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Standard Test Method for

Photoelastic Determination of Residual Stress in a
Transparent Glass Matrix Using a Polarizing Microscope
and Optical Retardation Compensation Procedures *

This standard is issued under the fixed designation C 978; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope standard. The values given in parentheses are for information

1.1 This test method covers the determination of residua®ly:
stresses in a transparent glass matrix by means of a polarizing1-9 This standard does not purport to address all of the
microscope using null or retardation compensation proceduregafety concerns, if any, associated with its use. It is the
1.2 Such residual stress determinations are of importance figsponsibility of the user of this standard to establish appro-
evaluating the nature and degree of residual stresses preseniiate safety and health practices and determine the applica-
glass matrixes due to cord, or the degree of fit, or suitability ofility of regulatory limitations prior to use.
ioﬁgrrt:;légr(?al;matlon of glass matrix and enamel, or apphe%_ Referenced Documents
1.3 The retardation compensation method of optically de- 2:1 ASTM Standards:
termining and evaluating enamel or ACL residual stress sys- C 162 Terminology of Glass and Glass Prodéicts
tems offers distinct advantages over methods requiring physi- € 770 Test Method for Measurement of Glass Stress-
cal property measurements or ware performance tests due to its_OPtical Coefficient ,
simplicity, reproducibility, and precision. E 691 Practice for Conducting an Interlaboratory Study to
1.4 Limitations—This test method is based on the stress- _De€termine the Precision of a Test Metﬁ_od
optical retardation compensation principle, and is therefore F 218 Test Method for Analyzing Stress in Glass
applicable only to transparent glass substrates, and not to Terminology
opaque glass systems. L L _ .
1.5 Due to the possibility of additional residual stresses 3.1 Definitions—For additional definitions of terms used in

produced by ion exchange between glasses of different contlliS test method, refer to Terminology C 162. _ )
positions, some uncertainty may be introduced in the value of 3-1.1 cord—an attenuated glassy inclusion possessing opti-

the stress optical coefficient in the point of interest due to a laci€@! @nd other properties differing from those of the surrounding

of accurate knowledge of chemical composition in the areas d9'35S- o _ C162
interest. 3.2 Def|r!|t|ons of Terms Specific to This Sta_mdarc_i: _

1.6 This test method is quantitatively applicable to and valid 3.21 resu_jual stress—permanent stress that is _re3|dent ina
only for those applications where such significant ion exchang@!2Ssy matrix. Such residual stress may result either from heat
is not a factor, and stress optical coefficients are known of'€atment above the strain point of the glass, or from differ-
determinable. ences in thermal expansion between the glass matrix and a

1.7 The extent of the ion exchange process, and hence tfrd: applied enamel, or ACL decoration. B
magnitudes of the residual stresses produced due to ion 3.2.1.1 Discussior—The residual stress may be modified

exchange will depend on the exchange process parameters. THL1E" by heat treatment above the strain point, remelting and

residual stress determinations made on systems in which igh°Mmogenizing the glass melt, or by removal of a fired-on
exchange has occurred should be interpreted with those depefEramic or glass decoration. Residual stress caused by ion
dencies in mind. exchange may only be relieved by either reexchanging the
1.8 The values stated in SI units are to be regarded as trlass to _|ts original statg, removing the exchanged glass from
the matrix, or by remelting the exchanged glass and homog-
enizing the resulting glass melt.
- 3.2.2 applied color label (ACL)-vitrifiable glass color
1 This test method is under the jurisdiction of ASTM Committee C14 on Glassdecoration or enamel applied to and fused on a glass surface.

and Glass Products and is the direct responsibility of Subcommittee C14.10 on 3,2.3 polarizepan optical assembly that transmits |ight
Glass Decoration.
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vibrating in a single planar direction, typically positioned referred to as a sensitive tint plate, full-wave plate, or gypsum

between a light source and the specimen being evaluated. plate, having a fixed retardation value centered on 565-nm
3.2.4 retardation compensate+an optical device, variants wavelength.

of which are used to quantify the optical retardation produced 6.5 Compensatqr® appropriate variable retardation, used to

in transparent birefringent materials, typically positioned benull or compensate, and thereby determine, the magnitude of

tween the specimen being evaluated and the analyzer. the stress-optical retardation effect produced by the residual
3.2.5 analyzer—a polarizing element, typically positioned stress induced in the glass substrate. Variable compensators
between the specimen being evaluated and the viewer. may be used.
6.5.1 Wedge graduated birefringent, of continuously vary-
4. Summary of Test Method ing thickness, typically made of crystalline quartz, calibrated to

4.1 This test method provides for the quantitative determiyield retardation values directly and covering a range of four to
nation of residual stresses in transparent glass matrixes I&ix orders of retardation, or approximately from 2200 to
means of photoelastic retardation compensation procedure3300-nm total retardation.

Compensation is achieved by producing a retardation null or 6.5.2 Tilting Compensatqr* typically capable of allowing
extinction in the specimen using either rotating (11.2), bire-determination of five orders of retardation.

fringent quartz wedge (11.3), or tilting (11.4) optical retarda- 6.5.3 Rotating CompensatpP typically allowing a deter-
tion compensators. mination of retardation of one order or one wavelength in
. magnitude to be determined. A monochromatizing filter is
5. Significance and Use usually provided by the rotating compensator manufacturer.

