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The throe spectral ty,
dark green, were subjectse

of museovite gheat mica, i, very pink ruby, light green, and
to heat treatnoents as temperatures np o 600 *0,

The changes

in the apparént optie axial angle and in the abporption gpectrs (L3 to 15 p) were studied

along with color.

'he diferentistion of musiovite shest aseording to thess spectiral typeg axtends (o the
babavigr of ?Eeamnt optic axial angle and t¢ cortain Fegions of the apestrum under beat

treatiment.

pink omsociated abeorption regfon (047 to 0.6 o) can be ephaneed or

hlenched away by approgriat& thermel treatinent, although the associated infraccd multiplet
a

at § to 8.5 p ig little
temperature of treatiment.
of calor centers.

It has been shewn that messurable differences
oxish In apparent optic axial angle and absorption
gpectrum, a8 well as in color, for muscoviie sheet
micas. These differences indicate that thers must
ba basic chemical and sirvetural varigtione. They
further provide a quantitative, thomgh complex,
catesorization of the material [1]2

The presont paper reports the effect of heat
treatment on color, agp&rcmt. optic axial angle, and
sbeorption spectrym for zeverel of the representa-
tive catagories of the materinl so esiablished. The
trepiments were 8t temperatures of 600 *C and less,
usually considered to be helow the decompesition
puant.

1. Experimental Procedures

The details of measurement of spparent optie
axial angle, abaorption epectrun, and color are a=
before (1,2].

Comparisons of spectrel variations ara
in terms of the resonance absorption eo
low backpround), o.(R), defin
appropriately placed base line as

in made
eient {be-
with respect to an

(B} = ‘:1 In (T T (1

where Ty 1= the transmissiom st the resonance band
cantar, Ty i the value at the base line for the same
wavelength, and ¢ iz the specimen thicknesa,

Color was detsrmined by somparison with the previ-
ouely selectad standard samples,

1.1. Specimens

Three catcgories of mascovite sheet were chosen,
These ware very pink ruby, light green, and dack

! Flgarea i besckoets Indbesis Khe Literature refeooees &4 thd and of Huit pﬂ.‘plcr,

scted, The sbsorption band abt 12 p ineresses in intenaity with
It i aspected that the 0.47 to 0.6 u sbsorption is tha readlt

green, which represent the three end-typea B de-
fined in the earlier work.

Crystal sheets were all of hjgh quality, ¥-1 to
V-4 [3], with origins in India, Brazil, Tanganynka,
and the United Statas.

As appropriste combination of visual color deter-
minatlon and restriction to rnagnituyde of apparent
optic axial angle can assure selection of these snd-
%vpea, such procedure was used for sample choice,

pecitnens were frast szelected secording to visyal

color. They were then picked for mammituds of
appatent optic axial sngle. The ver{epmk ruhg
specitnene were restricted to angles betwoon 88
and 72.5% Light greens wers restricted to angles
greater than 72.5%. Ilark greens were taken with
atgles less than 68° Selection was furtker re-
stricted to those speeimens for which repeatability
w;a:arubtained in the meazurement of angle to within
& of arc.

1.2. Heat Traatment

Specimens wera air fired. Several temperaturs
time echedules were used which employed tempers-
tures of 300, 500, and 600 *C snd tune intervals
ranging from 3 min to 72 hr, )

Zamples wera contained in covered Vycor crucibies
to sveld contamination, Crucibles were firat chemi-
rally cleaned and air fired at 500 *C. Clean pro-
cedures of sample handling were employed.

To reduce tﬁermal lag the firebrnick supports for
the crucibles were first brought to tem ture in
the muffle furnace. These were then quickly with-
drawn, the loadad crucibles were set in, and tha
agsembly moved back inte the furnece. With-
drawal was in the reverse order. The interval of
treatinent was measured from the time when the
crucibla went into the furnace to that when it was
withdrawn and taken out of the firabrick holder.
The copsequent heating snd cooling data for &
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typical sample were as shown in fipure 1. For these,
tamperature was meagured with a fine thermocoupla
inserted between laminae, It iz seen thet 3 min in
the furnace, set at 500 °C, caunsed the sample tem-
perature to rise to ~430 a(} and to be above 400 *C
for sbout ¥ min, Ten minutes in the furnece
caueed the sampls tetmperature to be above 450 °C
for over & min.

To Jessen the number of runs, many samples were
placed in each erucible. As & conkrol procedurs
appropriate mixing of sample categories in these
In some rune szmples from
ther. In other runa

cructbles was wsed.
each end-type were mixed
gatnples were grouped accor to one iypae only.

