Subsurface Damage in Microgrinding Optical Glasses

In cold processing of optical glasses by microgrindifghe More recently, Edwards and Hedtudied the relation of

resulting brittle-material-removal rate induces a cracke®SD to SR under bound-diamond-abrasive conditions (53 to

layer near the glass surface, referred to as subsurface dam#&&g/m and 180 to 25Qm in size) and found that for the three

(SSD). [Editor's note: The acronym for subsurface damagglasses studied (borosilicate crown BK7, zerodur, and fused

(SSD) used in this article should not be confused with its morsilica) the average SSD was 6143 times the peak-to-valley

common use as an acronym for smoothing by spectral dispesurface roughness (measured by a profilometer). The factor of

sion.] In addition, there is a corresponding surface micro6.4 was arrived at by dividing SSD by SR for each glass. This

roughness (SR), often found to increase in proportion to SSproportionality factor becomes identical to that of Aleinikov

as originally observed by PrestdBSD is a statistical measure when all three materials tested by Edwards and®Hed

and not necessarily equal to the flaw depth that may contrtdeated together (see Fig. 73.48). Similar observations have

mechanical strength of the brittle surface. been reported for deterministic microgrinding of optical glasses
with bound-abrasive-diamond tools of smaller size (2ttm#

Direct measurement of SSD is tedious: The dimple methogsee Lambropoulost al?).

is often use®® as well as wafering methods. Aleinikov

showed that SSD induced by lapping of glasses and other In addition to correlating SSD with SR, it is possible also

brittle ceramics (with hardness changing 30-fold, fracturdo correlate SSD for brittle materials with the materials’ me-

toughness 6-fold, and Young’s modulus 20-fold) wag®® chanical properties. ZhaH§used metal bond wheels with

times SR for SiC abrasives (100 to &), thus indicating bound diamond abrasives (40 to 2@ in size) to grind

that SSD may be estimated from SR. Aleinikov also foundstructural ceramics under fixed infeed conditions and reported

that SSD increased with increasing size of microindentatioa subsurface damage depth (consisting of voids induced by

cracks (see Fig. 73.47). Thus, microindentation may be usedtioe grinding) that correlated with the ductility indég/H,/)2

evaluate propensity to damage in lapping. of these materials (see Fig. 73.49). The ductility iSdex
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Figure 73.47

SSD in lapping versus indentation crack size (0.49 N) for brittle materialskigure 73.48
based on Aleiniko®. Russian glass K8 is equivalent to Schott BK7 (Hoya Relation of SSD to SR, as measured in bound-diamond-abrasive grinding by
BSC7, Ohara S-BSL7). Edwards and He#8.
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§ 50 . , . , . stant) P/(average diagondl) with the (constant) dependent

S - 230pm on the square pyramid geometry. For the same measured

S 40 - N diagonal, Knoop indentations penetrate about half as much

@ L 100pm . : . o

% into the surface as Vickers indentations; tiismore closely

gg 30 N measures near-surface hardness. Generally, Knoop hardness

32 20 '_ 40 pm_— Hy increases with Vickers hardnddg. This correlation has

e i Si.N been described in detail by Lambropoutbsl®
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= L ] Microgrinding Experiments

8 0 ! ' ! ' ! 1. Lapping: Surface Roughness (SR) versus Subsurface

0 50 100 150 Damage (SSD)
Ductility index (K/H, )2 In all the following experiments, surface roughness was

64337 (nm) measured by a white-light interferometer (NewView 100, 0.35

: x 0.26 mn%, 20x Mirau, five measurements per surface) and
plaure 7349 bsurface d by the dimple method (typically three t
Subsurface damage versus mechanical properties of structural ceram%g Sl{l’ ace damage by the dimple method (typically three to
(SSD data from Zhai§.) five dimples per surfaée).
inversely related to the brittleneld#K . originally introduced The goal of the lapping experiment was to investigate
by Lawnet al11.12 whether surface roughness can provide information about

subsurface damage. Loose-abrasive lapping experiments were

In our notationH denotes hardness, or resistance to plastiGGonducted on two glasses: the soft phosphate laser glass LHG8
irreversible deformation, measured by estimating the area ¢63% ROs, 14% BaO, 12% KO, 7% AbO3;, 4% Nd,Of
an indentation impressed under IdadHardness is defined in  Nb,Og) and the harder borosilicate crown optical glass BK7
terms of either projected area or actual area of contact. Specif68.9% SiQ, 10.1% BO3, 8.8% N3O, 8.4% KO, 2.8% BaO,
cally, Hx denotes Knoop hardness, extracted from measurint? As,03, % by weight) (see Table 73.VI).
the long diagonal of a rhomboidal pyramid impression under
load P by P/(projected contact area (constant)P/(long Five separate LHG8 blocks were lapped on both sides
diagonalf, with the (constant) dependent on the rhomboidawith Al ,O5 abrasives (median size 30, 9, 5, Bn). Measured
pyramid geometryH,, denotes Vickers indentation, extracted SSD and SR, after grinding with each abrasive, are shown in
from measuring the average diagonal of a square pyramkg. 73.50.
impression under loa® by P/(actual contact area) (con-

