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FOREWORD

The work outlined in this semi-annual report was performed
under Contract DAHC15-69-C-0303, ARPA Order 1441, and Program
Code P9D10, The work was performed within the Consumer and
Technical Products Division of Owenrs-Illinois, Iné., Toledo, Ohio

and covers the time period from 1 January 1971 through, 30 June 1971,

The principal investigator for the program is N, L. Boling
and che program manager is H. A, Lee, The thermodynamics of the
melting of laser glass in platinum is being conducted by L. Spanoudis
under the direction of P, R, Wengert, This contract is administered
by the Chief, Defense Contract Administration Services Office,
Toledo, Ohio. Dr. Maurice J, Sinnott, Director for Materials Sciences,

ARPA, is the Contracting Officer's Technical Representative,
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ABSTRACT

This report discusses surface and particulate damage to
laser glass by high power laser pulses, Surface damage is studied
through high speed holography. Holograms of damaged samples are
taken within a few hundred nanoseconds after damage. The plasmas
and acoustic disturbances associated with damage and visible in
these holograms are analyzed in detail, The possibility of
eliminating damaging particles from laser glass is examined in a
thsoretical and experimental investigation. Melting of glass under
reduced partial pressure of oxygen in platinum is presented as a
method for accomplishing this elimination. Also discussed in this
report is the design of a high power, high energy, TEM¢o mode laser

to be used in damage studies,
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1. SUMMARY

Tite work described in this report is a continuation of the work
reported in the .emi-annual report of 31 December, 1970, The reader
is referred to that report for orientation to the work bein~ performed
under this contract. Only results and modifications of the last six months
will be discussed herein,

On the investization of surface damage, o hish speed holoar-phic study
of the damage process has been made. Holograms tiken with a G-switched
ruby laser show damaged samples at various times. nominallwv .. few hundred
nanoseconds, after the damaging pulse has passed threugh chem, The surface
plasmas are clearly visible in the holograms. Acoustic disturbances from
the damage sites can also be easily scen. 1

Using the holograms the ion and electron temperatures, electron densities,
and plasma expansion velocities can i obtained. Ton temperuatures of 10,000k
are measured approximately 200ns «fter the damnzing pulse. Electron densitien
in the plasma at the time of the damue are cstimnted to be typicallv jreater

21 . 3 . ‘s 5.

than 10 electrons/cm ., Plasma exp-nsion velocitives greater than 10°cm, sec
are found 2QUus after the domaze occurs,

i possible surface damage mechanism invoives the radiastion of the surfa:e
by ultraviolet photons from the surisce plasma initially Jormed by desorption

of impur.tics at tite surface, This vadiation renders the surface highly

absorbent to the incident laser puls:,
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A great deal of progress has been realized in the desizn and
consztruction of a hizh power, high energy laser operating in the TEMgpg
mode. This laser is meant to be usced in future damage studies. The
oscillator is essentially complete und is reported on here. Encergies of
200-300 millijoules in 20-40ns pulses are expected to be obtained from
the oscillator,

In order to study damage at shorter pulse lengths, an optical shutter
will be installed in the TEMy, mode laser. This shutter, will allow
attainment of pulses variable in temporal width from approximately 2-40ns.

Work has continued on the thermodynamics study of melting laser glass
in platinum crucibles. Some of the results obtained in the past six months
are as follows:

1. Both theoretical consideration and a chanze in the Pgp during the melting
history of the samples used in the Battelle study indicate that the partial
pressure of oxyzen is an important parameter to control,

Do sn ex'ensive literature search has been compiled on the activities of
metils in plotinum and on the activities of oxides in glass,

3. Using various theoretical m;dels, the thermodynahic activities of metals

in platinum ond of oxides in laser glass cannot be estimzted within two orders

of magnitude.
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4, A technique was developed which enables the simultaneous determination
of the activities of several oxides in a glass composition and the activities
of corresponding metals in dilute solutions of one of the more precious

metals, such as Pt, Pd, Rh, and Ir,

5. The thermodynamic activities of Li,0, Ca0, A150,, and $10,, have been
determined in an Li0-Ca0-S107-Nd;04 laser glass at 3 Poz's. The activities

of the corresponding metals in platinum have also been determined.

