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The Working of Optical Parts.
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For the production of an optical iastrasemt the col-
labpration of tbe designer, the computer and the optical
worker is essential. Particulars of tds function of the
propdaed instrument and the conditions to be faulfilled
baving been deterained, the designer is svle to prepare
a general scheae of the sechanical and opticsl arrange-
sent. So far as the optical portion is concerned, tais
involves a general knowledge of the limitatiocns of cos-
putations, and the accuracy attainable in the practicsl

sorking of the parts,

Where possitle the designer avoids the introduction
of extrese angular apertures that sighbt necessitate the
use of very specisl types of glass or increase the com-
patational difficulties. But the tendency sust always
be towards the isposition of increasingly drastic demands,
and frequeatly for one or sore details of the optioa)l
systes ihe designer sust finally rely upon the utsost
skill of the computor. Close collaboration between the
coaputor and the work shop is also essemtial., %Thus, for

exasple, it say be desirable to ase particalar types of
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glass that bsppen 10 be in stock or staaderd test plates
and tools.

It 1s the fumction of the optical sorker with shos
this chapterlil mostly conceraed to fora the parts to
the specified diseasions, to poliab the surfaces, to
exsnine ths perforaances of the finished work, ssd shen

possidle, to cospensate the defects whether of surface or
substance.

As t0 the aethods eaployed in the workshop, sach
depends upon the character of the work. -Large satron-
osical objectives for which the demand is extresely sasl)
ere invariasbly prodeced singly and jnvolve tae exercise
of very specisl oraftssesship.

One renomned lanntaotn!er‘l)hls stated that object
glasaes cesnot be sade on paper. The hand method of
prodacing such parts cossiats ia the compusatioa of the
objective by sesas of the sisplest forsalae with s vies

(1), B.Grubb. The productiom, and testing of teleacope
objectives and sirrors. Hature v.34, 1886,

p. 86,



8.

to tbe elisination of chrosatise principally, amd the
detersinatios of the desired focal leagth, and then in
tbe resovel of residusl] aberrations, sand sore particular-
1y spherical aberratioa, by aechanical local retouchimg
based upbn optical exasinations of the 1aages forsed by
different soses and portions of the onjective. Froa the
peiat of viem of the perfection of the objective tials
espiricsl asthod appears to be justified by the excell-
ence of the results attained. Other sakers of large

astrososicsl object lltlll.‘d)

sdvocate tae slterastive
setaod. By rigid cosputatjon they detersias tae curves,
thicknesses, nopnrotionavind'apertnrll of tss parts, snmd
ia the wmorkshop thay sadesvour t0 sttaia the desired
degrees of freedos from the several sberratioss by tbe
least possible departares fros ihe calcalated data.
‘Local retowching cen hardly bde avoided in the production
of large optical parta. ~P§raplorll or central sones of
one Or sore of tbe surfaces aay have to be retouched in
ordsr to produce aa asspherical surface for the cospen-

sation of spheriosl sherrstioa. Regalar cyliadrics)

‘1) 3-02.90!1. 2.1‘.. fo lnltl. 7.’101, 13870



4.

retouching say be necessary for the correctiom of astig-
satisa. Surface imperfections, defects of homogeneity,
defective annealing, constraint during working processes,

and thermal effects may all involve irregular retouchbing.

But the organisation of sost optical wmorkshops is
arranged priancipally for the production of cosperetively
seall lenses and prisss, of wsbich comparatively large
quantities have ﬁsunlly to be produced, as for example in
the sanufacture of binoculars and caseras. For reasons
of cost, retouching of such parts ia not permissible,
and indeed rarely necessary, if the saterials are well
gselected. They must be produced within limits specified
by the designer and computor, and defective elements are
rejected, r{ial and error aethods play but little part

in such an organisation. Each step 18 based upon precise
zeasuresents,

There is an intermediate class of multiple work
involving parts the sise and ccst of which are such as
to make a certain amount of retouching necessary, al though
such retouching must almays be regarded as undesirable.

At the present time tbhe technique of the optician is in
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advance of that of tne glass saker. By eachbinery it 1is
possible to produce surfaces that may be regarded as

optically perfect.

A prisa soch as 1s used at the ends of a rangef inder
heving perfect optical surfaces mill not necessarily
give a nel) defined image, owing to small imperfections of
the glass, such as defective annealing or homogeneity.
The larger the piece the greater is the difficulty in
obtaining glass that is sufficiently nosogemeous to suit

tbe requiresents of the optician.

In such work it is customary to form and polish the
pieces by machine, to test the perfection of the definition
of the parts, and if necessary, of their individual sur-
faces. Those that fail to pass and that exhibit certain
types of imperfect definition say be saved by retouching
by hand, or in the sore regulsr cases, by machine. Of
the remaining defective pieces, some may require re-
annealing. Tne others must be finally rejected umless

they can be utilised in instrusents of lower pomer or
inferior quslity.
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fhere is another class of work, such for exasple, as
condenser lenses and to some extent spectacle lenses, in
which no great accuracy eitber of fore or surface is

required, 2nd which will not be farther considered.

It will pe evident fros the above general remarks
that the production of high quality optical parts cannot
be reduced entirely to purely mecbanical operations. A
certain aemount of hand mork is involved, not only because
of the nesi for the irrsgular retouching of surfaces,
but als3d for the production of certain delicats anj
accarate 3etails for anich saita2tls macninery has not

yet Ysen slaborated.

In the most nighly organisel morkshops there may
therefore still ve seen in opsration tne early nani
procssses elaborated by such pioneer morkers as Huyghens,

Hooke, Newton, Father Cherubin, Herschel, ani Molyneux.

Wnether for the parpose of final or work-in-progress
laspection, or for retouching, it is necessary to analyss
the definition of the isags produced by the optical part
or systea 1a question, and to diagnose the probable defects

with a view to their po3sible correction,
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It i3 not sufficisnt to make the broad statement
that the definition is oad, because it may De possible to
cospensate the defect in the case of larde and costly
parts without much additional expsnse., Suppose the optical
part 8> be examined is & tbick parallel plate of glass
shode transmission sarfacss have been optically worked
and aay be regardel as peing unquestionably trus, and
suppose the part is placed in the parallel beaa before the
abjectiva of a telescovs wapicn 18 directed apdon a collimator
or test imags comprising small nolss or lines. If the
glass 13 perfect its inaertion in the patn of the light
should ndot affect the appearancs Of the collimator image.
If, to obtain a sharp imade, 3 readjustment of the tele-
8COpe eyepiece 13 necessary, the parallel plate has a
focus error. It is equivaleat in its action to a vsry
msak lsns., Kxamination by seans of the interferometer
3ay reveal a ragular changs of optical deasity from the
centrs outwards as represented by the circular bands of
Fig. 1s. The defect in question may be due to 1aperfect
annealing, or a regular defect of nomdogeneity. Double
refraction resulting from imperfect annealing of the
glass may be tested by inserting a half wave plate ani
observing the extent to which the banis are d1splaced as

the half wave plate is rotated.
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1t tbe defect is 3ue to internal stresses, the glass
should bs reannealed, vut if the substasnce itself is at
fanlt the definition may pe corrected by makiang one of
the surfaces spherical. In the case of a prisa a trans-
uission face would be chosen for tre operation in prefer-
ence to a reflecting surfacse, since oblique reflection at
a carvel surface necessarily introduces astigmatise, which
adain aight require to be cospensated by working one of
the transmission facses tO a suitably oriented cylindrical

fora,

If tha image appears sharply defined bat oval shaped,
the defect is one of astigmatiss, The interferomseter
appearance of the glass may be as indicated in Fig. 1 b,
A cylinirical surface suitably oriented will suffice to
compensate tne defect bat if it is the glasa that is

strained, it should be reannealsd.,

Inatead of a singde clearly defindd image a complex
Rultiple igage may bs produced. This defect is due to
heterogeneity of the glass, the structure of mhicha when
viewed by means of the interferometer aay appear as #n

Fig. 1 c. Sach a structure mignt resslt froe imperfect
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solution of tne constituents, tne nacleus of 2 sghere,
for exarcle 1n = scas lime ¢lass for instance, teilng
quartz, tavirg an orainary refractive 1nlex of 1,24, ana
the various layers teing silicates of g¢radually Zimin-
1sting refractive 1na0eXx, sporoximating to accut 1.5 mbich
is the index for scalur silicate. ksch sphere acts ag

3 stall averture Jers and fores 2 sepsrate cart of the
reltiple 1macge,

Local retouzring 7ay scretines suffice for tne
compensation of ttese multirle image defects,

If the spheres are 213tortes and merge 1ntd one
ancther as 1nalcatea ty the interfercneter 4cpearance
ir F1d.1 3, the image projuced »1ll re indefinite or
"fuzzy". HRetoucning 1n such 2 case 1s usually 1spracte-
l1catle ana tre cart nust accordinely te finally rejected.

Ihsse several 1efects may apcesr sincly or 1in com-
Ciloatior and 1n various de¢rees, Thus, for examcle, 1n
practice cure esstigmatisn 1s selacs foand 1n optically
rarallel rlates of toick ¢lass, Usually tre appearsance
of the 1made 1s attricutatle to lenticular ana astigmatic
defects mrLich may Le comcensated Dy WOrkinc one surface

1o 2 suitatle cylinarical ana the other to a spherical
form,

It shoula te rememtered thnat in tre estimation of
tte varicus tyves of aefinition it 1s necessary that
Lhie 1nscector stoula Know to wtat extent tre errors are
attritutatle to the detects of his eye, or to the appar-~
atus employes, mpich stoula involve the smallest possible
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numdber of optical parts,

Veins if not namerous, and if unaccoampanied by other
defects, have no serious effect upon the definition. A
vein is usually an extremely fine thread of glass ricner
in silicate of aluasina than the surrounding sabstance,
Each vein is equivalent to a long astigsatic lems of
extremely short focus, and the separate image forusd by
it is usually 80 aiffused as to be 1nvisible. But if the
test onject is a fine line, then by a movement of tne
eye tne image may be momentarily occulted by the passage
of the vein in front of it, A nuaber of parallel veins
nay give rise tO a rippling appsarance of the image, 3nd
be sufficient cause for the rejection of the part, Often
nowever, the veins in glass are an indication of defective
homogeneity, and in the best mork the use of suchn glass

should be avoided.