5.1 The quality and performance of an article of glasswarecare should be taken to use the appropriate matching filter for
may be affected not only by the presence of residual stressege particular rotating compensator being used.
due to heat treatment above the strain point in the ware, but 6 6 Data Conversion TablesThe latter two tilting and
also by additional residual stresses caused by differences F’cbtating variable compensator types provide raw data in the
thermal expansion between the glass substrate, and either cofgym of angles of rotation, from which retardation data may be
fired-on vitreous enamel, or ACL decoration. obtained through the use of conversion tables provided by the

5.2 The effects of those additional residual cord, enamel, omanufacturer, specific to the particular rotating compensator
ACL stresses and the resulting performance of such items Ma¥eing used.
be evaluated by performance test procedures. Such evaluationss 7 Glass Immersion Dishstrain-free, flat bottomed, of

of enamel or ACL stresses may also be accomplished througd\siicient diameter to conveniently fit on the microscope stage.
the determination of appropriate physical properties of therhe jmmersion dish should not, in and of itself, add any
decoration and matrix glass, or by analytical methods. significant optical retardation to the field of view. The dish

5.3 This test method offers a direct and convenient means @fhould be of sufficient depth to enable the specimen section
determining the magnitudes and spatial distributions of réheing evaluated to be completely immersed in an index of
sidual stress systems in glass substrates. The test methodydSraction matching immersion fluid.
simple, convenient, and quantitatively accurate. 6.8 Suitable Immersion Fluichaving an index of refraction

5.4 This test method is useful in evaluating the degree ofatching that of the glass substrate being evaluated, generally
compatibility between the coefficient of thermal expansion oftg within +0.01 units in refractive index as mentioned in Test
an enamel or ACL applied to a glass substrate. Method F 218.
6. Apparatus 6.9 Sample Holderto orient and maintain the planes of

) _ . . stress at the point of interest (POI), parallel to the optical

6.1 Microscope monocular or binocular polarizing, having column of the microscope, if the geometry of the specimen
a rotating, and preferably graduated, sample stage. Binoculgtion is such that the planes of stress to be examined do not
microscope heads frequently contain a second, separate po"’ﬂ‘iftially parallel the optical axis of the microscope.
izing element intended to minimize internal reflections. If such 6.10 Means of Preparing the Section Containing the POI to
a binocular microscope is used, care should be taken to ensugg Analyzed such as an abrasive or diamond-impregnated
that the antireflection polarizing element is removed from thecutoff wheel, or a hot wire bottle-cutting apparatus. Care

field of Vi?W' An gyepiece containing mutually perpendicu-lar hould be taken to ensure that the section is not heated during
or otherwise easily referenced crosshairs should be provide utting so as to affect the residual stress distribution in the

For retardation determinations using rotating compensatiogpecimen section.
methods, the polarizing microscope must be equipped with & ¢ 11 Means of Physically Measuring the Optical Path

rotatable analyzer element, having a scale graduated in degrégg, oih paralleling the stress planes through the thickness of

of rotation, capable of be"?g read to at least 1% and gne gection containing the POI to within 0.03 mm (0.001 in.).
quarter-wave plate, properly indexed.

6.2 White Light Sourceshould be provided, together with
strain-free objective lenses yielding overall magnifications———
ranging typically from 25 to 108. % Compensators of Senarmont, Berek, and Friedel type and graduated quartz

; B ; ; ; R compensators have been found suitable for this purpose.
6.3 Iris Dlaphragm enablmg collimation of the Ilght beam 4 A compensator of the Berek type has been found satisfactory for this purpose.

transmitted thrOUgh t.he SpeCimen being eva}luated. 5 Compensators of the Friedel or Senarmont type have been found satisfactory
6.4 Compensatar fixed full-wave retardation, commonly for this purpose.
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7. Sampling properly oriented, that is, mutually perpendicular to one

7.1 The test specimens may be sections cut from appropria@other with no compensator installed. _
locations containing areas of interest to be evaluated in 9-4 If the field of view should not be at maximum darkness

for evaluation. The East-West alignment of the polarizer should be checked
and then the analyzer should be rotated to a mutually perpen-
8. Test Specimerfs dicular alignment with the polarizer, a position where the field

8.1 Ensure that the test specimen is appropriately anneale@f View is at its darkest, extinction position.
in that retardation due to inappropriate annealing could affect 9-5 On insertion of a fixed, sensitive tint plate or a full-wave

the retardation due to the stress systems being evaluated at tigéardation plate in the microscope accessory slot, which plate
POI. is aligned at 45° between properly crossed polarizing elements,

