been 
proved experimentally. If compression forming proves feasible, it will be expensive 
because polished preforms are required and forming cycle times are long. A limita- 
tion of compression forming is that only thermoplastic materials can be so pro- 
cessed. 

In summary, with presently available thermosetting plastics, grinding and polish- 
ing appears to be the only method for precision fabrication of large refractive optics. 
With thermoplastics we have a choice of two methods, provided compression form- 
ing can be shown to give the required accuracy. 
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