For the investigation of spherical aberration errors

1 .
Foucaul&‘s( )original knife edge #ethod is stil#treqneutly

(1) Foucault's metnod is discussed in ths panabook
on the adjustment and testing of telescope
obJectives by ?. Cooks 3 Sons. 1896,
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eaployed espscially in tne case of large object glasses,
If the eye of the obssrver 18 placed close to the focal
point of the object glass and receives all the rays
falling upon it from a star or its equivalent, the mhole a
aperture of the object glass will sopear illumisated. If
then the focus is cat transversely by means of a knife
edge mhicn should be mountel upon a fine operating screw,
the whole aperture will become dark at the instant the
knifa edge reaches the axig, if the objective is ideally
parfect. If all the rays fros the objective do not

pass through the ideal focus, a nambsr of rays wnill escaps
past the edge and still reach the eye, and the aperture
#1]1) ve partially illominateld, the distribution of the
lignt affordin3 an indication of the extent and @8istri-
bution of the aberration. In the direct focuasing |etnod(l)
the eye recaives the focal image foraed by the objective
Sf a nataral or artificial star, mnich appears as a systen
of diffraction rings sarrounding a ceatral spot of lignt,

Ey exasining the image out of focas on the near and far

(1) On the AdJjustment and Testing of Telsscope
Oojectives. Thos. Cooks % Sons, 1896.
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sides, the naturse of tne spherical averration either over
the shole surface or over gones 8ay be deduced from the
chande in the distribution and character of the rings,
Irrsgular defects of the surfaces ar of the glass may be
indicated by distortion of tbe rings. Tnua an Oval shaoed
systea would denote astigsatism, Cbromatic absrrations
say also bs investigaded Dy using nomogeneouns lignt of
various mave lengths. %These tmd tethdds, and particalarly
the former, give qualitative resalts rathsr toan quanti-
tative, 1ihe latter method in the nhands of a skilled

obssrver is more precise and the appsarances may be sore
directly 1ntsrpreted,

Special forms of Michelsoan's Interteroneter‘l) are
nor frequently employed [or the examination of prisas and

lenses, ana even of coaplex optical systeas, althougn the

interpretation of the resaults 1s then aifficalt. Wnen a

(1) F. Teyman. On the Use of tne Interferometer for
Testing Optical Systews, Traill fTaylor Lecture,
Roy. Pnot. Soc. 19183,
F. %ayean, Pnil, Mag, Vol XXXV, Jan.1913,
F. feyman. Correction of Optical Surfaces, Astro-
Poys. Journal, Vol. 48, No.4, 1318,

Wichelson, Astro-Pnya. Journal, June, 1816,
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sisple prisa or opject glass is exasined in this way

the sorface will appear aniforely illusinated if the
piece under test causes no relative retardation of any
portion of a plane mave front, assasing of course, that
the optical parts of the interferometer itself bhave been

accurately cospensated.

4 concentric ring appearance mould i1nlicate curvatare
of one or more of the sarfaces Or a regular variation of
tae material, Irregularities of suorfaces or substance

would be indicated by a distortion of the systea of rings,

The interferoesetsr does not discrisinate betwseen
retardations attribatable to the glass and to the surfaces,
3xcept those dus to defectiva annsaling, which may be
detected by observing the snift of the rings as a nalf
wave plate 1nserted before the eye is rotatsd., It 1s the
resoltant retardation that is indicated oy the interfero-
seter,and by the use of the 1nterferometer alons it is not
possible to allocate the component defects to the particalar
elesents., But in practice 1t is sufficient to compensats
the resaltant defect by retouching one of the surfaces

and for this puroose a contoar of the ring systes as seen
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by the observer is painted upon the surface selectel for
the retouching operation, By polishing away the bigh
portions, and repeating the ooservationp a coaparatively
anifora distribution aay ultisately be ootained, and the
definition De theredby greatly 1sproved. Only large prisas
and objectives can be subjectel to an expeansive process

of this kind, For the production of aspherical surfaces

the metnod is particularly valuaabdle,

Coromatic aberrations aay be investigatel oy the
Vogsl‘l)lathod, provided the apertare is not so spall
tnat 3 large shift of the eyepiece 13 necessary t3 detect
3 difference of focas. It is als> essential tnat the
coromatic effects due to the eye and the eyepiece or

oOther parts involved should be previously deterained.
In tne syepiece there is mounted 3 dirsct vision

priss which foras a spsctrum of the star 1mage formed in

the field of viem through the intesrmediary of the part to

(1) H.C. Vogel. Monats Berichnte 4, Berl. Ak. 1880,
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be tested. If the correction 18 perfect, tbe spectrums,
sben the eyepiece 1s focuzsed, will appear as a thin line
of unifors width, pot 1f there is any coromatic aberration
of particalar colours the corresponding portions of the
spectram mill be broader than the remaining parts. A
measursaent of the aberrational defects say be obtained

by observing the shift d>f the eyepiece necessary Lo reduce
the varjous widths to a sinisoa asdunt. This method
inlicates only the general chromatic defect. It cam nardly
3iscrindnate betreen sones and as the aperture is redaced

by stopping out the peripheral portions, the ussfulness
of tne method is diminisned,

Precise aeasursnents of the various aberrations are

obtainable even in the case of onjectives of smal) sperture

by the Abbe Fociaeter netnod.(l)

But prooably the most complete and precise investigation

Of tne spnerical and chroeatic aberrations of any optical

(1) 8. Cgapski. Methide und Apparate sar Bestimaung von

Erenameiten nach Atbe. Zeitschb. f., Instrk, 1z,
p 185. 189z,
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part, 1s ottainsble Ty the Hartmann metnod(l) by means of
wunict the final rositions of varticular rays are located

ir & manner comparatle with tre trigconcretrical compatation
of tne paths of rays. <JSymmetrically arranged Ldles in a
jiapbracs determine tre portions of the optical part to

te iraversed ty the fine tunales of rays ahict are finally
received upon crotogractic plates situatead at symmetricsl
rositions tefore ana after tne focal gplene. From tre
spacing cof the imeces on the chotcéraphic plates 1n com=-
varisor with tre spacing of the toles 1n tre 3iachrage the
aterrations can Ce aetermined., <erarate oLservatiore nitt
liget ot di1fferent cclours ere male fcor tre leternination

cf crrotatic aterraticn. 1te oricinal methoa of examining
tre cpticzl perforrance ot an OCJGthﬁf ty neans of selected
rays is descritea cy Father Chnerucin nho alsc aemonstrates
the effects of aefective centering ani enphasises the 1mport-
ance of sccuracy in this resgect.,

from s con81ae[g§10n of tre l1¢tt intensity 3t 3 focal
coint Lora hayleist’ ' has stated tnat "in general we may

(1) J. Hartmznn. Cojektivuntersuctuncen. Leltscr. f
Instrk. 24, 1304,
H. fasstender. Zeltseb, f. Instrk. &, p.377. 19185,

(¢) Pere Crerutin, Vision Farfzaite, Vol. 11,0.10%, also .2t
f1ll18r Molyreax. Dirortrics, lesz. Eart II, Chkap.lV,

£
[.‘('(y(.

(&) Lord hayleict., 3cientific Facers, Vol.III, ©.130 ana
£.194. 4lso L. 3ilterstein, Lignt Cistritution

rouna tte kFocas of a Lens, Pril. ¥ag, Vol.¥XIvV,
t. 3£, 1zla.
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say that aberration is animportant wien it sonnere, (or

at any rate, over a relatively ssall ares only) exceeis a
seall fraction of the wave length (/). Thus in estimating
the intensity at a focal point mhere 1n the absence Of
aberrations all the secondary waves mdould have exactly

the sase phase, we sse that an aberration nowbere exceeding
32 \ can bave but little effect”, and again, “An important
practical Question 1s the amount >f error adeissible in
optical surfaces, In the case of a asirror reflecting at
nearly perpendicular incidence there should be no deviation
from trutn (over an appreciable area’) of more thaa 4 /{ .
For glass, . -1 = ¢ nearly; and hence the adaissible error
in a retrabtxng sarface of that material is four times as
great.” 1?This estimated value of Lord Rayledgh of the

peraissible phase difference 1s generally confirsed by
practical experiance.

Test plates are very coemonly used for the examination
of the surfaces not only during the progress of the work,

but 8lsd in the final testing, with a viem to the allocation
of any observed defects of definition.
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Sir Isaac !enton(l)nas dealt very exbaustively wmith
the coloars of thin plates, wbich had previously been
observed, bat not completely described by other workers.
Altbough it is evident from Nemton's descriptioa that he
realisel that these colours afforded an indication of
minate irregularities of thickness of tne iatervening
layer, it is not 80 clear that 1t wmas his practice to test
tne surface being operated upos in comparison sith g test

plate naving a very overfect optically flat surface,

These test plates mhich are tne zost valuable 3f the
practical optician’s appliances are usually sade of quarte.
Bat for reasons of economy glass test plates wnich {roas
tise to time must be comparad wsitb the standard quarts
plates are eaployed, guarts bas toe primary advaatage of
hardness. ?The frequent cleaning of the test surface that
18 essential, soon impairs the definition in tbe case of
8 glass plate, and even in the case of quarts a g00d worker
handles tne surfaces with tne greatest cape.

(1) Sir Isaac Newton - Opticks. 1704, Baok 11, part .
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For flat mork tne paralle) quarts plate, having an
approximate thickness of about ome fiftn its diameter 18
polisbed on both sides and worked as perfectly flat as
possivle on at least one side. MWhen the test plate surface
is placed upon tne surface to be tested if the latter is
the larger and the more rigid, a thin layer of air 1is
enclosed between thea. Diffused msbite light whicp is
reflected from tne twd sarfaces Of ths air filas gives rise
to interference coloars which say be viewed by a suitaoly
placed eye. If monmochrowatic light is used nauserous fine
interference 1ines are visiole, indicatind minute variations
toat cannot be detected when using wbite ligat. Since the
teaneratures of tne mork and of tue test plate #il] sost
provadly oe anequal, several systems of Neston's rings
#ore Oor less distinct will pe visible. As tne tesperatures
equalise, the rings will broadem and in the course of & to
30 sinutes, or more according td the volume of the parts,
1f the surface is perfect, a unifors stras yellom appearance
Bay De ootained by skilful manipulation of the plate, If
the surface 1s regularly curved, concentric rings m1ll be
3ees, and the greater thne curvatare tne closer wi)}) be the
8pacing of the rings, provideld the surfaces are clean ani

ary and the test plate is prooerly handled., Distorted
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rings or bands indicate irregularity of the surface
relatively to tae test plate. If when the test plate 18
gently pressed eccent:rically by means of a pointed piece
of wmood, and not the finger, the centre Of the rings soves
towmards the point of spplication, the surface under test
is convex. It is very important that the adjaceat surfaces of
tne sork and the test plate should not only be thoroughly
clean and free fros the sinatest specks Of dust, but that
they shouid also be free froa any trace Of aoisturs, the
capillary action of which would locally distort the pieces
and give a false indication.

For tne best quality of work great skill is pecessary
ia tne use of a test plate, the indicatioas of sbich
require carefal interoretation., Flat surfaces may be
finally tested by an analysis of the refdectea i1mags in
the manner already descrived, fThe reflection tast is the
more reliable, but the test plate nas tné serit of great
convenience and for the greater part of the work tne optician
1s called upon to perfors, it 1s thordougnly relisble ana
invaluanle, For carved work, one surface of the test plate
18 worked to the appropriate curve and the other surface

18 nade flat. Tne radius of tpe curved test surface is
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seasured by means Of a spherometer or the focus amay be
deterained optically. It sill be understood that the primary
function of the test plate is not to obtain absolate neasure-
sents, but to detersine the exteant and nature Of the
difference betmeen tne worked surface and the test plate.