_ ) _ the darkened extinction field of view should then become
Note 1—To ensure proper annealing, determine the Stress'c’pt'ce}]eddish-purple or magenta in color
retardation in a comparable reference area of the test specimen away from '

the POI, free of ACL and other residual stress sources. Proper annealirig). Calibration and Standardization
should result in minimal retardation due to annealing stress in the selected

eference area. 10.1 For microscopes and compensators that are not

i factory-standardized to determine the optical sign of stresses,
~ 8.2 Cut a section, of generally not less than 2.0 mm (0.0§,¢ sense of the stresses being evaluated, that is, their tensile or
in.) and not more than 30.0 mm (1.18 in.) in optical pathcompressive nature, must be established for the particular
length, from the portion of the ware containing the POI. Thepicroscope being used with either a sensitive tint plate or

section may then consist of a bar, a ring, or other appropriately,|.yave fixed retardation compensator installed in the micro-
shaped section. . . _ _ scope column accessory slot between crossed polarizers. This
8.2.1 Inthe case of ring section specimens, espec_lally thosrﬁay be accomplished, for instance, by positioning a well-
used for cord, vitreous enamel, or ACL stress evaluations, opefhnealed split ring section, containing a saw cut or kerf, in the
the ring section with a vertical saw cut to form a narrow kerf, 14 of view as shown in Fig. 1. A bar section, or other
relieving whatever architectural stresses may be present in theyjipration section, may be similarly bent producing an iden-

section. _tical effect.
8.2.2 Care should be taken to ensure that both cut section

surfaces are parallel to each other, and are perpendicular to theNoTe 2—The calibration section used should have stress-optical retar-

optical path length of the section paralleling the planes O]datlon characteristics similar to the section being evaluated.

residual stress in the POI being evaluated. 10.2 Orient the outer original surface of the section, directly
8.3 If the sections being cut contain high magnitudes ofopposite the kerf, to lie parallel to the diagonal Northeast-

retardation at the POI, the cut section thickness may b&outhwest (NE-SW) direction in the field of view as seen in

decreased proportionately from the thickness values listed iRig. 1(@).

8.2 to decrease the magnitude of retardation to be measured at

the POL. NW NE

9. Preparation of Apparatus

9.1 Ensure that the microscope optical system is properly
aligned and the objectives to be used in the examination are
properly centered. The objectives should be relatively low
powered, 2.5 to 18 being used during the initial examination
procedure. The microscope eyepiece should contain a pair of

mutually perpendicular or otherwise easily referenced sw SE
crosshairs.

9.2 Orient the eyepiece such that one or both of the eyepiece (@) Blue Position
crosshairs parallel the 45° diagonal positions in the field of NW NE

view. The crosshairs will be used to orient the sections for
which retardation determinations are to be made.
9.3 The microscope polarizing element should be oriented
in the optical column at 0° or in an East-West (E-W) alignment,
while the analyzer should be set in the field of view at 90° or ’
a North-South (N-S) alignment, perpendicular to the polarizer.
The microscope field of view should be at maximum darkness

or extinction at this point if the polarizing elements are swW SE
(b) Orange Position
8 “Polariscopic Examination of Glass Container Sectiondgurnal of the FIG. 1 Split Ring Section Used in Establishing Stress Sense and
American Ceramic Societyol 27, No. 3, March, 1944. Proper Specimen Orientation
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10.3 Gently squeeze the ring section across a diameter TABLE 1 Retardation Color Equivalents With and Without
paralleling the NE-SW diagonal to produce a tensile stress on Sensitive Tint Plate (Observed Color in Flint Soda-Lime-Silica
A
the original outside section surface at the region of interest Glass Only)
(POQI) at PointA. A simultaneous compressive stress will be Note 1—Lettersa througho indicate the most distinctive colors for
generated on the inside section surface near the POI atBoint various ranges. When using the tint plate in the orange position, if the
directly opposite Poin& on the tensile surface color appears to fall betwearande, reorient the POI to the blue position,

. . - . and verify that the retardation color at the POI is indeled
10.4 NOte,and record the specimen POI Oner,]tatlon relatlvg Note 2—The retardation colors indicated in the table are referenced
to the two dlagonal pOSItIC_)nS, and the retardat'_on color Pro'only to transparent colorless flint soda-lime-silica glasses.
duced on the outside tensile surface of the section at Point

with the sensitive tint plate installed in the microscope.

With 565-nm Sensitive Tint Plate

. . " " Equival
10.5 Rotate the section 90° clockwise, such that the POI on Blue Position Orange Position Reta?;'avt?oi?tnm
the oqter orlglna'l section surface at Pofgtopposite the saw violetred violetred 0
kerf, is now oriented parallel to the Northwest-Southeast violet-biue (a) red (a) 20
(NW-SE) diagonal in the field of view as seen in Figb)L( (b) glark blue © red-orange gb; 32
. . . - - ue C orange C
10.6 Gently squeeze the section in a direction paralleling the . green orange-yellow @ 120
NW-SE diagonal and again note and record the POI orientation = deep green (e) gold-yellow € 150
and the retardation color produced on the outside surface of thef gfele“ @ ye'I'OW | Ef)) ;28
. . . pale green g pale yellow (¢]
section due to the tensile stress at Pdint _ (h) yellowish green yellow-white ) i
10.7 The blue position is defined as that specimen POl ~ greenish yellow @i white @) 290
orientation parallel to which a plangnsilestress of sufficient pale yellow gray-white 330
magnitude will be revealed by a bluish retardation color,
between crossed polarizers with a sensitive tint plate or Without 565-nm Sensitive Tint Plate
full-wave compensator installed. Aompressivestress, of Equivalent