6. It has experimentally been determined that the L120-CaO-Sicz-Nd203
laser glass can be melted in platinum at an oxygen partial pressure of 10"10
atms, without crucible attack, Using the derived thermodynamic data, it
0-12

appears that oxygen partial pressures in the 1 atm. range would cause

platinum crucible failure at 1700°K (21,00°F).
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2. HOLOGRAPHIC STUDY OF SURFACE DAMAGE

2,1, Damage Mechanisms

Several investigators have hypothesized various mechanisms to be

resporsible for surface damage of glass subjected to a high power laser

pulse, Some of these are as follows:

1.)

2.)

3)

4.)

The electrostrictive interaction between the laser
beam and the glass causes a rsdial constriction of the
glass, The Poisson effect resulting from the squeeze
causes a compression wave to be propagated along the
laser beam, When this compression reaches the surface

the unloading effect causes rupture of the surface,

Stimulated Brillouin scattering initiates and amplifies an
acoustic wave which propagates along the forward direction

of the beam, This wave ruptures the surface upon incidence,

The surface plasma, which invariably accompanies surface damage
and which forms in the ficrst few nanoseconds of the laser pulse,
rapidly expands upon partial absorption of the tail end of

the pulse. This expansion creates a shock wave which damages
the surface, The plasma originally stems from desorption of

impurities from the surface,

The surface plasma of (3) bombards the surface with thermally

energetic ions. This results in thermal erosion of the surface,

wlyu
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Self trapping could play a role in any of these by increasing
the energy density of the laser beam, In fact, observations indicate
that self trapping is very often, if not always, associated with surface
damage. Thus any of the various mechanisms hypothesized to cause self

trapping could also be considered, at least indirectly, a cause of

surface damage.

«5-
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2.2 Experimental Arranzement

As a means of studying the damage process near the time the damage
occurs, we have been using high speed holography. Figure 1 is a diagram
of the essentials of the experimental arrangement. A glass oscillator-
ampl fier system emits a 40 ns pulse of up to eight joules, This is passed
through a lens of 150, 25 or 10 cm focal length and then is incident upon
the glass sample to be studied. The sample is a one inch cube of ED-2 in
most cases, When the 150 cm lens is used, the sample is placed about 130 cm
from the lens, When the 25 cm lens is used the sample is about 20 cm from
the lens, When the 10 cm lens is used the exit face of the sample is
generally placed just before the focal point of the lens., With these
arrangements the energy density varies from just above £he damage threshold
with the 150 cm lens to well above 150 j/cm2 with the 10 cm lens.

At a selected time after the damage pulse from the glass laser a
hglozram is made of the sample with a ruby laser which emits a TEM,, pulse
of 20 ns duration. The time interval between the damage pulse and the
hologram pulse can be varied from 0 to several microseconds. Up to 500 ns
the interval can be controlled to within 10 ns. After the photographic plate
on whigh the hologram is made is developed, the virtual or real image of the
sample can be studied or photographed &t leisure,

Two types of holograms are made with this apparatus, single exposure
and double exposure. The single exposure, in which the ruby laser is fired

only once, results in a shadowgram superimposed on the hologram of the sample.



‘Yhe shadowgram shows regions in which the optical density changes rapidly

in space. The double exposure technique requires that a hologram first

be made of the sample without the damaging pulse. Next, the sample is
subjected to the damaging pulse and another hologram is made, using the

same photographic plate, after the sclected time interval. The result is

a hologram of the sample with frinies due to its change in state during the
time between the two holograms. A shadowgram is also present in the resulting

hologram.



2.3 Experimental Results

Introduction

Before describing any of the results obtained it should be noted
that this was not a study of the damage threshold per se. The intent thus
far has been to gain experience in the holographic technique as it applies
to this particular problem and to study damage mechanisms. In the latter
case it seems worth mentioning, since the point scéms so often missed,
that much can be learned about a physical process which is of interest
within certain limits by studying that process well outside those limits,
Thus studies of gross damage could well lead to an understanding of the

less severe damage encountered in practice.