Table 73.VI: Thermomechanical properties of optical glasses. Data for density p, glass transition temperature Tg,
coefficient thermal expansion a, Y oung’'s modulus E, and Poisson ratio v are from manufacturers’ glass
catalogs. Hardness H and fracture toughnessK . are from Schulman et al.16 Knoop hardness is at 1.96
N. The fracture toughness of LaK9 was estimated from that of LaK10.

Glass P Tg a E v Hk Ke
(g/em3) (°C) (1076°Cc1 (GPa) (GPa) (MPamY/?2)
LHGS 2.83 485 12.7 50 0.26 2.3 0.43
FS-C7940 2.20 1,090 0.52 73 0.17 5.6 0.75
SF58 5.51 422 9.0 52 0.26 2.7 0.46
SF7 3.80 448 7.9 56 0.23 34 0.67
BK7 2.51 559 71 81 0.21 5.1 0.82
K7 2.53 513 8.4 69 0.21 46 0.95
KzF6 2.54 444 55 52 0.21 37 1.03
LaK9 351 650 6.3 110 0.29 5.7 (0.90)
TaFD5 4.92 670 7.9 126 0.30 7.3 1.54
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%_ 30 T T T T measured for microgrinding with all three tools, and SSD
'1%, o5l LHGS 1 (three dimples for each cut) for the 2- tqudr and 10- to

© Slope 0.9%0.06 20-m tools.

g 20 sk7

% T 15l Slobe 0.330.02 Figure 73.51 shows the correlation between the measured
g = pe 2.oa0. p—v and rms SR for the three tools used, with each point
§ 10+ - representing one of the glasses ground and measured. Fig-
% 5| 1 ure 73.52 shows the correlation of SSD (dimple method) and
% " the p—v SR. It is seen that, as in lapping, the p—v SR may be

0 ' ' ' . used as an upper bound for the SSD for the 10- fgn2@nd
0 10 20 30 40 20 2- to 44um tools, within the uncertainty in the measurement of

Surface microroughness (p—v, NV) SSD and SR.

G4338 (um)
Figure 73.50 e~ T
Correlation of SR (p—v) with SSD for loose-abrasive lapping of optical C',_ (162]}?/0'#]1%1)
glasses (AlO3 abrasives). Tn/ 10 - |

&

A similar experiment used BK7 with a wider abrasive size ég (533%2/?#%
range (median size 40, 30, 20, 9, 5, @). A single BK7 part 3 3
was first lapped by 4@ abrasives, then with 3@m abra- é . )_%
sives, and finally with 20-, 9-, 5-, 3-, andun abrasives. SSD @ I
and SR were measured at each step. Each lapping step removeg et — 2—4um _
between 0.3 to 1 mm of material and thus removed all the 1 ’ Sl |(5 pm/min)
residual SSD from the previous abrasives used in the sequence. 0.01 0.10 1.00
Larger abrasives typically led to higher SSD and higher SR. Surface roughness (rms)

(Hm)

The correlations of the subsurface damage to the peak-to-G4339

valley surface roughness for lapped LHG8 and BK7 are show';]gure 73.51

in Fig. 73.50. For LHG8 the p—v SR is equal to the measureghrejation of p-v and rms SR under fixed infeed deterministic micro-
SSD, whereas for BK7 the p—v SR is about 3 to 5 times thginding of various optical glasses.

measured SSD. We conclude from these experiments that the

p—Vv SR measured with the white-light interferometer provides

an upper bound for the SSD measured by the dimple method.é_ 6 . . . . I
°

2. Deterministic Microgrinding: Surface Roughness (SR) o

versus Subsurface Damage (SSD) < 4+ —

A series of multicomponent optical glasses, as well as fused % € —
silical® were also ground under fixed infeed deterministic S = . -
microgrinding conditions on the Opticam SM CNC machining E A J N
platform 415 which can manufacture planar and spherical 3 | %LJ' o\ Slope = 0.340.06
surfaces, as well as asphe?édé:15Table 73.VI summarizes S T R2=0.73
some of the glass properties. " 0 : ' : ' :