. . . Orange position :
sufficient and equal magnitude, will be revealed by an orangy gep Retardation, nm

retardation color in the same blue specimen position. black 0
10.8 When the specimen section POI is then rotated 90° g;gs’;‘lms shades)  upto ggg
from the blue position to the position where its outside surface O dirty yellow 0 330
parallels the diagonal position opposite the blue position, that (k) dirty brown (K 380
sametensilestress will appear as an orangy retardation color, ((n?) E;gm‘r’eﬁ”ge E'r;) jgg
hence the name, orange position. The correspontingpres- (n) violet-red ") 565
sivestress, of sufficient and equal magnitude, will now appear (0) blue-green (0) 675
as a bluish retardation color in the orange position. A “Polariscopic Examination of Glass Container Sections,” Journal of the

10.9 Retardation readings should be referenced to the pafierican Ceramic Society, Vol 27, Number 3, March 1944.
ticular position, that is, blue or orange position, in which the
retardation readings were made. rotated to successive 90° positions relative to the initial N-S
10.10 Typical specimen section POI orientations, relative td®Ol orientation.
the particular compensator slow-wave direction necessary to 11.1.3 Rotate the microscope stage bearing the specimen
provide proper blue- and orange-position locations for thesection POI exactly 45° clockwise using either the graduated
variable compensators described in this test method, are show@tating stage scale or the eyepiece crosshairs as references
in Table 1. from the N-S orientation achieved in 11.1, to put the specimen
10.11 The particular diagonal specimen POI orientatiorsection surface containing the POI to be analyzed in a
corresponding to the blue position in a specific quadrant withifPIAGONAL (NE-SW) orientation.
the field of view may vary for different microscopes, depend- 11.1.4 The POI should exhibit its maximum brightness or
ing on the particular orientation of the polarizing elements andnighest order retardation color in this position.
compensators being used. Therefore the specimen-sectionll.1.5 Rotate the specimen section 90° counterclockwise to
positioning procedures outlined in 10.2 through 10.8 should b&he opposite diagonal position, that is, paralleling the DIAGO-

periodically checked and reaffirmed. NAL (NW-SE) orientation.
11.1.6 Observe and note the orientation and the retardation
11. Procedure color seen in the specimen POI, both with and without the

11.1 Specimen Orientatiea-Rotate the graduated micro- sensitive tint plate installed, in both orientations.
scope stage containing the specimen section so that the POl in11.1.7 The complementary retardation colors observed in
the specimen section to be evaluated is in a N-S orientationthe POI when oriented in opposing diagonal positions, both

11.1.1 The specimen section POI containing the residualith and without the tint plate installed, may be used in
stress system to be analyzed should be uniformly dark, with theonjunction with Table 1 to qualitatively determine retardation
fixed compensator removed from the field, as should theralues corresponding to various retardation colors observed in
background field of view exterior to the specimen. Thethe POI in colorless or flint soda-lime-silica glass only.
specimen POI is said to be in the EXTINCTION position in  11.1.8 Table 1 may be used to obtain an initial estimate of
this orientation. the magnitude of retardation present at the POI. This estima-

11.1.2 The POI should exhibit complete extinction on beingtion procedure also serves as a verification of the respective



Ay c o978

guantitative retardation determination procedures detailed imto the microscope optical path below the microscope con-
11.1.9 through 11.1.13. densing lens assembly. This filter monochromatizes white light
11.1.9 Note the orientation of the slow-wave referencefor the rotating compensator retardation measurement proce-
direction indicated on the body of the fixed sensitive-tint ordure, and is closely matched to a specific rotating compensator.
full-wave compensator. Rotating compensators may be constructed to require either a
11.1.10 Insert the fixed compensator into the accessory sl@46 or a 589-nm monochromatizing filter. Ensure that the
of the microscope optical column. The slow-wave direction ofcorrect filter is being used with the appropriate rotating
the fixed compensator should parallel the NE-SW diagonatompensator. The transmitted wavelength must be known, and
position as shown in Fig. 2. is used in the computation of the measured retardation.
11.1.11 Observe and note the change in the retardation color 11.2.2 Insert the fixed subparallel retardation compensator
exhibited at the POI in the specimen positioned under théully into the microscope accessory slot with the double-
intersection of the eyepiece crosshairs upon complete insertidreaded arrow indicating the slow-wave direction marked on
of the compensator. the compensator body in an East-West (E-W) orientation, as
11.1.12 If the retardation color at the POI increases in ordeshown in Fig. 3. Adjust the subparallel compensator such that
on insertion of the fixed retardation compensator, that isthe field is at maximum extinction. Secure the compensator in
different values of retardation color corresponding to increasthe maximum EXTINCTION position.
ing retardation values are seen, as depicted in a Michel-Levy N . . .