Holograms

In this subsection, we present some photographs of holograms
representative of those made in this study. Interpretations of these will

be made as appropriate,

Figure 2 is a photo taken of the virtual image of a double exposure
hologram, The time delay between the damaging shot and the pulse which made
thr .~ ogram was 190 ns. The lens used to focus the damaging beam was the

i s focal length lens,

Both exit and entrance plasmas can be clearly seen in the photo.
(The exit is to the right in this photo as in all others presented herein).

Note the clarity of the fringe pattern in the entrance plasma while the exit
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plasma has a different character. Close examination of the photo reveals
two acoustic waves propagating into the sample frem the damage site on the

exit. No such disturbance is seen at the entrance face.

Also visible in the photo is an internal damage track which terminates
at the exit face, This track was actually formed during a previous damaging
shot at a different position in the cube and only appears in the photo to be

associated with the shot of which this hologram was made.

Figures 3 and 4 are micrcphotographs of the entrance and exit surface
damage respectively. There is a definite cracking of the entrance
surface, but still no acoustic wave is associated with this surface in this

case, at least not one of great enough intensity to be detected on the

holonram.

Figure 5 shows a photograph of a hologram taken with a time delay of
1600 ns after the domaging shot. No exit plasma is visible but there is a
definite plasma at the entrance face. This is more obvious in Figure 6
which is a photo taken with a camera mounted above the sample. The shutter
of the camera is kept open during the domaging shot, so the result is an
integrated photo of the damage process. No damae could be seen on either

the entrance or exit of this sample.

It has been suzsested that tihe appearance of a plasma at cthe surface
should be used as a definition of damage. Here we have a plasma but no
damage, at least no detectable damage, Even if one accepts the appearance of
a plasma as u definition of damage, then the exit damage threshold is not

always lower than the entrance damage threshold as is commonly accepted to

be the case.

-10-
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Figures 7, 8, 9, show photos of single exposure holograms
with time delays of 190 ns, 900 ns, and 1425 ns respectively. These were
all made with the damaging beam passing through the 10 c¢m lens, as was the
hologram of Figure 10 which is a double exposure hologram (note the familiax

fringe patterns of such holograms in the plasma).

In Figure 7 both exit and entrance plrsmas as well as an interior
damage track can be seen. An acoustic disturbance propagating away from the
damage track is also present. Figures 8, 9, and 10 exhibit very clearly the

exit plasma.

Three points should be noted concerning these last four photographs.
First, two acoustic waves moving away from the damage sites in the exit faces
and into the interiors of the samples are quite clear. 1In Figure 10 the
second wave exhibits a "kink" where it meets the surface of the sample. A
third and fourth wave can also be seen in Figure 10. No disturbances are
seen moving from the interiors of the samples toward the surfaces. Second,
parts of the plasmas are opaque to the ruby laser beam which was used to make
the holograms. This is evinced by the black portions of the plasmas.
Third, the plasmas exhibit a peculiar apiomorphic symmetry. This is most

easily seen in Figures 9 and 10,

Concerning the first point, a disturbance in a small region of a solid

will in general produce both longitudinal and transverse waves.

-13-
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The speeds of thcse waves are given by

1/2
Vv = .—L)
T P

(527

(D

‘.r

]

where _, p, and K are respectively the shear modulus, density, and

bulk modulus of the muterial.

Using the measured values of these constants for ED-2, the glass

used in these studies, we obtain from (1) and (2),

0.46 x 103 m/sec

v
L

3
3.77 x 10 m/sec

v
T

The ratio of these is 1.7.

If in Figures 8, 9, and 10, we measure the ratio of the distances
which the two waves have traveled from the damage site, we obtain in all
three cases 1.8. The leading wave, then, is a longitudinal wave and the

trailing wave is transverse in character.