Both sequential and individusl temperaturs times
were utilized, i.e., some samples were heated to a
sarieda oI temperafures, for varying timoea, other
eamples received & single temperature-time trest-
ment. Specific treatmenta were a3 follows:

1. Various time intervals at 200 and 500 °C,
mixed samples—Crystnl sheatsa were sectioned and
distributed into a number of crueibles. Each
crucible had three eamples, one of each of the end-
types, go placed within it a5 to be aeparated from
each other, and each crucible received one particular
temperature-time freatment. A tempersture of
300 “C was used for time intervals of 30 min and 5,
24, 48, and 72 hr. A temperature of 500 °C was
used for time intervals of 3, 10, 30, and 90 min,
5 and 24 hr.

2, Fixed interval of 24 br af zeveral tomperatures,
no mixing—Samples were secticned and distributed
into the erncibles so that only one type was in each
crucible. Three crucibles, one for each type, were
heated ngdether_fur 2 gpecific tima and temperature.
Tha period of time waa 24 hr. Temperstures were
300, 500, and 600 °0.

3. Interval of %0 min at 300 °C, no mixing—
Same preparation as (2),

4. Buccessive treatments for 24 hr at several
termnperatures, mixed samples—Mixed types of single

crystal sheets ware hoated successively at 300 *C-24 _.

hr, then 500 “C-24 hr, and then 800 *C-24 hr.

When sectioned, n tol sheot wos cut into 8
numbar of pieces of ares not less than ¥ in. %%
in. Angles andfor spectra were obtained before
and after treztment on each individusl section.

2. Results
2.1. Bpectum

due to heat treatment are
suhstantial in the .3 to 1 & region. The infrared
rogion of 1 to 15 p is less affected with little correla-
tion found except in the 3 to 3.5 & and 12 p aTeas.

The spectral chan

a 03t la

Representative resylts in the 0.3 to 1 g region for
the & end types are shown in figures 2, 3, and 4.
Each {igure is for a ﬂing:leE:crflﬂ.tal which had besn
cut into four sectione. section received &
specific temperature treatment for 24 hr {procedura

¢. 2). The very pink ruby and dark E‘een types
are most affected but with different overall reeponae,
Quantitative resulte are piven in figures 5, 6, and
7 wn terms of tha shsorption coefficients for wave-
lengths of 0.44, 0.49, and 0.53 i, which coefficients
?}?ve been used previously to cateporize muscovite

eak.
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These data chow that the red color of the pinlk
ruby is enhancad by the low temperature (300 °C})
treatment, but that bleaching resylts from the
higher temperatures. The color changes from pink
to n grayswith residual pinkness after 500 °C and
to pray after 600 °C. The deep abeorption edge

ifts to shorter wavelength. Transparency iz also
incr%ed by 500 *C but tends to diminmsh after
600 .

The 0.47 to 0.8 u pink assomated absorpticn
region 1z ulao enhanced in the dark green by 300 °C
treatment, which caused the material t¢ become
khski in appeorance, ‘The higher temperatura again
dimini the pink associated abzorption and turned
color 10 & v deep greem. {pacity increased
congiderably and the sbaorption edge shifted strongly
to longer wavelengths, Two additional coefficients
bave bean introduced to describe the broad absorp-
tion which has appeared at ~0.72 4 a8 center wave-
Iength. These are oeqs, the total absorption

coefficiant at .72 p (— ::lTln T and ag.qs, the resonance

sheorption coeflicient, eq (1}. These two cootheients
meraurs height of the absorption as well as the
bage-to-peak value.

Light green was leagt saffesied. Thiz typical
apecimen tool on & elight pray cast after 300 °C
treatment with & small inerease in the pink ssscciated
abeorption region at 0.47 to 0.6 p; however, color
roturned to hght ereen affer the high-temperators
treatments.

Pink ruby specimens which had been exposed to
500 “C for 24 hr were subscquently heated at 300 “C
{or a8 Jong a= 52 hr. The pink associated absorption
region of 0.47 to 0.6 p was not restored. On the
contrary, such trestment then caused a further
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Fioure 10

leveling of the spectral profile. Bleaching does not
appear to be epontaniously reversible. Induced
visible changes heve romeined stable of room
temperatures for over two years, i

The responsa of the pink amociated region is mors
complex than slready shown. Typical kinetics of
the reaction are shown in figure 8 for treaticents st
300 and 500 *C. Whereas the red color is seen to
inereazo with Aring times at 300 °C, 500 °C treai-
ment enhenced the red color after short treatment
but bleached it away on longer exposures. At the
sBiLe timo opacity increased slightly with short ex-
posure but dimimshed en long exﬁoeure. _