. : . . . ote 3—The microscope polarizer should have been previously
retardation COIQ_" chart, the specimen POl is oriented in th(f"a\ligned to a 0° or E-W orientation, and the analyzer should have been set
ADDITIVE position. to a 90° N-S orientation producing extinction or a darkened field of view,

11.1.13 However, if the retardation color at the POI de-as detailed in Section 9 on Preparation of Apparatus.
creases in order on insertion of the fixed compensator, the 11 5 3 position the specimen POI containing the tensile

specimen POl is said to be in the SUBTRACTIVE position. gress to be analyzed under the microscope crosshairs, and

11.1.14 To make a valid retardation determination, eXti”C‘orient the specimen section to a diagonal (NE-SW) alignment

tion, or retardation compensation, must be produced in the PQlg shown in Fig. &), using the specimen orientation procedure
in the specimen section under examination. Since tensile Qfeailed in 10.2 through 10.8.

compressive stresses will produce positive or negative retarda- 11 5 4 if the specimen contains residual strain located at the
tions, respectively, in most common glass systems, the sense @) the PO will exhibit a retardation effect in the form of a
the residual stress systems must be established using thgqhiened field at the POI, rather than appearing completely
procedures outlined in 10.2 through 10.8, and the POI properly, o extinct. Maintain the specimen POI in its (NE-SW)
oriented to the slow-wave direction of the particular Va”ablediagonal position.
compensator being used. The retardation produced in the POl 17 5 5 Rotate the analyzer element to an increasing rotation
must then be exgctly compensated or nulled by the particulaje value, beginning at the 90° EXTINCTION position.
variable retardaﬂon compensator belng. used. L Observe whether a null or extinction is produced at the exact
11.2 Rotating Compensator Retardation Determination - |ocation within the POI where compensation is to be deter-
11.2.1 With the specimen section containing the POI rég,inaq compensation will be achieved at an analyzer rotation
moved from the field of view, insert a monochromatizing filter, \, nare a zero order or dark retardation band becomes posi-
appropriate to the particular rotating compensator being use¢ioneq at the POI under the crosshairs as the analyzer rotation

SW

SN

FIG. 2 Orientation of the Fixed Retardation Compensator Slow- FIG. 3 Orientation of the Rotating Compensator Slow-Wave
Wave Vibration Direction Vibration Direction
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is increased from its initial 90° setting. Note and record theassembly containing the wedge compensator; the device allows
analyzer rotation setting corresponding to the extinction posithe wedge to be pushed through the field of view, an eyepiece
tion at the POI. containing mutually perpendicular or other easily referenced
11.2.6 If extinction, in the form of a darkened zero-ordercrosshairs, and an integral polarizing element that replaces the
retardation band, does not occur at the POI in the first 90° ofiormal microscope analyzer.
analyzer rotation, that is, by an indicated angle setting of 180° 17.3.4 The presence of the additional integral polarizing
rotation, the specimen POI must then be rotated 90° to thglement in the wedge assembly requires the removal of the
alternative diagonal position, and the compensation proceduriormal microscope analyzing element from the microscope
as detailed in 11.2.5, repeated to produce compensation @htical column.
extinction at the POI.
11.2.6.1 Reverse the POI positions in the procedure i
11.2.5 and 11.2.611.2.6 in the case of a compressive stre
determination.

11.3.5 The wedge assembly eyepiece lens should be focused
n the crosshair and wedge retardation scale; one of the
gf/epiece crosshairs should be aligned parallel to the retardation

11.2.7 The microscope analyzer setting from 90 to 180C;scale appearing on the sliding wedge body in the field of view.

rotation, at which compensation or extinction is produced in , +1-3-6 VY]ith the specimen sefction rr]er?.o:/edffr(.)m the ﬁEIdk?f
the PO, is then used to determine an optical retardation valu/€W: and the wedge removed from the field of view, rotate the
R, as follows: wedge assembly such that the polarizing element in the

microscope and the analyzer element in the wedge assembly

R=Axall80° @ are mutually perpendicular, producing a darkened extinction
where: field. Tighten the wedge mounting attachments to firmly fix the
N = wavelength, and wedge device on the microscope column in the EXTINCTION
a = angle of rotation. position, and prevent rotation of the assembly.

11.2.8 The retardation value is then used in the calculation 11.3.7 Slowly push the wedge compensator through the
procedure detailed in Section 12 to obtain the value of residualptical column, observing the progression of retardation colors

stress at the POIL. _ _ passing through the field of view under the eyepiece crosshairs.
11.3 Graduated Quartz Wedge Optical-Retardation Deter- 11 3.8 As the wedge is pushed through the optical column,
mination the order of progression of retardation colors observed may

11.3.1 If a graduated birefringent wedge (hereinafter rejnitially decrease from first order retardation colors to a zero
ferred to aghe wedggis to be used as the variable retardationgrger "or darkened extinction retardation band immediately

compensator, attach the wedge device to the uppermost portiQfder the crosshair reference line at the extinction position.
of the monocular microscope column, replacing the eyepiecgheck to ensure that the extinction position corresponds to a

normally positioned in the optical column. (See Fig. 4)  ;6rg retardation value on the calibrated wedge retardation
11.3.2 Remove the normal microscope analyzer, any fixed5e

retardation compensator, and specimen sections from the
microscope column.
11.3.3 The wedge device typically consists of a sliding