1t is interesting to note that only one wave is apparent in the
disturbance aseociated with the internal damage track. The wave is
longitudinal as can be ascertained from the fact that it is of the same
radius as the longitudinal, wave from the surface damage site. This has
been noted in other holograms which show a wave from the internal damage

track.
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An explanation of the kink so appareﬁt in the crénsverse wave
of Figure 10 can be gleaned by calculating the speed of a Rayleigh .
(surface) wave in ED-2, This turns out to be 0.9 times tﬁe sﬁeed of
a transverse wave, The relative distances of the kink and the transverse
wave from the damage site are about right to support the contention that

the kink 1s caused by a Rayleigh wave moving out from the damage site.

Turning now to the opaqueness of the exit plasmé, we culculate the
electron density which would b2 required in the ﬁlasmqfin order to render

it opaque to the ruby laser wavelength. This given by: o2 8 '

2
ﬂc = QQ m " J i i
e? . 3

where m, », and e are respectively the mass of the electron, the angular

frequency of the light, and the electroniccharge. Substituting values for
these yields . ' -

3

2
n, = 2.3 x 10 ! electrons/cm

: 3
Thus 1f the electron density is higher than approximately 2 x 1921/cm

in any region of the plasma, one wouidlexpeqt the plasma to be opaque to the:
!
ruby laser. In one respect it is reasonable to assume that this might be ,

the case. Several investigators have noted that the latéer part of the
damaging laser pulse is apparently.absorbed by the plasma. This 1mpliés

that the electron density is greater than nc, at least in the incipient stages '
' ]

' 1

of the plasma development, However, wve note that the hologram of ?igu:e 10,

for example, was taken 1500 ns after the damaging phlse. That the electron

1

: !
density at this late time is still greater than n, is doubt ful,
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Also, calculations (to be given further on in this report) show that each
fringe in the plasma of Fignure 10 should correspond to a change of about

3 x 1018 electrJns/cmB. This indicates, since there are three fringes
across the plasma, that the density in the opaque region is about 1019/cm3,

well below n..

Another, and perhaps more plausible, explanation of the opacity is
that it is due to material expelled from the damage pit on the surface.
This view is supported by the observation that entrance surface damage almost
never takes the form of a pit, i.e., very little, if any, material is removed,
and the entrance plasma is never observed to be opaque. Also supporting this
explanation is Figure 11 which is a photo of a sample which hes suffered gross
damaze. The delay time was 560 ns. The photov of Figure 12, taken with an
open shuttered camera, indicates the great extent of the damage. The surface
pit is about 3mm in diameter and 0.5 mm deep, so a large amount of material
was expelled. Note the large region of opaqueness in the plasma., The evidence
seems to indicate that material from the surface is being seen in these

holograms,

We turn now to the third point raised above, the pear like shape of the
pla-..as of Figures 8, 9, and 10, The reason for this becomes immediately
evident upon examination of Figure 13, This is a hologram of the spark created
at the focus of the 10 cm lens while attempting to focus on the entrance surface.
Obviously, the double pear shape is due to the focusing of the laser beam and is

not a property of the interaction between the pulse and the surface, This, by

the way, points up one of the damgers of measuring the damage threshold by using

a focused beam, If the plasma is responsible for the damage, then it is easy



FIGURE 11

NOT REPRODUCIBLE

FIGURE 12

-19-



s g

to imagine that the results would be affected by such a procedure. One
has not only the interaction between the surface and the plasma created
by adsorption from the surface to consider, but must also consider the
interaction between the surface and the plasma created hy focusing the

beam near the surface,

Piasma Expansion Velocity and Ion Temperature

Figures 14 through 18 are all photos of double exposure hLolograms,
The damaging beam was passed through the 25 cm lens and the energy demsity
is about the same for every photo - approximately 100 1/cm2 at the exit face.
Delay times between the damaging pulse and :the hologram pulse are, corres-
ponding to the numerical order of the Figures, 270 ns, 580 ns, 880 ns, 1600 ns,
and 1900ns. 1In short, the conditions for all five shots varied only in the

delay time,

From this series of phiotos the rate of transverse (to the damaging laser
beam) expansion of the plasma can be obtained by simply measuring the extent
of the plasma at the various stapes nf its development. This expansion rate,
which is the speed of sound in the plasma, depends upon the ion temperature
of the plasma and is given by €

i1/2

[
V.r = vy (v -De ’ (3)

where - i{s the internal energy per gram of the plasma and v is the effective

adiabatic exponent.