The relationship of the shifi in the absorption edge
a3 & result of trestment st 600 °C to the initial
value of apparent optic axial angle is shown in
figure §. E‘ia twe outlined regione denote the
genera] aseociation previously found [1] for untreated
samples between the height of the absorption edge,
here meazurnd by oy, and apparent optic axial
angle, VPR designates the domain of very pink
ruby specimens. The other ragion represenms the
general relationship for all epecimens other than vory
pink ruby. Tha dirsction of change, as shown by
the arrews, and the magnitude of changa in ay., a3
shown by the length of the srrows, due to treatient
are dependent upon the initial coordinates, These
specimens which originated within the VPR domain
dllPiniﬂhed in value of ogas. All others inereased in
value,

b 1ta1Sa

The effect of trestment on the 3 te 3.5 x pink
corvelutod infrured region is shown in figure 10.
Variations are shown for threo very pink ruby
specimens of different initisl values of o, and for
comparison the results are included for a ruby
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Froume 13, Bakovior of apporent optic augle with hegf schedule
for ke three apeciral dypes: pink ruby, Lght prect,
mnd dnrk grace.

specimen with swall initizl a0 (green ruby). Each
ervatal was subjected to sucessive temperatures of
300, 500, and &00 °C for 24 hr at each temperaturs
{procedure 4). Although decreased by these treat-
mentz, the 3 to 3.5 4 absorption does not disappaart.
Thia ia in contrast to the response of the visible pink
amsociated Tegion of 047 to 0.0 4.

No noticeable incresse in absorption was found
in the 3 to 3.5 4 region in the light green and dark
green bypes.

Changes in the 12 g area are given in figures 11
and 12, Tn general heat trestment causes an in-
cressed ahsorption. Some specimens, =5 these
pxamples show, decrease in a tion after low
temperature heating. Such hehavior 1s gimilar to
that of the viaihﬁ; pink associated absorption;
however, a consistent correlation of this effect with
the color was not found.

No overall trends were found for the remaining
bands of this region, slthough the thermal behavior
of the 13.3 and 14.5 & bands generally followad that
of tha 12.5 u band, just a3 wae the case for untreated
specimans,

2.2 Apparent Cptle Axicl Angle

The apparent optic axial angle changes by frac-
Lions ofp 3 degree with these low temperature
trestments snd in & manner diztinctive with each
spectral Lype.

The manner in which the appsrent optic axial
angle varies with the severity of thermsl treatment
&3 & function of end type ¢an be seen in fizure 13,
These detn were taken from 21 aselected crystal
sheets appropriately sectioned and distributed for
thermal procedutes 1 through 3. Of these crystals
eight warc very ﬂnnk tuby, seven were dark green,
and six were light green. The complete spread mn
the date is shown for each tempersture-time and
average values are joined by the line segments.

It & seen {fig. 13) thst the low-temperature
{300 °C) hehavior is essentially the same for all three
types in that the mngle is incressed to & maximum
with short exposura but then diminished by longer
exposure, Om the average light green has t o emnall-
est inerease in angle, whila dark green has the largest
when subjected to 300 °C. However, the high tem-
petatures of 500 and 600 °C cause chabges m angle
characteristic of each type. Pink ruby and dark
ﬁf““n experience chenges in angle opposite in sign.

he changes in hght green show sowe characteristics
of each of the other two.

3. Conclusions

t.hThﬁ diﬁem{;itiatiun %f muacuvitke shie;tr according o
e thres and-types of v pink ruby, Light green,
and dark graen sppears me auhstantiatl;%h by their
response be thermel treabment.

ﬁe chunges caused by these relatively low-tem-
perature treatmen b raise & number of questions about
the structure of the materinl. Particular attention
is marited by the effects on the visible and the infrared
pink associsted abeorption regions of .47 t0 0.6 4 and
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3to 3.5 The3 to 3.5 ; absorption waz only found
in ruby specimena along with a direct assciation with
the 047 to 0.6 u shsorption [1]. But thermal treat-
ment can hoth enhance and bleach out the visible
abaorption while the infrared absorption is relativel
Yitle affected. Too, the vimible absorption is & we
structure on the e,cfge. of & desp sheorption edpe.
Thess factoms point to a defect structure as bein
r?}pnnsible for the 047 to 0.8 u absorption, whic
defect structure 18 the result of a particular crystal
molacular arrangement evidencing the 3 to 3.5 &

absorption.

The author thanks John C. Schleter of Metrology
Division for the spectrograms of the 0.3 to 1 p region,
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