11.3.9 As the wedge continues to be pushed through the
optical column in the same continuing direction past the
extinction point, the retardation colors will then be observed to
increase in order. The progression of retardation colors pro-

duced will continue to increase in order, from black at the
NW EXTINCTION position, to increasingly lighter shades of gray
NE to white to yellow to red, following the sequence shown in
/ \ Table 1 for increasing values of retardation.
11.3.10 The first red retardation color observed at this point
in the progression of retardation colors is referred to as

first-order red.
11.3.10.1 The retardation color progression continues to
increase in order from red to blue to green to yellow to a
second, somewhat paler than the first, red retardation color.
The latter red retardation color is referred to as second-order
red. The progression of retardation colors from the last
Sw

mentioned yellow upward are slightly paler in appearance than
the first-order series, but are slightly more intense than the
third-order series which follow, and so on in the progression to
higher-order colors. The retardation colors continue to fade in
hue with increasing order, becoming more and more pastel,
until the separate colors become relatively indistinguishable
beyond the fifth order.

FIG. 4 Orientation of the Birefringent Wedge-Compensator Slow- 11311 Th_e d_arkened or black zero re_tardation line, WhiC_h
Wave Vibration Direction indicates extinction or complete retardation compensation, is
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observed to pass through the zero-retardation reference mankicrometres (um) indicated on the wedge reference scale
ing on the graduated retardation scale contained on the quaralling under the wedge-eyepiece crosshair, when that crosshair
wedge body. As the wedge is pushed through the field of viewis held perpendicular to both the wedge reference scale and the
the first-order magenta band is observed to occur at a retardROIl. This reading is the retardation value produced by the

tion reading of 565 nm, the second-order magenta band occuvgedge compensator at the POI, which nulls or compensates the
at 1130 nm, etc., as the wedge continues to be pushed througétardation present in the POI. That retardation value will then

the microscope column. be used to calculate the magnitude of the residual stress at the

11.3.12 Position the zero retardation line under the eyepiecBOl utilizing the procedure detailed in Section 12.
crosshairs corresponding to a zero retardation value as noted on11.3.25 The same retardation-determination technique, de-
the wedge reference scale. tailed above, may also be repeated with the sensitive tint plate

11.3.13 Insert either the sensitive tint plate or the 565-nnin place. The location of the point of maximum zero-order
compensator into the microscope column accessory slot.  retardation-band deflection, or the extinction point in the POI,

11.3.14 Observe and note the differences produced in theay be facilitated through the use of the sensitive tint plate. In
retardation bands in the field of view. that case, extinction will be indicated by a first-order magenta

11.3.15 The black extinction band, formerly at 0°, shouldcolor at the POI with the sensitive tint plate in place, rather
now be a magenta color, corresponding to a retardation of 5ethan a darkened or black retardation color, as is found with the
nm. This results because 565 nm of retardation has been addéat plate removed.
by the sensitive tint plate to the initial retardation value of 0° 11.4 Tilting Compensator Optical-Retardation Determina-
at the reference point on the wedge body. tion:

11.3.16 The former first-order magenta band, corresponding 11.4.1 Ensure that the tilting compensator is set at its ZERO
to a retardation of 565 nm should now appear as a second-ordeetting prior to inserting the compensator assembly into the
magenta band, corresponding to a retardation of 1130 nm. Thigicroscope accessory slo¥arning—Failure to position the
latter retardation value is produced by an addition of twocompensator dial to ZERO could result in damage to the tilting
separate retardations, one produced by the sensitive tint plategmpensator body.)
and the second produced by the quartz wedge. 11.4.2 Verify that the polarizer is set at an E-W orientation,

11.3.17 The previous intermediate retardation colors are and the analyzer is set in the mutually perpendicular 90° N-S
increased by the additional 565 nm of retardation added by thposition; remove any fixed compensators from the microscope
sensitive tint plate, resulting in the retardation colors appearingolumn. The field of view should be darkened or at extinction
in the field being increased by the one order of retardationn this orientation with the specimen section POI removed from
produced by the compensator. the field of view.