«20-
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The internal energy for air has been calculated6 to be

3/2 0.12
ce27x1001 ) (7/0,) ers/gm, (4)

where o/oo is the density of air referred to standard conditions.

Using this as a rough approximation of the internal energy of the

surface plasmas in these photos we obtain, with v= 1,2,
4/3
T ?

where T1 is the ion temperature of the plasma,

T =5.4x 1074y (5)

Table 1 lists the average transverse velocities\\vT\xobtained by

measuring the expansion of the plasma between two times t. and t,. That is,

1

VT\\ bad t‘2 O r] (6)
tz - tl '

where T is the radius of the plasma at time t, and r1 the radius at tl.

The listed values of Ti are obtained from (5).

Table 1

Plasma Expansion Velocities and Ion Temperatures

tl(ns) tz(ns) ' (\VT‘\cm/sec Ty °K

0 270 7.4 x 10° 3 x 104
270 580 2.6 x 10° 9 x 103
580 880 2.3 x 10° 8 x 103
880 1600 1.5 x 10°F 4 x 103
1600 1900 1.4 x 10°F 4 x 102

Figures 19 and 20 are graphs of\\vT\?and Ti respectively,

The ion temperature is decreasing rapidly at 270 ns after the damaging pulse,

It is undrubtedly much greater than 3 x 10%°K in the inchoative plasma,
Hrlograms taken with shorter delay times will yield a better value for Ti

in this plasma.

-2
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As a note of possible interest we remark in passing that these
values of Ty are probably good values of the elzctron temperature also,
since one expects the two specics to reach equilibrium within a few

nanoseconds in free plasmas of these densities,

Electron Densities in Surface Plasmas

To a good approximation, for the present purpose, the phase shift

of the ruby laser light as it traverses the surface plasma is given by

d
Mo = Ko Yn(r)dr, (13)
2 n, o

where Acr 18 in radians, Ko is the wave number of ruby light, n (r) is the
electron density at a distance r from the axis of the damaging laser bear ,
d is the transverse diameter of the plasma, and n is the "cutoff" electron

density as given in equation 3,

Substituting for the known constants one obtains
d

" = 5x 10-23 g n (r) dr, (14)
o

vwhere T is the number of fringes in the plasma, n (r) is electronc/mz, and d and

r ar: in méters,

Assuming now that n(r) is constant across the plasma, we obtain

18

n = 27 10 (15)
d

where n i8 now in electronc/cm3 and d 18 in centimeters,

-27-
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The assumption of constant n across the plasma wil! lead to a value
of n(o) that is too small by a factor of perhaps 2, but the approximation

is good enough for our purposes at the present time,

Applying (15) to the plasmas of Figure 2 we obtain, for both exit
and entrance plasmas, n & 2 x 1019/cm3. As mentioned above, the shot of
Figure 2 was not far above the damage threshold, so this electron density

should be representative of those encountered in damage to systems components,

In interpreting this number it must be remembered that the hologram of
Figure 2 was taken after a time delay of 190 ns, Thus the plasma has
expanded appreciably and it's density is much less than it was at the end of
the damaging pulse. We can, however, obtain a "ballpark'" number for the
electron density of the plasma in its incipient stage. We assume that no
recombination has occurred during the 190 ns delay. We also assume a
reagsonable vaiue for the diameter of the plasma at the end of the damaging
pulse, 1In this case this value is about 1 mm. Measuring the diameter of
the plasma in the photo tc be approximately 4 mm, and recognizing that the
electron density goes as the inverse cube of the diameter, we obtain for the
electron density of the inchoative nlasma a value of 60 x 2 x 1019 =
1.2 x 1021/cm3. Considering the nature of the assumptions which have gone
into this calculation, this number is undoubtedly low. The 1mpértant point
is that it is in the region where one expects the plasma to begin to absorb

the damaging pulse. This is in keeping, as noted above, with observarions

made by other investigators.