%o indicate the permissible amount of irregular distortion

is bardly possible. If there is any noticeable irregularity
the surface shoull ce remorked. Slignt sadular ellipticity
sy be peraissible especially mhen tne astignatisas of twd
transsission faces are ndoresal to one another, Curvature

to the extent of one and a half to two complets rings is
generally regarded as betng just permissible, It eignt be
thoaght that such a statesent mouli require extensive
qualification according to the s13e of the part, its
function, and 1te position in the optical systes, particalar-
ly a8 regarlds its distance from a focal plane. Practical
8xperience however shoms tnat this limit of twd rings, wnice

accords wmith the practice of at least one largs Geraan fxr-,(l)

(1) W, Zechokke. Festschrift. Figaa C.P. Coers, p.840
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covers s very wide range of mork. Factory couditioas
render it practically iapossiole to adjust the limite to
suit the reguir=nants of 1n3ivida:l vacta. GLe lercercy
ig towards the aaoption of spproxirately cne general =2nd

cigh standard, of optical quelity,

For practical ressons it is custosary to divide tpe
process of wmorkin¢ opticel surfeces into three stages,
(1) 1pe forming stage in which tne sise and shape of the
part 18 accurately detersined. (%) the smootiing stage

apd (&) the polisbing stage.

Jtages (1, and (%) involve the use of abragives and
toese operations are accordingly perforsed in rooes gquite
separate fros the polishing departments wniere fine sedia
only are esployes. Eat it must pot be assumed that tbe
polisbed appearsnce of the surface as distimct fros
regularity of sarface is & phenomenon that oply takee
place as a result of the polishing process. Actually a

certain asount of polist is associated with tte use of
the rougtest atrasive.
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It 1s only witbin comparatively recent years tbat
tne molecalar regularsty of polished surfaces has received
recognition., %the earlier conception 18 very clearly
expressed by 3ir lsaac Relton‘l)tn toe following mords:-

"For in polisbing glass with sand, putty or tripoly,
it is not to be imaginea tnat these substances caam, Dy
grating and fretting the glass, dbring al} its least part-
icles to an accarate polisn, 8o that all thsir surfaces
sball ve traly plain or truly spherical and 100k all the
saze say 30 as together to compose one even surf{ace., ?The
smaller the particlies of tndse substsaces are, toe smaller
n1l] be the scratcnes by which they continnally fret ana
near asay tnhe glass unti] it be polished, but be they never
80 small they can wear amay the glags no othersise than by
gratind and scratcbing it ani breaking the orotubersnces
and therefore polish it no othermise than by bringing 1ts
roughness to s very fine grain so that the scratcees asa

frettings of the surface become to0 seall to be visinle.”

There 13 no imdication nere tpat Newton regarded the

{1) Newton's Optiks. (1704), Second book, page 85,
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surfaces as being modlecularly regular or comparable with

the surface of a liquid,

Suosequent sriters havé not hesitated to accept without
question and to repeat the statement of so autnoritative
an observer as Neston. Tnas, for example, Coddington,1
Sir J.F.W, Herscnel? and Sir David hreustersuse practically

the nmords of Newton mben describing a pdolisned sarface,

If polishing were merely a continuation of the grating
and frettind of tre surface protauberances it shoula be
possible to observe a continuous sequence of appearances
froe coarse conchoidal fractures to a grain of udtra-
@icroscopic character. But if the operatisn of polashing
8 smdothed surface is performed under the microscope, it

will pe seen tnat namerous patches of perfect polish akin to

1 Coddington's Optics (18238) p. &<,

< 8Sir J.F.N. Herschsl, Encyclopoedia Metropdlitan (1830)
Optics, p. 447,
8 S8ir David Bremsster, Optics, p. 189,
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tne still surface of 3 liguid are fortel almost instantly
and that these patches expi1tlt no 1ntermeliats structuare
other than accliental scratches ana kinired aefects.

Lora Bayleign(l)in a lecture on "Folish" 3ppears to

rave ceen tre first tO describe thelr aprearance. He
states that, "in vies of trnese thenomen2 ®e reco€nise 1t
is 3omething of an accident that polisning processes as
distinct from £rinding are neeael at 2ll ana me may be
temoted to 1anfer tnat ttere 18 no esseantial ai1fference
tetween the overations. Inls aprcears to have csen the
opinion of Herschel (as expressed 1n the fnc. Met. art,
Ligntfz) pp.447 to 330) anom me may regdard as one of the
first authorities on such 3 subject., But 21thou¢h pernaps
no sure conclusion can ce Jemonstratel, the rtalance of
evidencs avresars to polnt 1n the ovDposile 21rection.” ...

"Under those conditions which crecluls 1ore than a

(1) Lori kayleigh, "Pclish", hoyal Institution, Marcp v,
1901, See also Lord hayleigh, "Interferenze Banas
and their Applizations”, hoyal Institation, March B4,
1303. Also "Polisning of Glass 3arfiacas", Proc. Opt.
Convention, No.l, 1305,c.783.

() Herscnel's description is practically a repetition of
Nemton's earlier ocservations.
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roderate pressure it seems protable that no grits are
forsed by the breakirg out of fragments but that the
material is worn away almost soleculearly.”.c..... And
later he states, "But =5 much Jiscontinoity as compared
with the grinding action has to ve admitted in any case
ttat one is inevitably led to the conclusion that in all
probability the operation is a mdolecular one and that no
coherent fragments containing a large nueter of mdlecules
are oroken out. If this were sO tnere would be much less
difference than Herschel thought between tne surfacss of

a polisbed s80lid and of a liquid.”

Although tne molecular character of the polishing
operation and the similarity of the surface produced to
that cf a liquid are quite definitely expressed, ani,
although Lord Rayleigh has referred in otter of his papers
to the remarkable pool-like appearance of elementary
polisted patches of a glass surface, it is not quite clear
whether be regaried the rosult as teing due to the resoval
of tbe substance molecule by molecule as distinct from
tne removal of minute aggregates of molecules or as being
due to a molecular rearrsngement or flom of tbe surface

wdlecules as in the cass of 8 liquid.
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This latter conception is attritutatle very largsly
if not entirely, to Sir George Beilty, wha has developed
it in a series of papers]dealing principally wmith metal
surfaces, the tenacity of wmtich is such that the saurface
amorphous layer is capable of briiging over surface
cavities even mhen these are not completely filled with
debris., It is very doubtful if any sach bridging over
of even minute cavities occurs in glass owming to tne 3mall
conesion of the silicates as compared with that of the

L]

metals.‘

According to the molecaular flowm theory of polishing,

the forces exercissi bty the polisber upon the surface

1 Papers, C.T. Beilby.
Surface Flow in Crystalline Solids under Mechanical
Cisturtances. Proc. Roy.Soc. Vol. 7%, 1308,
The Effects of Heat and of Solvents on Thin Filas of
Metal. Procs. Roy.Soc. Vol. 72, 1308,

The Hard ani Soft States in Metals. Phil. Vag. Aug. 1904,

The Influence of Phase Changes On Tenacity of Ductile
NMetals, etc. Procs. Roy. Soc. Vol. A78, 1305.

The Hard and Soft Saatss in Ductile Metals. Vol, A7, 1807/
Surface Flom in Calcite. Procs. Roy. Soc. Vol. A8Z, 1807.
Transparence or Translucence of the Surface Filem pro-

duced in Polished Vetals. Procs. Roy. Soc. Vol. A33, 13%4.

2 Some Notes on Glass Crinding and Polishing, J.¥. French,

Opr. Soc. Jol. XV No. 2, 196
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molecules of the glass suffice to overcome the cohesive
forces binding tnem togetter, witn the result that the
molecaules rearrange themselves uniformly under the action
of their surface tension forces. Thus it would appear
tbat tne grain of 8 polisked surface, teing molecular, is
such finer than is actually required for the regular
reflection of even tre shortest visual rays at normal

incidencs.,

Polished layers may te produced in several nays
altbhough in all cases the action is fundamentally the same.
Fire glaged surfaces result from the thermal agitation
and consequent flow of the surface molecules. Cherical
forces produce a similar result. Provided precanticas
are taken to prevent the accuzulation of fluoride crystals,
very perfect light reflecting glass surfaces may rte

produced by the action of Hydrofluoric acid.1

1 Lord Kayleigb "Polish” Royal Inst. March 73, @801,

The writer has confirsed Lord Kayleigh's experiments

and has reduced by mesns of Bydroflucric acid the
surface of a polishad plate to the sxtent of about

50 4 without adversely affecting its optical perfection.
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fhen & piece of glass is fractured the forces at the
cleavage edge 80 profoundly disturb the zolecules that
they are able to flowm and fore the characteristic

polisbed appearance of a fractured surface,

It is bardly possible to fracture & piece of glass
80 suddenly that its surface is not polishea. Umder the
microscope a rough.ground surface is seen to consist of
numerous conchoiaal depressions the surfaces of which are
all ligbt reflecting, ana mhich may indeed be made to act
as 80 many separate leanses of poor qnalxty.a) Closer
exasination mill disclose a rounding of all the ridges
nhere the conchoidal surfaces intersect that can only be
attritutaole to viscous flow, 1Ihe riages have & char-
acteristic yellowm green colour whether the glass is flint
or croma., MWnere these riddes intersect elesentary polished
tatches are found and if an attempt were made tO polish a

rough ground surface of this typs, it wmoula bDe seen tbat

4 Lord Rayleigu. Interference bands and tneir applications.
Foyal Inst. March 24, 189¢,
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these elementary patches woula be extended until they
Joined one another wsith the ultisate formation of a

continuous polisbed surface.

In oraer that the workshtop processes eay de aore fully
understood the features characteristic of aorasion and

polisbing must be considered in detail.

Sucpose a small stee]l ball is pressed upon the polished
surface of a glaas cube the transverse faces of sbich are
also polished so that tbe stresses introduced say be
viened by means of a palariscope.1 When the pressare is
very light, the appearance Ctetwmeen the crossed Nicols is
as in Fig. <. 1Tne central black cone has an angle of
about 200 which sppears to te practically independent of
the pressure. Ine cone of strain b,b, has an angle of
about 9009, Some surface light is visible at 4,d. At lom
pressures the dark cones ¢ and a serde softly i1nto b. As

the pressure is increased the interfaces become more imtemsely

1 J.W, French., Percussion Figures in Isotropic Solids.
Nature, Nov, 20, 13139, p, 1%,
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defined, but the angles do not alter appreciavly., Further
gentle increase of pressure causes the surface layer to
ruptore as in Fig.& whict is a ppoto-micrograpt of an
etched polished surface repeatedly ruptured by gentle
ispact. If the Nicols are caralleled black rays will be
seen proceeding froem the edge of the crack as 1in Fig.4,
their direction indicating that tne crack is noreal to
the surface and not merely sucerficial., Tbe character of

Fig.2 is not aprreciably altered.