0 2 4 6 8 10 12

Three metal-bonded diamond-abrasive ring tools were se- Surface microroughness (p-v)

guentially used on each surface (aqueous coolant Loh K-40, c4340 (km)

relative speed of work and tool of about 30 m/s): 70 tar80
10 to 20um, and 2 to 4um at infeed rates of 1 mm/min, Figure 73.52

50um/min, and Sum/min, respectively. Three cuts were doneSSD (dimple method) versus p—v SR (via NewView 100 white-light inter-
with each tool. After each cut, SR of the optical surface wal§rometen for fixed infeed deterministic microgrinding.
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The effect of glass mechanical properties on SSD is showspanning 1 to 4@m) and from deterministic microgrinding
in Fig. 73.53, where we have used the ductility index as th@hree sizes spanning 3 to @) with bound diamond abra-
correlating parametér.It is seen that, under fixed infeed sives, over a wide range of abrasive sizes. The infeed rates for
grinding conditions, increasing ductility produces higher SSDdeterministic microgrinding werefsm/min (2- to 4um tool),
as observed in structural ceramics (Fig. 73.49). Correlations 60 um/min (10- to 20pm tool), and 1 mm/min (70- to 80m
measured SSD with the critical depth of cut discussed bipol). For both lapping and deterministic microgrinding, larger
Bifano et all/ or the critical load for fracture initiation dis- abrasives lead to deeper SSD and higher SR. The lapping
cussed by Chianet al1819gave similar trends. results apparently become insensitive to abrasive size for
abrasives in the 1- to @m range.
The dependence of SSD on the ductility index is interpreted
by a simple model of residual tensile stressego, (parallel For a given abrasive size, deterministic microgrinding re-
to the surface), wheg@g= 0.08° andoy is glass uniaxial yield  sults in surfaces with lower subsurface damage and lower
stress ¢, = Hy/2, see Ref. 9). Thus, crack degthn the  surface microroughness (p—vorrms). Such surface features are
presence of such tensile stresses is estimated as in addition to any “figure” features extending over the whole
aperture of the ground optical surface.

Ke=0(B oy)Jma _1o K D i
c=Q(Boy)yma a—;ma Conclusions

The quality of a manufactured optical surface can be char-
acterized in a variety of ways, including surface micro-
Q = 1.1 is a geometric factor accounting for the proximity ofroughnes subsurface damage, surface figure error, residual
the free surface. Typical data for, say, BK7 give a crack deptstresses induced by the grinding proc®s& the rate of
of 2.1 to 4.3um, i.e., quite comparable to the measured SSDnaterial remova#2 and the rate of tool wear. In our work we
(see Fig. 73.52). have concentrated on subsurface damage and surface
microroughness and addressed the following questions:
3. Comparison of Surface Quality Induced by Lapping and
Deterministic Microgrinding How can subsurface damage in a given brittle material be
Figure 73.54 compares the surface quality of the opticatstimated from the measured surface microroughness? How
glass BK7 (commonly used in many optical designs) resultingan subsurface damage among brittle materials be correlated to
from loose-abrasive lapping with 05 abrasives (seven sizes their near-surface mechanical properties? How is the resulting
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Figure 73.53 BK7 surfaces: lapping at fixed pressure (open symbols) versus deterministic
Dependence of subsurface damage SSD on glass mechanical propertiesmiarogrinding at fixed infeed with metal bonded-diamond-abrasive ring
the ductility index Ko/Hi)2. tools (solid symbols).
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surface quality affected by material removal under loose- 3.
abrasive microgrinding at fixed nominal pressure (lapping) or
by deterministic microgrinding under fixed infeed rate? 4
We have performed a series of loose-abrasive microgrinding
(lapping at fixed nominal pressure) and deterministic 5
microgrinding (at fixed infeed) experiments on various optical g
glasses. We summarize our results as follows:
7.
» Peak-to-valley surface microroughness for the optical glasses
tested (measured by the white-light interferometer, a rela-
tively easy measurement to perform) provides an upper
bound to the subsurface damage measured by the more®"
time-consuming dimple method; 9.

e Subsurface damage in optical glasses under deterministigO

microgrinding conditions with 2- to gm bound-diamond-
abrasive tools scales with the glass ductility indéxH)?

in a manner similar to that reported for fixed infeed grinding 1

of structural ceramic&® and

12.

e For a given abrasive size, deterministic microgrinding

13,
produces lower subsurface damage and lower surfacé

microroughness as compared to lapping.

14,
The issue of residual stresses induced by grinding is alscz5

important and often referred to as the Twyman effé&tl-
though we have not measured residual stresses in this work,
our previous work on optical glasdésind glass ceramit®
shows that, for comparable abrasive sizes, deterministic
microgrinding induces lower residual stresses than loose-
abrasive lapping, while maintaining a higher material-removal
rate and producing a lower surface roughness.
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