-%3-
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., are not valid.

2.4 Diascussion and Conclusions

Although more extensive and well cheracterized experiments using the
holographié'technique pfesentedlhereih need to be performed, a great desl '
: ! ! 1

of information can be gleaned from the work already done and some tentative '

'
conclusions can be drawn, : ‘

1
: '

What is tbe evidence, in' these holiograms, for and against sofie of the
, . . i i )
theories which have been proposed to cause surface damage? Some of the pointe

which can be made concerning this are envmerated below:

!

‘1. 1In none of thF holograms made thus far has any acoustic wave been’
1 ' ’ i 1

. detected moving toward the exit surface, excepc:when there is gross internal

damage of the sample, This 1nd1cates that any of the ptoposed mechanisms

i H H
: !

" which posfulate damage due to internally initiated acouscic disturbances

!
! ) ) {

! v

2 ) The hypothesis which holds that surface damage is cauded by the

shock of the expanding plaama takes ‘cognizance of che fact that the plasma
: 4 ] ]
cends to grow into the ilser pulse which creates it., This has been often

h : i

Iobserved,and is quite réasonable since the plasma is being ' fed" in the area

'facing the direction from which the laser pulse comes. This implies that
| . H U , ' i .
the shock wave created by the expanding plasma also mbveg into the laser %eam.,

(This has also been' observed). At-the exit, then, the shock strikes the surface,
while at the entrance the shock moves away from the surface, This asymetrv

accounts for the differenge in the nature of exit and entrance damage and

the difference in damage thresholds.

Based upon this model {t would be expected that strong acoustic

distgtbances would be seen at the exit but not at the eqttaqce. A selient

. 1
" feature of the holograms in which damage occurred to :‘the sample is that an
I o
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acoustic disturbance is almost always present at the exit face but is

usually not seen at the entrance face, However, to conclude that exit
surtace pitting is caused by a shock wave from the expanding plasma would

be a non sequitur, One would expect that acoustic waves of the sort observed
wouid result from such a pitting, The question is "what causes the pttting?"
This cause could be a mechanical shock or it could be a very rapid deposition
of thermal energy. Thus the validity of neither the thermal erosion theory
nor the mechanical shock theory is evinced by the acoustic disturbances seen

in these holograms,

3.) In regards to the shock theory of surface damage, it is interesting
to note (see Table 1) how cliose the velocity of sound in the plasma - that is,
the transverse expansion velicity of the plasma - is to the velocity of sound
1n the glass, Remembering that the acoustic impedance of a solid is given by
thie product of the density of the solid and the speed of sound in the solid,
and assuming that the density of the inchoative plasma is near that of the
solid, it is seen that there is a good acoustic impedance match between the
plasma and the glass sample. This would aid in coupling the plasma expansion

shock wave into the glass.

4,) The opaque regions of the exit plasmas in many of the cases where
pritting hes occurred may be a clue to the mechanism operating to cause damage.
1f this opacity i8 due to material from the surface, then the material is being
ejected at a high velocity, Measurements made in the photos of the holograms
show that this velocity is in excess of 10% em/sec., The implications of this

are not clear to us at present,

«30-
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5.) The acoustic waves secm emanting irom interivr Jdamage tracks
are potentially more conclusive than those frouw the suriaces, They are
perhaps evidence that electrostriction is acting in ot least some of the
instances of self focusing observed in these holoorams, ne drawe this
conclusion from the fact that only a longitudinal wave is seen radiating
away frominternal damage tracks, Tf the breakage per se were causing che
emission of the sound wave, then it micht be expected that both longitudinal
and vransverse disturbances would be visible, ilrwever, clectrostriction,
which causes a }adial constrictien, would produce onulv & ileneitedinal wave,
The evidence indicates, then, the existence of a relativelyv strong electro-
strictive wave in some instances of self tracking damagze, llowever, it must

he stressed that this evidence is only preliminarv.