A new phenomenon sakes its sppearance when the
pressare 1s again increased. Isrediately under the ball
there appears as 1n Fig.5 a sphere pierced by the fila-
ment of the cone 3, and having a black outline tinged
®1th read on the outsids. Tte interior is filled with
green blue light; otherwise the general appearance of Fig.?
18 unaltered. If non the Nicols are paralleled, it wil}

te seen that the mell known type of conical rractnralnas

1 L'Sclatement. Cb. de Freminville, Gevae de Wétallurgie
Sept. 1314, Sect. VII, p. 66
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been produced as indicated in Fig.6, The coloured sphere
of F1g.5 is a certain indication of the existence of a

cone fracture. Examination with the Ricols in am inter-
pediate position shoms that the cone fracture whick folloms
the surface of b is tangential to the sphere mhich it
encloses. If the pressure 18 again increased the crushing
point is soon reached. Ythe glass unaer the ball collapses
almost explosively, a daistinct click being auditle, ana

the ball sinks deeoly through the surface. At the soment
of this collapse, the cone of light t broadens out owing to
the extension of the area of pressure. The cone fracture
also may extend horigontally like the brie of a nat, thas
definately terminating the depth below the surface, and

the space mithin the cone becomes cleft by one or by two
fracture planes ‘norsal to one another and baving their

line of intersection on the axis of the aaek cone a, as

in F1g.7. 1The diametral planes say be extended to the

bris as in Fig.8. Under crossed Nicols two news smal]

coloured spheres indicative of subsidiary cracks say be
observed as in Fig.9.

ﬂqzwtne_grains of an abrasive such as cartosundos are

modular, and bard and akin to the steel balle used in the
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experitent. But a rough ground or ssoothed glass plate
exhioits no cone fractures, notwithstanding the vast

nuscter of ispacts that must have occurred in the operation.
Only if the tool carrying the abrasive 18 lowered anarply
on to the glass surface mi}l a number of cone fractures

procably pe formed.

Fros this 1t seems evident that tre grinding of glass
it not the result of any such normal pressure of the grains,
and andother explanation must De ootained. In the experi-
rents with the steel ball as descrited above, the forces
nere symmetrical about tne vertical axis. When the
pressure is applied near the edge Of the surface, tbe new
appearance corresponding mith the stage illustrated in
Fig.z w1ll te as illustrated in Fig.10, fros mbich it mill
be seen that the central cone 18 now deviated towards the
side, Its axis along which fracture finally takes place
follows the characteristic conchoiaal section. It is
tresumably the impact of the abrasive grains on the edges
of cavities that produces the conchoidal splintering of a

ground surface as indicated in Fig.1l.

As it is tnhe transverse movement of thte tool relatively

to the glass that forces the nhara grains against the edges
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of the cavities, it is to e expected that the rats of
grinding will depend ugon the speed of movesent of the
tool pelatively to tbe work, and also apon the obreasure
exerted by the graine. Tbis 1S confirmed, 30 far a3 tne
affect of relativa spesl is concernsei, by the resalts of
cartarundum abrasive tests anicn indicate that the meight of
glass removed is directly provortional to the relativs
speed} the other conditions being taintainai constant, 1o
eliminates the effect of loss of cat frash abrasive mast
be applied at intervals of aoout one ainute, and pre-

cautions mast be takan to ensurs constancy of ths general

conlitions througnout ths tests.

From 3an sxamination of the prsvious Fig.11, 1t »ill pe
seen that the lardsr the gr3in tne lseeper, in gensral, aill
be the point 3f impact and ths larder the splinters removed.
Tne rate of grinding is therefore 1ependent also apan tne
3igze of tne 2rain. Tnus oy redacing the coamsensss of tne

abrasivs at sach stags of ths grini ing operation, a surfacs

1 ¥ore Notes on Glass Grinling and Polisning. J.N. Frencn,
Trans. Ont. Socy. Vol. XVIII, Jan. 1917,



of any desired degrse of fineness aay be ottained, anl
indesed tha surface may be highly polished by meana of the
sane material as is used for the rough grinding, providsa
a sufficiently fine grain of a suitable cnaracter is
obtainable. Prior to the tisme of Antneaulmel it m»as the
practice of the earlier opticians 2to make the polisning
procass merely a continuation of tne grinding 3tage, ths
sanl first used being dround dowa sufficiently in the
operatisn to serve as a polisning medlum in tbe later

stadss,

Highly polisn2d optical surfaces have alsd been pro-
duced by the use Of very fins grades of zarporinlum. As
msuch more suitabls polisnhing media than fine carbarandua
are availanle, this experiment 13 mainly of intersst as

eapbasisiang that there is no strist line of demarcation

1 Histoire des Mathématigass. Montucla, Vol III, Part V,
Livee II, p. 433,

2 henati Dsscartes, Opsra Pnilosopnica, Dioptricis, Cap X,
1658,

Johannes Zahn, Ocnlu3 Artificialis laledioptrizus, 170%.
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bet®een abrasion and polishing. Ibe removal Jof material
ani1 the oroauction of the amorpnous polishel layer occur
simaltaneously although to aifferent extsats, 1has in
the coarsest griniing there is removal of material ana
only very slignt sarface f1ow along tne ridges bstmesn
the concavities of the surface, since the cleavage flom
over tne depressed surfaces of the conchdoidal fractures
45 not contribute except 1n the last stage, t> the final
surface.1 As ths abrasive becoms3 finer the splintars
1ecrsase 1n 8ize and the material remsoved diminisnss,
nnile the amount of surfaze Ilos over the network of

riddes 1ncrseasas,

If 1n the grinding process the flat griniingd tool
is 80 pard that it rides oOver the grains, the impacts

would be more noraal to> the surfacs and uniesiradle cone

fracturing would osccar.

toe finsr the aorasive the hardsr 13y be tna polisning

tool. Lead, sinc, copper, aluminiam, brass and cast irog

1 Some Notes on Glass Grinling ani Polisoing. J.W. Frenco,
Trans. Opt. Socy. Vol.XVII, No.%, Nov. 1316,
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nave all peen aused for various kinds of work and various
aprasives, but fine grained cast iron and brass, frae

fros surface defects are most generally, 3nd 1nleed

slmost aniversally, employed, Stesel is too nara [or evem
the {inest grades of abrasive. After the surface has

peen grouni t> the necessary 1egrse of fineness, polisbing
may te commenced, the purpdse Of the process being td
promote the grsatest possible amount of surface flow

nhile avoiding the concnoidal splintering characteristic

of the grindingd proceas.

A very amall amount of material is removeld 1daring
the oolisning action, dut the nature of the abrasion, if
1t can be 80 termel, is characteristically aiffereant fronm
that Juring the gfrindind. Minute drooves are ploangnei
tarough the amorphous sarface layer ani small portions of
the amdorpnous sudstance bscome disengagel by the action
of the polisner and ars rewoved. Thess fragzents aay be
recoverel by dissolving away thne rouge and rssinous
substances. f{ne residus has a sparkling snow-like appesar-
ance consisting of extrsmely ainute unresslvable particlss

cemented lodsely together possibly by surface fusion aloag
their edges.
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A clear aistinction must be dramn betmeen a pdolisned
sarfaze and one that is at tne same time optically ragular.
Tois nill be sore easily understodd by consiisring the
astion of a clotn polisner as comparel sitn that of a

pitch polishsr,

Suppose in Fig.12, A is the fine
grouna sarface ¢reatly magnifisd com-
posed of flat elemsntary areas ®ith
nuserous conchoiaal desressions. A
surface of this kind is said to be grey, the apvesarancs
peing due to ®he irrsgdular reflection or scattaring of the
light., B is a layer of soft clotn or felt cementsd to tne
ragular surface 3f the metal ruanner C, which nay be of
alusiniam, orass or iron., Over the flat areas of A the
drag, and consequently the reduction of the genaral level
vill be greatest. Over the surfaces of the depressel areas
1nto mhich tbe folt partially sinks there will De a certain
amdunt of drag and podishing action, cosbinad mitt the
resoval of material not only from the flat portions bat to
some extent fror the depressions also, there will be a

general rounding off of the irregularitiss, oat as is

confirmed oy practice, the irregularities cannot bs eliminated
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by the use of a sdft polisner, altnough a small amount
of original greyness is rendered less conspicudas td
ordinary vision, and a false appearance Of complete uni-
forasity ani polish may be producel adre quickly by means
of a soft polishar. Suppose a harder tyoe of polisnsr
such as a pitch polisner is used, Wpen asing the same
po>lishing medium sach as rouge, the amount df drag ani
polishing action over the flat portions mill be greater
than wh2n using cloth, pat the pitch w1ll not 3ink into
the 4epressions tO the same sxisnt and the rounding ani

particularly the pemoval of saterial from the depressed

portions nill be less,

®hen using a hard polisnsr a unifore polishei surface free
from al]l greyness is octained by the removal 3f tne surface
naterial stage bp stage until the surface is reauced below

the level of the dsepest concnordal depressxon&l)

Under the actiosn of thne oolisher the disturbance of
the surface molscules i3 sucn that they are able to rearrange

tnemselves or flow with the conssyuent forkation of a

pdlishea amorpnous layer. MNinuate aggregations of the rouge

or Jther medium plougn amay ths surface layer, and it ig
{1) Polisbing of Glass Surfaces. Lori kayleigh, Proc,
Oot. Convention, Vol.l, 1305, p.7%.
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pIssiole tnat there may De 8130 80%e swaging action,
saterial being resoved fros tbe higher portions and wselded
apon tbe adjacent depresssd areas., As the aadrphous
saterial is resoved in this may the underlying molecules
are acted upon by the polisnsr and the process 18 repeated

layer Dy layer, as indicatel in Fig.1&,

If roude is employed in the last stage 1t is ¢enerally
possible by special 1llumination of the surface to detect
an ooen network of these fine groodves, bat if nd meaiun
othsr than a very fine file of water is used for the final
polisning operation, the oresence of grooves will bardly
be obssrvable. Mnen a surface of this kind is etchea witn
Ryarotluoric acid a network of grooves wnill reappeurl and
it nas been assumed that just as in the case of metals tne
original grooves have been bridged over by the 3mdrpnous

layer ana are uncoverei wnen the surface layer 13 dissolvad
amay. PFumerous experiments, howsevaer, sees to indicate

1 Interference banis and their applications., Lorid Raylsigh,
koyal Inst. March 24, 183¢&.



41,

that the cohesion of ths amorphous silicates is tJ0 small
to perait of tne oriaging of the finest surface cracks

that can Doe nroauced.1 That the grooves produced auring
the rouge polishing stage become filled up during ths

final water polishing stage aay be accepted without question,
Thus it is procable that the groove A in the surface layer
becomes filled up possibly in stages at each stroke in the
manner 1ndicatsd in Fig.14, On the assumption that the
expenditure 2f enerdy upoOn a substance tends 1n general

to reduce its cnezical stability, it is to De expected that
the material (illiug the grooves would oe rapidly acted
uoon and that the drooves produced by etching are really
reproductions of the original grooves. 1The coarss of ths
original drooves s1ll in any case be indicated by a very
fine groove B, Wnich would De extendasd by thke acid to fora

a deeper groove occupying the place of ths original one.

tbe various stages in the grinoing and polisning

1 3owe Notes on Glass Griniing ana Polisning. J.W, French,
Trans. Opt. Soy. Val. XVII, No.%, Nov., 1916.
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of a glass aurface say De summarised briefly as follows:-

1.