11.3.18 Remove the sensitive tint-plate compensator from 11.4.3 Position the specimen containing the POI under the
the accessory slot, and reaffirm that the wedge analyzer arglyepiece crosshairs, and align the specimen POI to one of the
microscope polarizer are mutually perpendicular by the presdiagonal positions, as detailed in 10.2 through 10.8, and as

ence of a darkened field of view. shown in Fig. 14) and ).
11.3.19 Now insert the specimen section containing the POI 11.4.4 Insert the tilting compensator into the accessory slot.
to be evaluated into the field of view. Ensure that the slow wave vibration direction marked on the

11.3.20 Orient the specimen POI to a DIAGONAL align- compensator parallels the (NE-SW) DIAGONAL position as
ment, that is, parallel to the long axis of the wedge, andshown in Fig. 5.
perpendicular to the slow-wave direction of the wedge as 11.4.5 With the compensator set at 0° rotation, the POI
detailed in 10.2 through 10.8, and shown in Figo)1( should exhibit a retardation of order greater than zero, that is
11.3.21 Slowly push the wedge compensator through théhe POI should not be at EXTINCTION, if the POI contains
optical column until a darkened retardation extinction bandesidual stress.
occurs in the POI under the wedge-assembly crosshairs. 11.4.6 Slowly rotate the compensator dial from zero to a
11.3.22 The darkened retardation extinction band within théarger angle setting in one of the two clockwise or counter-
POI will be observed to deflect away from the crosshairclockwise-rotation directions.
centered on the zero-retardation reference line, to either 11.4.7 Observe whether a darkened extinction or zero retar-
positive- or negative-retardation scale readings on the gradwation band crosses the POI from a direction paralleling the
ated wedge-reference scale. A determination must be made aftating compensator slow-wave or NE-SW direction, prior to
the position of maximum zero-retardation band deflection inthe observation of a first-order red retardation band as the
the POl which corresponds to the location of maximumcompensator dial setting is increased.
positive or negative retardation. 11.4.8 If a darkened extinction or zero retardation band is
11.3.23 The wedge must be positioned, by carefully slidinghot observed at the POI prior to the observance of a first-order
the wedge compensator back and forth in the optical colummed retardation color, rotate the compensator dial back to its
so that the point of maximum zero retardation or extinction-zero setting, and then rotate the compensator dial to increasing
band deflection in the POI is centered under the wedgeangles of tilt in the opposite direction of rotation.
assembly crosshair. 11.4.9 If the first retardation color observed passing through
11.3.24 Note the corresponding value of retardation, exthe POI from the opposite direction of compensator tilt is red,
pressed in either nanometers (nm), millimicrons (mp), orrather than a darkened extinction zero-order retardation band,
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being evaluated, may be calculated from the determined optical
) retardation data, the stress optical coefficient of the matrix
Nw NE glass in question, and the thickness of the section at the POI as
follows:

R

MECSICIC] @

2
=
(0]
@
@D

calculated stress corresponding to the difference in
principal residual stresses, Pa,

measured optical retardation value, nm,
stress-optical coefficient of glass,

section optical path length at the POI, cm, and

units conversion factor.

12.2 The following equations typically apply to retardation
measurements and data that are obtained for soda-lime-silica
glasses typical of either container, tableware, or flat-glass
manufacture, in the listed units:

A 0OX

K\

[1.50% 10*] X R
FIG. 5 Orientation of the Tilting-Compensator Slow-Wave S= - d ©)
Vibration Direction
[3.80x 10*] X R
the specimen is in the ADDITIVE diagonal position, where the S=——73 Q)

separate specimen and compensator retardations add to on
another. A retardation null or extinction is not possible in that

i ) . ! glass section in question has a stress-optical coefficient of 2.63
ADDITIVE diagonal POI orientation. The specimen POI must o -
. ; Brewsters. For glass compositions whose stress-optical coeffi-
be rotated 90° to the opposite SUBTRACTIVE diagonal g b P

. ) I ) ients are different, a correction factor equal to the appropriate
position, where a retardatlon_ null or extinction can be aCh'evedEatio of the respective stress-optical coefficients may be used in
.11'4'10 Rotate the Specimen section 90 _to a (NW-SE he above equations. Stress-optical coefficient data for repre-
d|ag(_)na| alignment using the_graduated specimen stage. Tr%‘?a-ntative generic glass types are listed in Table 2.
specimen POI should noyv_be in the SL.JBTRACTNE diagonal 12.4 Weigh the calculated maximum residual-tensile-stress
position, and should exhibit a retardation color of order IowerV lues depending on the location in the glassware specimen
than the darkened zero-order retardation band, if both residugl) " \vhich the sections containing the POI's were cut, in
stress is present at the POI and the analyzer dial is set at Ze19. -ordance with the following scheme: ’
hll'lf'j'll Rotation gf tL'e agalyier t@al In one tll'zjduecttlog 12.4.1 Multiply tensile stress, located directly on the outside
should now move a darkened exunction or zero-order retardag, 4.6 of the ware from which the sections were obtained, and
tion band t.hrough the POI, from a d|rect_|on paralleling the hich surface is subject to mechanical damage, by a factor of
(NE-SW) diagonal. The analyzer dial reading should be note ’
once the darkened extinction band has been carefully centered

82.3 The equations in 12.2 assume that the soda-lime-silica

12.4.2 Multiply tensile stress, located directly on the inside

on the POI. ; ; -
. surface of the ware from which the sections were obtained, and

11.4.12 The analyzer dial should then be rotated back to
zero, with rotation cqntin_uing in the opposite tilt d_irection. A TABLE 2 Stress-Optical Coefficients of Glasses A
second darkened extinction or zero-order retardation band witt StressOpical
be observed to sweep through the POI in the field of view from Type of Glass Coefficients, 5 B, (B, Brewsters)
a direction opposite to that of the first extinction band, but nm/mm-MPa
paralleling the same direction of motion as the previouslysiica 701.21 (3.47)
noted extinction band. After centering the second extinction, 96 % silica 74246 (2.45-2.65)