[a)

ine resova) of matserial by the breaking awnay

of splianters, the size of wanich is reduced in

stages Dy the use Of fimer grades of abrasive.

The production of an amorphous or sarface flon

layer and the gdradual reeoval of these layesrs by
grooving as adistinct from the splintering of tne
first stage, the removal Of saterial bpeing effected
by means of a very fine abrasive or polishing
saterial such as minute aggregates of particles

of roauge.

The elimination of the ¢rooves produced in Stage &
oy the use Of a continudus 29diuas such as a fils

of water in plase of the diacontinuous aedius such
as rouge, there vdeing during this stage the maximasm
production of surface flow and practically no resoval

of the surface laysr saterial amd no splintering

action wmhatever,

An aorasive tO be effective must possess several well

lefined characteristics. The grains wmhich sust be bard

shoulad have an irregular fors pressating msany strong edges

or rounded points that will transmit the iepact forces to
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tbe glass to te acraded, When the grains break aown tbe
fragsents spould be of the origiral form in order that

tpe action on a finer scale say be continued, An abrasive
tpat bresks domn into lasellar fragsents is saia to lose
ite cut. Diamona, fragrments of whick are 1llustratea in
Fig.18, is tbe most effective Of abrasives, but owming to
its cost it cap only te used for special operations such

as the slitting of glass where the quantities are saal],

Carovorundur (SiC) is a compouna of Caroon and Silica,
resulting from the fusion of cartonsceous faterials sach
as coke or charcoal wmitn sand in the electric furnace at
a temperature of aoout 200030. Its nardness om Mons scale
1s about », aiamona veing 10, Fros Fig.16 it wil) ce seen

that tne drains ere of the desirea shape which is retained
as they oreak domn,

Otber 1mportant atrasives are ottained By the cosbin-
ation of alusina and silica in the slectric furnace, such

for exsaple, as Corunaur, Alondur and Aloxite. They are

808t comssonly esployed 1n the form of grinding wheels. As

150se aorasives they are not 8o effective ag Carborundas,
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Eaery 18 a natural fora of artificial Corunldus, being
a silicate of alusina containing, however, Oxides of 1ron
and other iaparities irregularly distriouted., It breaks
down aore readily tban Carvorundua and loses its cuat., TIne
loss of cat is only temporary, honever, as after wasbing,

the material can ve used as a finer drade of esery.

Sand is frequsntly used for rough abrasion sore
particalarly 1n establishaents whers ndo facilities exist
for the washing and recovery of the mors expensivs types
of abrasive, Its drains are frequeatly rounied and sater-

worn as indicate1 1n Fi1¢.17 and it readily obreaks down

and loses 1ts cat,

Separation of an abrasive into the vapious grades of
fineness is generally done by a process df settling ani
levigation. Thus three sinate emery is the materia)
ovtained from the liquia that is decanted after a settling
period of three minatas. For Carborundus it is necessary
to use sieves of various finenesses in coajuaction wmitn

settling ekcept in the finest stages for which safficiently

fine sieves ars unprocurable.l

1 Tne Graiing of Carborundus for Optical Parposes.
JoW. French, frans. Opt. Socy. Oct. 1817,
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A comparison of the aprasive powers of Carborunlue,
Esery and 3and of approxiamately equal sise of grain is
obtainaole fros §ig.18, which alsd> shows hOow in the case
of each aorasive the rate of avrasion is directly pro-
portional to the pressure sben fresb abrasive 18 supoplied

continaously.

If the abrasive 1s not frequently renewed, tbe rate
of ¢grinding would not increase regularly sith the loasa
oningd to the 1oss of cat anl a certain clogging action,
especially at the nigher oressures. This i1s illastratea
in Fig. 19, froa wshich it will be seen that when using
Ho.& Carborunaum having a grain diaseter of 0.1 sa. the
rate of abrasion is dirsctly proportional to the load mhen
fresb material is applied every nalf ainate, wherese there
1s actually a reduction of the rate at high loads mnes the

intervals vetween the applications are of f1ive minutes
duration.

tbe series of carves in F1g.20 show bow the rate of
abrasion varies nitd the sise of the grains and the load
on tbe tool. Fresh aorasive was applied every nalf minate

and 1t wil]l oe seen that for the coarssst No.1l Carborandus
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naving a grain diameter of approximately 0.5 mm, thne
abrasion is directly prodortional to tbe load. 1In the
case of the Carboruniuas grades § 4 and 5 the carve bends
at the nigher loads suggesting the need for adre frequent
renewa) of tne abrasive, aae possivly to clogging arising
from an adeixtare Of glass poerder in these 1ntermediate
grades.

A similar series 5f aorasive curves for & ainate,
16 sinate and 40 ainate emery is illustrated in Fig.%1,
Eetwseen the 8 and 15 sinate curves there is a comsileravle
interval which corresponds nowever, with the grain diseasions,

snpich are 0,18 ma, and 0.01 ma, respectively.

-
=

From the various diagraes it will be evident that the
rate Of abrasion of a particular type of glass depends
apon:

The nature of the avbrasivs.

Its grade of fineness.

The load apon the tool.

The relative speed and to some extent the

frequeacy of renenal,
The saterial of the tool 1tself shicu.cas sose bearing on

the rate Of abrasion is practically detersined by the type
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of abrasive, the materials of widsst application being

fine grained cast iron and Drass,

Rates of abrasion afford a general out not definmite
idea of the quality of a ground surface, Decause the same
meignt of saterial eay oe removel oy the production of
large shallowm splinters or by smaller and correspondingly
deeper ones. In the griniling process 1t is sought to
produce a surface of unifora texture free froa isolated
deep pits which dften deteraine the thickness that suast
be finally removei, A record of thne texture may ve
obtained by observiang the reflecting power of tbe grouamd
surtace.1 If the surface is viemsd 30 obliquely that the
irregularities are foresnortened to such an exteat that
even tne largest red rays ars reflected, a perfect maite
18age of say, sn incandescent filasent may be seen reflected
froa the sorface. 1The image may be as clear and distinct

as if viewed by means of a polished silwer mirror, As the

1 More Notes on Glass Grinding and Polisning. J.", French,
Trans Opt. Socy. Vol.XVIII, 1917.(Jan)
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reflecting plate is rotated so as to decreass the angle

of incidence, there nill be observed an apvoarently abrupt
change fros bright white to dull grey, follomed at a
sealler incident angle Dy a chbange to red, mhich later
suddenly disappears. ?Ihese three chandes take place
sufficiently rapidly to provide a geasral record of the
sarface, Thus in the case of a piece of bara crown glass,
ground with three minute eamery, the respective angles of
incidencs , which can be repeatel to mithin balf a dedres,
were 80°, 78°, and 75°, For sll1lar'glass grooad with an
abrasive mneel, the corresponding figures were 66°, 61°,
and 46°, tous indicating a much finer texture. In Pig.22
which gives a comparison of the surfaces praducei by a
series dOf carborundum abrasives, apscissae represeant the
s12e Of the respsctive grains and ordinates the cosecants
of the sndle Detween the surface ani the line of sight.
this is equivalent to the projection of the texture in a
plane noreal to tbe line of signt, thus enabling the
lrregularities tO de compared directly sith the lengths
Of the maves regularly reflected. 4As is to de expected
froa the previous aorasion diagrass the curves are straigat
lines, the projected dimensions of the texture veing
directly proportional to the sise of the grain shen the

other conaitions such as load and speed are maintained
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constant throughout.

PFig. £3 snoms the corresponding resalts obtained
when using the three grades of emery coamdnly eaployed,
nasely & sinate, 15 sinute and 40 sinute emery. If the
coaditions can ve controllea with safficient accurecy
siailar straight line curves aay be ootained for most
aorasives, cut 1n the case Of sucn aorasives as poedersd
glass which Dreak down readily and lose their cut, the
conditions cannot be easily contrdolled and the curves

generally fall amay tomaris the coarser grades.

Smoothing operations 1in the case df a single piece
may oe regarded as a continuation Of the rougber grinding
processes, their purpose deind tO reduce as much as
possibdle tne amount of aaterial that nas to be removed in
the polishing process, out when a numdber of pieces after
being formed are mounded in one block so tnat taey aay
be polished togetner, the smoothing process preparatory
to polishing is necessary in order to reduce any irregu-

larity of the surface levels due to slignt errors in the
laying aown of the piedss.
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Whetber the surface desired is plame or curved the
final fora of the piece must be produced before the
polisbing operation is commenced. Any iaportant alteration
of the foras is ispracticable during the polisning process
the functions of atich are the forsation df the brilliant
asorphoas ligat reflecting surface layer, and the pro-
duction of a true figure, that is, the correction of
sinats errors of fora not exceeding one Or two wave lsagths
over the whole surface., Creater errors of fors sust be
corrected Dy a repetition of the smoothing Oor fine

grinding operation,

Alaost any substance in a fine enougn state of division
and provided its drains are not lasellar in fora or
solable in the liquid eamployed or liavle to weld upon the
sur{ace of the glass, may be used as a pd>lisniag mediua.
Thus glass can be polished readily with fine charcoal bat
baraly at all with grapbite.

But 1n practice the chdoice may be limited to a very
fer sudbstances the principal of mnich is rouge, that is
oxide of iron (Feg0z). Nany sudstances are slom in tneir

polishing action. Putty powder, tnat 1es tin oxide (3n03),
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sbich at one time was extensively used, is now excluaed

for reasons of healtn,

Nanganese 110xide (MnOg), altnough an excellent
sedion 18 very black and is difficalt to remove froe the
nands and clothing; froa the point of vies of general
cleanliness its use is of ten avoided. Other meldia again
cannot be obtained in a consisteatly uniforas condition,
and altnoagh the variety of sudostances is great, thers are
really fewm that have all the advantages of rouge mbich is
82 extensively used, except for the very cheapest kinas
of optical work. Comparisons of the polishing medis can
orly oe made if the conditions are carefully stanidardisea,
and particularly if the textare of the original smosthbed
surface 13 the same in all cases. Pme rate of pdlisning,
80 far as polishing is determined by the resoval of saterial
until the oottoss of the deepest depressions are reached,
depends upon:~

The original state of the smdothed surface.

The character of the polisaing tool surface, mnich say

be, for exasple, of clotn, piéch , sax or paper.

Toe polisbing sedige,

The ludbricant.

Thes load.
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fne relative speed of the tool and thte surface

operatea apon.

the typical chart, Fig.%4, shows how the time of
polisbhing and the rate of resoval of glass are affectes
by the loal on the tool. In this particalar 1nstance
the rate of removal of aatarial varied directly with the
pressure, the tool being covered wmith a mixtare of 9f¢

of besswax and resin ana 5% pitch.

It 1s not possivle to eake any definite comparison
of the numerous substances that say te used as polishing
sedia because the results ars greatly inflaenced by the
conditions, Substances that are only solerately goaa
when a pitch pdolisher 18 used may be such more effective

when the polianer 18 df a different type, such as clata.