. . K oda-lime 494.97-536.22 (2.45-2.65)

band on the POI, the analyzer dial reading should again bg.ag-aikali-silicates:
noted. Medium lead content 515.60-556.84 (2.55-2.75)

11.4.13 The two analyzer-dial tilt-angle readings, corre- %% 750 e gg’gz)
sponding to the two _extinction positions pr(_)duced in t.he POI, g0 % Pbo 206.24 (~1.05)
are used to determine an optical-retardation value in accomorosilicate
dance with the procedure established by the manufacturer fop-o% expansion 783.70 (3.9)
that particular tilting compensator. That retardation value iS |ow electrical loss 069.32 4.8)
then used in the calculation procedure detailed in Section 12 t@uminosilicate 536.22 (2.65)
determine the value of the residual stress at the POI. A Shand, E. B., Glass Engineering Handbook, 3rd Ed., McGraw-Hill, New York,

. 1984, Table I-12, pp. 2-31.

12. Calculation B Conversion to metric engineering units: The stress-optical coefficient data may

. . . e converted to metric engineering units of (mp-cm/kg) by division of each
12.1 The residual stress Value’ correspondlng to the dlfrel}(znm/mm-MPa) value by 206.238, and multiplying each Brewster value by 209.126,

ence in principal stresses lying parallel to the section surfacesspectively.
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which surface is not subject to mechanical damage, by a factor 14.1.3 Locations within each specimen from which sections
of two thirds (0.667). containing the respective points of interest were obtained.
12.4.3 Multiply tensile stress, buried within the thickness of 14.1.4 Individual retardation values determined for each
the section from which the sections were obtained, which argpecimen POI.
not subject to mechanical damage, and which are away from 14.1.5 Thickness of each section at the respective point of
both interior and exterior surfaces, by one third (0.333). interest.
13. Interpretation of Results 14.1.6_ Details of the calcula_tion (_)f residgal stress, in accor-
. dance with the procedure outlined in Section 12.
13.1 These procedures may be used to determine those, 1 7 Magnitudes of the calculated residual stresses, listing
residual stress values in glass substrates where the Stre§Seir tensile or compressive natures, and detailed description

optical coefficient is either known or determinable. of the appearance, orientation, and location of the stress system
13.2 In certain systems in which compositional changes dugt each respective POI.

to ion exchange may be produced between substrates contain-

ing different alkali ion _species, those compositional (_:han_gegt5_ Precision and Bias

may lead to an uncertainty of the stress-optical coefficient in a ) o ) .

POl immediately joining the two substrates. The ion exchange 1°-1 This study was performed with six laboratories using

process itself may lead to the formation of tensile stresses iaiX Materials with three test results per material. The minimum

the substrate in which different sized ions are chemically€duirements for an ASTM study are six laboratories, four

exchanged. Consideration of those ion-exchange stresses mij&gterials, and two test results per material. ASTM software, in

be included in any interpretation of stress systems for whiciiccordance with Practice E 691, was used to compute the

residual stresses are being analyzed, and in which ion exchanffP€atability and reproducibility.

is a possibility. 15.1.1 Four of the laboratories used the quartz wedge
13.3 The presence of tin- or titanium-oxide coatings on thd€chnique and two laboratories used a polarimeter.

glass surfaces may produce an optical-retardation effect, giving 15.2 Precision Statement for Residual Streg¥eeision,

the appearance of an inhomogeneity lying on the surface of gharacterized by repeatability), repeatability standard devia-

section being evaluated. Such coatings will produce a hightion, S, reproducibility (R), and reproducibility standard

order retardation, lying in an extremely thin layer on thedeviation,S;, was determined for the materials listed in Table

outside surface of the section. The retardation, due to such &

oxide layer, will exhibit extinction on rotation of the section. If

the retardation disappears after treating the section surface with TABLE 3 Precision Calculations

a 6 volume % caustic sodium hydroxide solution at 60° C for nore 1-—in order to use Practice E 691 software, negative numbers

a 1-h duration, the observed retardation is due to oxide coatingave to be eliminated. As a result of this, 90 nanometres (nm) was added

and does not represent an inhomogeneity. to every value of retardation.
Material ~ Retardation AVG#(nm S, S, r R
14. Report om S ®
o ) 1 165.694 4000 28761 11.452 80.531

14.1 Report the following information: 2 97.122 8594 11409 24.062 31.945

14.1.1 Name of the investigator, method of retardationf1 Z;g-ggg 1‘;-3?: ;g-ggg ég-ggi gé;gg
compensation used, and full description of the specimensg 214.439 6.696 25079 18749  70.220
evaluated, as follows: 6 96.833 8179 11.357 22.903  31.801

14.1.2 Date, time, location, and manner in which the evalu-

- X A Average (AVG) was determined by round robin testing in Subcommittee
ated specimens were obtained. C14.10.
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