To obtain consistant results it is alsd very necessary
to control the conditions, the sost isportaant being tae

original state of the saoothed surface to De operated upon,

Table I shows tbe times of polishing when using a

variety of typical polishing saterials under the particular
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conditions specified, In all cases the original surface
was sadothed witn fine carborundua having an average
grain ajasater of aoout 1/200 sa,, the reflection values
of tbe surface being 30° grey, 16.5° red, ana #6° loss of
rea, Pitch polispers sere used througnoat,
racls 1,

Macbine type - heciprocating are,

kevs, of spinile - 73 r.p.u.

Soeed of are -~ 130 strokes per minute.

Lengtn of stroke - 1,28",

Diam. of workea surface - §",

Diameter of polisher - &",

Load on polisner - ¢ 1b. per s8q. iach,

Mediua Polishing time Guality
Prscipitatea rouge 8 bours Cood polisn
Coassrcial rouge 4 " "
Glassits (MnOg) 4.1 " " "
Very f1ine carborundae g " Fair
Patty Powder (Snoz) 1 " Surface cut and

not good
Precipitated Silica (310¢) le " Surface not good
Precipitated Cbromias 14 " " " "

Oxi1de (Chg03)



Ned1um Polishing time Quality
Precipitated Alusina 14 naurs Sarface not good
(Al 203)
Precipitated Ferrous s " Very slightly
Caroonate grey

o
N

Precipitated Hydrous MnQOg " " sligntly gdrey
Putty Pomder and thne various precipitated melia are better
sulted to cloth polishers than tO pitch polisters, but the

superiority of the first three media is still marked when

used on clotn,

Very many substances have bDeen usel as a covering layer

for the polishing to0] to n0ld the polisning mediun,

Huygnensl polistel his glasses upon the meta] tool
1tself, using a specially prepared rixture of Tripoli as
a medium, which was reduced t> a firmer and finer stats

Oy wiping amay the marginal portions from tise to tise.

1 C. Hugenii, Opera Reliqua, Vol.33, p, £15, ana
Seith’s Optics,.
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to Sir Isaad ﬂewton1 is attributable at least tne
suggestion that a pitcs layer mignt be used for the
rolisting cpreraticn, In bis Opticks he states thati-
"An otject glass of a fourteen fOOt telescore me2o€e Ly one
of our Loncon artificers I once menaed consiaerably by
grinaing it on pitet with putty apl learing very easily
on Bt in tne grinaing, lest the putty snculd scrateh it,
Frether this way may nrot ao well enough for polisting

these reflecting g¢glasses I have not yet triea.”

It 1s quite clear fron a orevidas paragrapnz trat
Newton ectually usea pitct for toth the grinding and the
polisbing of metal reflectors for in the same werk he
states:- " Tnen I put fresh putty upon the pitchn and ground
1t again til] it had done making a noise, ana aftermerds
£round thke otject smetal upon it as before, and this mork
I repeated until the metal mas polisted, grinding it tne

last tiwe with all 1y strength together for a g£00d while,

1 Nemton, Opticks ¢, 75

« Nenton, Opticks vp. 77,
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and frequently oreatting uron the pitehb 10 keep it zoist
mithout laying on any more frest putty." 1lbe application
of water alore 1n the final stege 1s of oarticular interest

as rteing¢ ar isportant detail Oof present day practice,

Father Cnerubin] lined ris polisting tools with a
variety of materials of fine 3na unifore texture. More
particularly e refers to the use of very fine ttim
leatrer, fine knglisk fustian, fine hollana cr any fine
linen, silk teffety cr satin, He descrifes at great length
tre process ¢f liring the tools wnith paper ana the sethod
of removing little lumps or irregularities, bat the previous
use of oacer 1s attrirutacle to S&mneaulaez nEO ased tre
grinding tool 1tself when linea with raper as the polisting

tool, the meaiur employed teing Venetian Tripoli,

At the present day pitch, way compounas and cloth sre

trte materials tost coreonly used. Comparisone of a variety

1 Le Pere Cteruoin, Ls Dioptrique Cculaire, 1671, Part 111,
Cnap, II.

r VMontucla, Histoire des Matnéhatiques, Vol. IIl, Part v,
Book II, p. 493,



c7.

5f materials wben using & particular polisting medium can
te obtained frow Taple II sbich enows the time reguirea

to polist a piece of cromn glass smoothed 1n all cases to
the sare standard., For the purposes of COEUarisor Com-
paratively slow speeds and 108as mere etployed. From thpe
vrevious ciefrans 1t mill re understooa that the time of
polianing mould oe reduced by 1ncreasing these factors, and
the relative pcsitions of the various materials migrht ve
sligrtly mcaifiea £y the use of another polisting meaiue

such as putty pcnder.

fstle II,
Surface layers of polisting tools
Vaterial wcrkea - Glass - Hard Crowsn.

Surface smoothed wmith -~ Fine Cartorundam, diap. of grain
acout ]/200 e,

Spindle speed ~ 124 to 130 r.p.=.
Are speead ~ 100

3troke 1.&%"

Polisking mediur - Kouge and water.
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Polisher Time of polishing hemarks
Eours
‘504 piteh with 10% 1.t Good surface
Hbeesnax %nd resin

Very pard pitch 1,78 Fair surface,pitct
rardness 0.5 at 37°C.

(Eeeswax &nd resin 1.7 Gooa surface
witn 10% pitck

Good surface

ne

(F1tch ¥0% with RC%rubver
lcoroouna

Fair sarface

N

Fitet 704% wmith 30% rouge

Soft piteh <75 Gooa surface,pitck
pardness 3€ at E&89C,

kbonite witht 1G4 piteh & Folisted, oput cut,
contact ottained mitt
difficulty,

New cloth 4,¢ Gooa surface

kell singea clotn 6 Poor surface, cut.

Cork 6 Fair sorface,
sligttly cut oming to
baa contact,

Rood, deal 6

Cuts oming €0 diffi-
culty of obtaining good
contact

-

{Bronn racer, secured with 6

Fair surface
Ceeswax and resin

Very thick telt 1% Surface grey and

mottled,
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Since the tine of Neston Cver ta0 hunired years 3€0,
rand rolisting metndas 28 practised tO some extent 1n
most highclass workstooe® rave remainel unalterea, except
rossitly 1n 3o far as the materials enployed &re mcre

aniforn 1n guality.

Some 11¢a of the esscntials of the actusl flat or
crism surface polisting overstions sy cte cttairnea from
File.cf. 1te veaestal (1) wrnich must te ri12ia ras at its
ucrLer end a8 standard noOSe [1€Ce aton mLi1sh tre tools xay te
scremea, Unider tre work cenct there mill Ce Otserved twno
flat toole (2) apnn (¢) cf zlose £rained and mell arnealed
cast 1ron, 2n2 on tre tench anotter (&) lyirg face 31cwn-
®ards 3nd «1tt 2 wo23en sSperating knckt screwel into the
COsSe ©On the vedestul 1s mountes fne tcol or ranner (4)
2s it 1s called, wmhicht vas 3 aniforn flet surface layer of
viten, &na on the rench trere is a sismilar ranner, (11)

the cviter surfaze of mtick is excosed to vien,

Itree plane tools are necessary for tne croduction
cf an optically flat surface; 1if t#o are droura together
the respective surfaces w1ll vecome cconvex and correspond-

ingly concave, the tendency 1n ctractice being for the upper
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tool to tecome concave, If one of these tools, say tne
convex No.1 1s then grouna #nith NOo.= t0ol, the latter mi1ll
Cecome zorresponlingly concave, more or less like Noc,

P

If tten tre two concave tools NOs.¢ an31 = are grouni
together, tteir concavities m1ll cott re reauced, Ey
griniing No.1 on N2.%, then ons on three, and twd Oon three
1n tni1s may, ana receating the seguence Of operations as
long as may ~e necessary, 2ll tnree tools tecome optically
flat sn1 nay rte kept in tnis conlition by an occasional

repetition of the crocess.

S1r Josept Witnworth's name 1S ¢generally associated
mith this method anicr hLe appliel to the production of
stanaar1 surface tables, tut although thte orincipls may
n0t creviously rave teen clearly expeessed, tte methad

arrears Lo have reen Known to the earlier opticians,

Ine mork 1s ¢roand or smdothed upcen one of these
retal todols, fine ¢rades of carborundum Or emery being
used 2s tne atrasive melium, It 1s essential that the
surface spoull1 te ground and smoothed to the desired
carvature or flatness as the time Of polisbing depends
upon tre perfection of the smootbing operations.., ~emoval

of material 1uring tne polisking process accurs very
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slomly ana 1t is then impracticzacle to effect an alteration
of tre snape other tnan a chnange of the ficure 1nvolving

a reroval of material to a deotr ot a few mave lengtus,

For trhe volisning crocess tre surface of the metsal
runner, wnich 1tself neeil only te acproximately true, 1s
covered witn a layer of piten acout le v, tL1cCk, the
runner teincs reated gently to ensure €021 aanesrence, The
o1ter surface 18 then moiliea ¢y one of tre flat tools
tnat ras rteen reatea just sutficiently to soften tre
pitct aoon nnich 1t is oressed. Wren the oitcn 15 cola,
the whtole sarface 1s 11videxr 1nto small squares Ty deeg
grooves An1ch may Te cut trore cleanly unler mater mpen
the citen 1s of 3 rtrittle tyce. Cver tre ritcu surface
thsre 18 than stretchel 3 vpiece of open texture muslin

A51ch 1s sgueszed into tre pitzh Ly mean

w

of the Lot flat
to0l, ana 1s then peeled 2ff, leaving 1ts netnork impeession

on thte sarface.

fnile the 1eep grooves helo to creserve the flatness
Dy oreaking tre continaity of tte layer ani trus opreveating
tte centre carts fron oeing sjueezel tomards thne periphery,
their principal function as well as that of the fine net-

Aork 1s to destroy the saction that would tinder the free
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wovement of the adrk over the moi1st pitch surface.

Ite grooves also serve to retain 2ny excess material
that otrersiss mi1snt c¢collect and oroduce sleexs, trat 1s,

rinute tarroms on tre 3urface of tre work, or even cuts,

After tre pitch sarface ras ~een oreparel in the
ranner ldescrited, 1t 15 rutted A1tk one Of tre octically
flat met2]l tocls until it also is optically flat, houge
3111 Aatsr are commworly useld as the workine 1elium, ncot
o2nly 1in tte preraration of tne citen surface cat 3iso in

tre overation of polisting the mork.

Ey means of tre soft ctrash (7) fine well levigated
rsace 3n1 wmater tror the cot (2) are 1a13 in streaks on
trs citeh surta2ce of tte tool (4), and the haraer orash (6)
13 errloyea to spread tre asaias uniformly over thte andle
surface upon ahich the part tO Ce WOorkea 1s 1ai1d, tre
stonde (=) ceing used ttrougnout tne operations to mash

a®ay excess material from arounl tre eade of tne tool.

Ine ocoerator wtose attitude 1s illustrated 1in Fig.z8
controls the mork arouni 1ts geriphery ty means of the

fingers ana thumts ana, anile gently pressing 1t int>
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~ontact aitn tte pitchn sarface, he moves it tc and fro.
At freguent intervals after a fes sucrL receatel strokes
tte mork is ¢iven 2 wnide swmeeping movement over the pitch
sartace an1 1s occasionally rotatea. At 1ntervals tre
operator also sters round the ceaestal, or alternatively

the lomer tool may te slowly rotatea,

Tre curcose of trnese moverents 18 tO avcia any regular
recetition of strokes tnat wd>ula tena to local mear of
ths tool or mork, ana trhe prodaction of irregalar surfaces.
If tre to and fro movements 1n one airection wmere repeated
for too lon? 2 tite, 2 Troaa lepression woull ce formel on
tns tool surface, thke optical flatness of apicrh woula

accorlinely Ce lestroyea.

Fror tite to time the pitch surtace 1s resorkei or
formea by means of the metal tool (%), the flatness of
mil1cr 1s preserved Ty occasional working wmitn the tools
5 and 3. Towarias tne ena of the rrocess wmater only 1s
03ed as 8 oclishing mediuam an1 the operation is continaed
antil tue water 1s altost entirely driea up, mgich 18
evidencel by a charactsristic squeaking ndoise. In this
A3y the greatest oossivcle viscous flon of the surface
nolezules is octalned oming to the close contact between

the morg ana the colisning tool,
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durface 1efects such as sleeks are detectel by
examining the surface mith a lom oower lens, LLe necessary
1llumination being ocrtaines frox the lamp (10). Defects
of flatness are detsctesa by means of the test rlate (1%)
nhich 12 nlaced on tre surface of the aork lying avon a
tlack clotn. It 1s essentia] that the temperature of the
parts shoull te allomed t0 equalise cefore attamoting to
forr 3 Jefinits Jecislan ss td the character of tre surface
anier test, zani cefore using pna test plate the parts
snoull te thorougnly cleaned with 2 linen cloth or selvyt
(18) and also freed from dust cy means of the soft orash
(14).

At ni¢rt 1t 1s convenient to use Mercury Vacour lamp
Yight arich 1s accroximately tomodeneous 3ani produces

pDlack interference rings that may e very readily otservea.

Muct skill 13 necessary to ottain the corrsct figure
or form Of the polisnea surface mithin the limits essential
to the production of mell aef;ned irades and eacn ogrerator
nas his own carticular metrod of controlling the faigure.
Ino methods are frequently employea. In nand mork aith
tne tool telow the ¢lass 1f the surface tecomes concave

the stroke snould te reauzed mithin the limits of the
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polisner. If the surface pecomes convex the stroke shoula
be wmildened until the defect is corrected. On macnine adrk
nitn the tool acove tre mork, these operations shoula te
reversed, a mlde stroke, and escecially one trat overlaps
the polishing tool vteing employed to reduce any concavity

of tte surface,

In the case of large sarfaces such as are usual in
racrine multicle worx, the vosition of the colisning tool
tay te s0 altered trat 1t acts mors around tte veriotery

or over the centre ar may ce desired to correct the figure,

1te secona method consists 1in ringing the tool, that
1S, in broalening the furro#s or scraping the surfaces, ani
thas reaacing ths affesctive polisking area at the centre

or tomaris the edge according to the reqairements,

Thus, suppose a tlock of concave lenses is t20 shallow,
1o correct tre figure it is necessary to remove material
from the centre. This ®ay Ce aone by lengttening the
stroke of tre tlock s> that at tte ends of the travel it
overlaps the polisning to0l wmith the result trat fcr a
portion of the time, thte Outer carts, as compared with

the centre, are not acted upon anl are not reducel to
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tne same extent; Or tre outer portion of the ctolishing
tool may rte reaucea Ly scraping, or the effective surface
reduced by ringing 80 as to 1ncrease ths relative effect

of the centre carts.

A polisner trat nas ceen usel for a considerable time
of ten rtecomes glazel and loses 1ts effect, so far as the
retoval of glass 1s concernei tut not 2s regaras the actaal
polishing action if tre contact 18 good. It hLas peen
suggasted that tre glaze wmhich may Te readlly sCraped amay

is a8 more or less continuous layer of glass.‘l)

Particular results are also ofttained °y a croper
selection of tte polishing layer.

In tne case of piten mnich should de a good guality
of Burgunay pitch, the haraness must Ce varied by more or
less prolongel toiling to suit the temterature 3nd t3 some

extent the nature of the dlass ana mork.

(1) The Surface Layer of an Optical Polisuing Tool.
Jo, French, Procs. Opt. Socy. Vol. XXV, No.&, @320,
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Thas, unless tne morksnop temperature can Ce kept
constant, wmnich 1s not easy 80 far as tre rediaction of the
maximar summer temperature is concerned, a3 Lard nell
poiled piteh mast ce used 1n summer anl 2 softer citeh 1n

ninter,

Sore operators prefer tre use of wex insteal of citcn

and carticalarly for tre colishing of curved wmork,.

Froe Fig, <6 1t w1l] bpe seen trat theBe are croaracter-
istic 1ifferences attritutatle largsly to d1fferences in
the viscosities of tre materials., Abscissae rerresent
temperatures and criinates the rates of penetration of a
steel disc under a constant loai. W¥nereas the pitch yields
gven at the very lowm temceratures, very little change

scurs in the Ceeswax-resin composition anti]l a temperatare
of atout 2730 1s reached, mhen tne viscosity rapidaly

cranges. As the normwal tsmperature of morking rarely exceeils
2200, it »ill te evidsnt that wmax layers are nst so sus-
ceptitle to fluctuations of temoerataure as pitch layers,

#ax therefore retains 1ts shace better than piten but its
form 1s not so easily manipulated when a moii1fication of

the fidare 1s desirea, ana thre 2ifficalty of obtaining good

contact 1s ¢ereater.
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Only the very hic¢nest qualities of optical work or
small quantities of 1ndiviaual carts are made by skilled
hand methods, For the production of carts in larde
quantities considerations of cost make the use of macninery
essential. Altrcoudt righly specialisel machinery nas
teen evolved for tne manufacture of particalar products
such as spectacle ]ensesfl) there are certain wmell definei
tethods anl types of machinery, a lescription of wnich

elone will suffice to iniicate tre fondamental prinzacles.,

Ite processes may te 3J1videl into three crours;~

(a) Forming or noaghing

(c) Smoothing

(c) Polisking
Frequently tte rawm ¢lass 18 supplied in tte form of clates
Acich are cut to the approximate shape Uy means of saws,
as illustratea 1in F1g.27. Tnese saws are trin sheet metal
discs of a soft cnaracter., 1Iron armature stampings are

very suitacle for trne vurpose. 1The elge of the san 13

(1) Schule 1er Ootik, Gleichen und Klein, 1914,
Praktischer Teil by Klein,
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notchel and ctarced #ith 1iamona dust mixed mitr o)ive
0il to tre consistency of a fine taste. 1In Germany it 1is
conmon practizce to cat deer ralial perickeral slots about
a2 millimetre cro21 and to fill ttese mitt leaa #nich rolas

the diarona Just more effectively.

Tre work atict T2y ce 3 pi1le of rlates hela mithin
tte jams of an aajustarle holder 1s pullead ty a wmeictht
agZainst the zcutting eade, tre Tovement reing controlled

Ly tte witrarasal of 2 scrsaeld 3cattent.

Turcentine as a latricant ¢ives the test results, tut
1t has the J1saivantage of Ceing costly. Petrol is very
saitatle, W®ater mith 3 small admixture 5f sola to prevent

rusting, alttoudlh les

(72]

effective, 1s commonly uased,

An averace perichsral spsed of the sam 1s atoat 1200

feet psr minute,

Latour ani expense 1n cutting may be saved ty tre use
of glass that nas teen moulded to approximately the corrsct
share and size, endudr £xcess materi1al only teing allowed
to ensure trat mten all tre 1rrecularities of tte surface

have tceen ¢rounl amay trhe sizes nill not ce too small,



Rojgn Band Grinding Disc
Fi-S. ?3.
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ften the quantities 1nvolvel are not large, tte actual
forming of the wmork to tre requirea linear 21tensions ana
shace witrin usually an andular limit of T trree minutes
is sotetimes done ty hani, as inlicated 1n F1eg.z3, tLe
ancles teinc testel ty treang of sircle adjastacle gaugesf]>
or 1n the cazse of lenses, Ly 21sC ¢auges tarned to tre
approprigte rali1us. For tre roughest ¢rinain2, sani or
20arse cartorundam Or stery T3y TE US€l, lhe sand relng
creapsst cut slomest 1n action., If a clant for the wastking
and ¢raling of the arrasive is installedfz) the usz of 13
single tyce of atrasive sncrh as cartoruniam, a ¢Oo4Arse 201
crtesp 2rade of whtizst only need te curchased, 13 totg

egconomi1zal ana1 convenient,

finen ta0 acrasives such 33 2artoranlam and emsary are
erpcloye1r tor the coarser ani finer €rinding crocesses,

great care tust te exercised to avoid contamination of tre

(1) Handcuch der craktischen Optik, oy Halle, 19185,

(g) 1lre Graaing of Carpbcrundum for Cctical Farposes,
lrans. Oot.30cy. Cct. 1217,



CarfcoruRiuf Wheel Fire
Griniin® Machine.
Fig. FO.
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emery witr thte haraer carvoranaum., 1ne larde cast 1iron
grinaing a1sc 1in F1g.?» arict runs at a2 spreed of atout

20 revs, Ter minute serves the doutle parpose of treaking
10an the coarser atrasive preparatory to fine grading

an1 of formingc tte ceavier mork. In tte case of multicle
nork ths cost of latour cenerally necessitates the adoption
of £rinding mactinery, one tyre of atict 1s illustratel in

81

HO,

.22, A nuncer of parts are smountsd upon an adjustacle
nolier on tre tatle of tts ~actnine, the Lolaer oteing 3o
arrangel that 1t can te sccurately angled in accordance with
tte indications of a scale. 1he table runs the mork
longitulinally under tte g€rinaing mneel and at the end of
gach stroke its 7vction it antoraticslly reversed, the
artniin? being done Juring toth strokes. %t tte erd of

€eClL stroee the tsvle 1 alec fel transversely autonatically
or Ty ranl. Fllter o preav, cut of arcat 2 mr, mith a slow

tatle spesd, or a ligkt cut of re. kitt 2 fast cutting

1
40
sreed of 10 feet rer rirule may te used, tat gererally it
1s desiretle to avcid tre reavy forces incicental tc e

Leavy cut,

Tee grinaing mheel wrich is fea aomn Py Lerd as

reGuired, 1s 8 fine grade czrhorundun type sucl as 220



rubring at & periprerzl sgeed cf stcut E0C feet per minute,

An ample supely of luvtricert sucr as mater is essential

tc avcia all carger of tre formaticr of mincte Lesat crecks.

¥illing cutters ir the forw of cylinzers of copper,
tte surfaces cf whict are grooved longitucanally sra
chargea ritt a1afcna dost, have reen used Ly some of the
nore 1tpceturt Cermar oflicisans, Tol saCh Cullers sptess

te rsve teen cenerelly atanaoned excect for certsin mircr

cperatiors in favour of cartcruraur wmhkeels,

Class rilling as compared with surface €rinzing hag

the J1s

w

cvantece ¢f teineg conparstively elcow apd trerefcre
relatively costly. Inis mil]l Ce evidert nter it 1¢ Cconsidered
thet trhere 1s cnly line zontact tetneer tre mteel ard the
sorface of the work whicht for trhe creat rert of tre tire

15 therefore rct teang acted urcon, rtereas in the case of
sarface crimding, nateriel 1s rCelng remcved continucusly

frem every rart of the surfasce.

Ite ¢rinzing is usually 0cne 5y reans of % cast irorn

gisc witl lccse arrasive, ang the oarts tc e operated
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upon are mounted in accurate multiple jige tbe expense
of sbick can only te conteeplated mben the nuater of pieces

to te canufactured is larde.

As tbe sork smust be forsed practically mitbin the
final inspection lisite it 18 necessary ttet the machine
shoula ve capatle of sorking to an angular limit of atout
¢ sinotes and & dimensional lieit of abontlé e, tO %0 Le.

After tke indivicual parts bave been formed to the
exact stape they are suositted to the saoothing proceases
" preparatory to teing policeted. For tois parpose the
faces to te polisbed are placed in contact sitht an optically
norked tool, Fig.80, the surface of mbich has been
tboroughly cleaned and sligbtly oiled., Care sust be taken
to ensure tbat the layer of oil betmeen the surfaces of
the work and toe tool is uniforaly thick. 4 very slignt
pressure on one end of tbe piece say suffice to introduce
an angular error of a sinute, Fitt a little practice
such errors even in the case of faces of a few centimetres
length aay be avoided,

Over tibe tool is then placed a circular frase mork

into which there 18 poured a layer of plaster of Paris of
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acoat & sm, thickness. After the plaster bas solidified
the frame is filled wnith a special cement mtose voluse
resaains practically constant sfter solidificstion. Plaster
of Paris snd ceaents toat contain free lime bave the dis-
advantage tkat, owning to crystasllime changes in thke solia
condition, tbe voluse after soliaificetion increases for
aasy aonths, the grostp reing cosparatively rapid dariag

the first few meeks.

In sachb a cese osing to tbis expamsion, the smoothed
surface of a cesented Ctlock of prisas tends to warp to an
extent that say uadaly prolong the polisbing tise, or even
necessitate re-ssootbisng.

Plaster of Paris is suitatle for blocks of 25 ca.
disaeter, snd can be used for tlocks of $0 ca. diameter
if there is no delay between the sacotbing and polisbing
processes and if tbe latter is coapleted rapialy and in
one operatioﬁ. For large tlocks of 1 setre disaeter sach

es is illustrated in Fig.81, special cements are essential.

The frase mith the soliaified cesent containing tte
prisss is strivved froe tte oiled surface of the plate

sad wben turned over tte thin layer of plaster of Paris can
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be reaoved, leaving tte sorfaces of tbe prises projecting
froa tte layer of cement, tte face of stich is cleaned

and varnisted to sake it thoroughly eaterproof snd to
prevent fragasnts froa oreaking loose and interfering mitt
tte nork of polishing. ftte tbin layer of plesster of Faris
has 0o appreciatle 1)1 effect as its thickneas esnd time of
action asre toth ssall,

For the actual ssoothbing oreration s sachine of the
general type indicated in Fig.31 is esployed, baut altbough
tbe principle involved ias generally the sase, the arrange-
senta vary consideratly.

In a sacbine tool for the morking of setals or the
foraing of glass such as is inaicated in Fig.2d, the
plane in wtich the mork soves and the axis atout mbich tre
tool rotates are bott definitely fiked. The accuracy of

the esork ia accordingly dependent upon the soogracy of
tbe macnine.

As the accaracy requisite for tte polisbing of an
optically good surface is nesrly ten times as great as
ia obtainable mith the best. type:of machine-tool, -1t _is

necessary for the sanufacture of optical work to adopt
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the floating tool principle previouely referred to in
connection sith the preparation of flat grimding tools.

In P1g.81 1t #il] be seen that the flat grinding tool
rests freely apon the surface of the mork, the diaseter
of snich is about 0% greater than that of the tool.(l)
and that it is soved by a central pin resttag in tre
bollon socket of the tool. For the actusl scvesent of
the tocl various mecbanisss have peen iatroduced tat that
indicated in tbe illastration is the sost comsocan.

Al] the arrangesents (%) are particalarly designed
to smeep the tool Over the serface in a continually and
nidely varying patt tbat only repeats itself after a
great naeper of strokes, and fagther, to provide siaple
sdjustments stereby tte action of the tool msy ve dis-
tribated sore or less over tbe ceatral or outer sones of

tte mork for the parpose of regelating the fora or figure.

(1) Deutsche MNech. Zeit. Vol.®, 1803, p.81,
(2) Bandbuch der praktiscten Optik, Balle, 1318,
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Behind tbe machine ttere are situated tmo vertical
stafts esch carfying at its nead a crank pin the distance
of wshich froa tbe centre of rotation is adjastable. One
crank drives the end of the sain driving ars tirough the
intersediary of a gisbal connection that enables tbe are
to be raised mben necessary quite clear of the tool. 1he
other crank siailarly drives a radius par couplea to tte
driving are. As the thross of the crank are independently
variatle and as tbe point of connection of the radiue bar
nitbh the driving ars is adjastable, a large variation 1n
the path of tbe tool is obtainatle. It is isportant that
the revolutions of tte crank spindles should not be a
wbhole sultiple of the worx spindle revolations. A hunting
tooth should be introduced in the gearing, otberwise a
portion of the surface will take longer to sscothk or polist,
thus increasing tne time Of tte oreration. By adjusting
the length of the radius var the tool say be made to act
sore over tbe peripbery of the work, and the length of the
stroke say ve altered by a variation of the asoant of ttrowm
of both cranks. 7These adjustaents are necaaiary for the
control of the fora or figure of the work.

To deteraine oy calcnlation the distribation of the

grinding or polishing action over the sarface of the work
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is very difficult and laborious. As was previously stated,
the action is practically directly proportional to tpe
relative speed of the tool and the sdrk. W®hen the tool
is conceatric mith the rotating wsork, both rotate
togetber and there is no relative movesent or grinding
sction unless a partial brake is applied to the tool. As
the tool passes froe the centre towmards the periphery its
velocity varies and there is then relative motion of the
tool and wmork and consequently aorasion. ?This rotation
is almays in the same sense as that of the mork out it
necessarily varies throughout the cycle, although the
soaentus of a neavy tool acquired when in the conceatric

position tends to sake the rotation anifors.

Ioe action at any particular point depends apon the
time the part is acted apon ty the tool, and this varies
liih the relative positions of tte tool and the mork, as
the stroke is generally such that the tool sometimes over-

laps the work at continnally varying positions and by
varying asounts.

The action is also propostional to the 1o0ad, and tnis
18 not coanstant as the area of the tool ims contact wmith

the work varies in tne overlapping positions.
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Fros these considerations it m»i]] te evident tihat
the probler of detersining the distritution of the action

even under the sisplest conditions is a wery cosplex one.

The ovject of the smoothing process is to remove
irregulerities of tte total surface arising principally
froe ssall errors in tbe laying domwn or asseatling of tte
individus] parts and ainor distortions of the eass, and to
reaove sny accidental ssall Lkoles or cuts introduced by
the coarser abrasive during foraing. If the mork bas been
nell done tte asount of material to be reaoved is small,
taot ae the rate of resoval of matertal during the seocothbing
operation,sten fine eaery or cartorundur is used as an
abrasive, is suchb sore rapid than doring the polishing
stage nhen rouge is eaployed, the isportance of good
saoothing ni)l be evident,

Tte polishing process is practicelly a coptimeation
of tbe ssoothing, the same setBods asd type of machime
being eaployed; but a polishing sedius such as rouge is
used in the first instance instead of an abrasive, and a
pitch, rmax, or cloth polisher instead of a metal tool. As

in the band polisbhing process previously described sater
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only is used as a polisting medioe in the final stages

of the operations.

Anotber type of machine capatle of polisbing a block
about 1.5 setres in diaseter is indicatea in Fig.8%, and
the norking of a concave tlock of large diaseter lenses
is illustrated in Fig.38.

Tao sethods may te eaployed for the production of
caurved mork such as the eleeents of an objective or an

eyepiece.

In the first sethod mbich 18 not extensively adopted
on account of the accurate jigs tbat are involved, the
lens tlanks are ground to the final diaseter to within a limit
of about minus éo ae., Several plles of discs ceerented
togetker preparatory to veing ground to the correct diameter
are shomn in Fig.S34, which aleo illustrates the carbor-
undua wheel edging machine.

The edged blanks after reing separated and cleanes
are sounted in the tool indicated in Fig.88, apd the curve
is then groand true with tke peripbery, provided the Jjig

and wmorkmanship are sufficiently accurate.
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In the sore cosmon létbod nbich is generally used
for spectacle and other lenses, the unedged and partially
sbaped blanks are secured individually eitk pitch sithicn
the nolder. 1They are tben ground and polisted in the
asual esanner and after veing removed and cleaned the
‘ periphéry of the lens, if circular, is ground true witk

the optical axis of the lens,

This operation is inaicated in Fig, 3. ?he lens
to be edged 1is sligntly teated and cemented to tue nose
of tbe nollow spindle of a small lathe bead. MWbile the
cement is soft the position of the lens is ad justed until
the tno reflections of a light or other object fror the

(1) do not rotate nben

front and back surfaces of the lens
tbe aspindle is slomly revolved. fhis occurs mpen the
optical axis of the lens coincides with the axis of
rotation. The cesent is then allowmed to barden and the
grinding of the peripnery true with the axis of rotation,
and tberefore with tbe optical axis of the lens, is per-
forased by pressing a brass plate against the edge wnile

using emery or carborundue as an abrasive.

(1) Dioptricks., 1692, Nolyneux, Chap. IV of Mechanick-
Dioptricks, p.220.
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Various types of machines are eaployed for special
operations and sore particularly for the production of

apectacle lenses.(l)

Astigaatic lenses are produced on sachines in wmhict
a cylindrical too) is sade to oscillate about the axis of
the cylinder, the work itself veing prevented from rotating,
For the sultiple production of Toric lenses in wbich tke
two axes of curvature are approximately at right angles to
each other, the lenses are morked upon cylinders of the
appropriate radius and ground ty means of tools whose cross

section corresponds with the carvatures.

Single and special toric lenses are ground individually
upon small special machines, but in an article such as this
shicb 18 comcerned more nith general principles than with
the mechanical applisnces, it is not possible to descrite
in detail the numerous types of machine that are esployed.
Tbe sost complete inforsation on this particular sabject is
obtainable froa the catalogues of the optical msachine tool

aakers or fros the practical handbooks already referred to.

41) 8chole der Optik, Cleichen und Klein, 1914,
' Praktischer Teil.