We should note here that a sound wave is not n}wéys seen in conjunction
with trackinng damage, The shorter the time delav hetwsen damae and the taking
ot the hologram and the ureater the tracking damavre, the more likely it is
that a wave will be seen. Yerhaps the tracking wave is less intense than those
from the exit face, and consequentlv, attenuates merr ropidly to the point
where it is not detccted. +#1so0, the hologsrams are not all of equal quality
and it is likely that weaker disturbances are somotimes not detected because

oI poow quality ol the hologram,

6.) 7The jon temperature of the plazms near the ond of the damage pulse
7/,
. - <4 z . Q
is probably much greater than 5 x 1t °K, This supports the theory of

thermal erosion, Also, the nature of the damage often suguests that it is

-31-



B ey —_— ] [Fee—

« used bv nhich temperatures, There is often a large - somectimes as great as
one centimeter in diameter when “he energyv density of the laser pulse is far
above the damage threshold - area of permanent discoloration of the glass
curface around the damase on the exit face. This diameter is ruch larger
than the diameter of the damaging laser beam, but the plasma attains yet even
larger dimensions., Furthermore, the ion temperature of the plasma can still
he several thousand deurees upon reaching this diameter (see Table 1). There
can be little doubt then that the plasma per se is responsible for this
discoloration, Whether the mechanism restonsible is thermal heating or UV

radiadition from the plasma remains to be determined,

This larze discolored area illustrates very well tie point made earlier
in this report concerning the efficacv of doiny damare studies well above the
diumage threshold, Such # large area of discoloration would not be observed
inless the energy density of the damage pulse is sufficiently great to cause
o plasma of relatively large dimensions and, consequently, one would not be

anle to observe so easily the effect of the plasma on the glass,

7.) 1In general, any hypothesis whose purport is explanation of surface
damaze must take into account the great difference between entrance and exit
surface damawve thresholds. Most do this, but there appears to be another
dilference between exit ud entrance damage which is not taken into account,
"he entrance and exit plasmas are of about the same density and temperature
hut the exit plasma is often much larger when the eunergy of the beam is well

above the damage threshold, This asymetry could be an indication of the damage

rvchanism,
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4,5 A Proposed Damage Mechanism *

In an effort to colligate the facts gleaned from thee observations,
we present the following phenomenological model as an explanation of surface

damage.

At the exit surface a plasma is initially formed by desorption of
impurities from the surface by the leading edge of the laser pulse. That
impurities and not the glass per se are responsible for the plasma is evinced
by the fact that pristine glass is quite difficult to damage. These impurities
may be remnants of polishing compound, water absorbed from the atmosphere, etc,
This desorption and plasma formation are enhanced by any self trapping of the
beam which might occur, The plasma remains in close contract with the surface
due to its propensity to grow into the laser beam, UV radiation from the
plasma raises electrons in the surface to the conducticn band until the surface
begins to appear metallic to the still incident laser pulse. This in turn leads
to an increased absorption of the pulse and, consequently, to an increased rate
of plasma growth., The characteristic pit is due to either thermal spallation or
to a combination of thermal effects and the shock from the expanding plasma
acting upon the already thermally weakened surface., The larger area of dis-
coloration around the pit is due to the thermal effect of the plasma or to

UV radiation from the plasma.

% Some of the essentials of this must be credited to Prof. A. Glass of

Weayne State University, Detroit, Michigan,
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The entrance surface damage threshold is higher and the plasma smaller
because the plasma grows away from the surface, Consequently, the entrance
is not as effectively subjected to either radiation or shock from the plasma,

Any entrance damage is due to thermal effects,

A possible point of contention in this proposed mechanism lies in the
rather blasé statement that the entrance surface is not as effectively
irradiated by UV from the plasma as the exit surface. At present, nothing
more than the observation that there is greater contiguity between exit and

plasma than between the entrance and plasma can be offered. This is certainly

a point that wants more thought.
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o TEMge MODE TASER

As reported 1n the smmu-annual report of 31 december, 197¢, a high
power, high enerpy, laser operating the TEMy, spatial mode §s beiny
wsioned ard constructed under this contract, This wili o a wlase
vurillator=amplifier svitem with a pulse width variaile from approximately

two to forty nanoseconds,

Since the buildine of this laser is striil = srocess, ealv the
vecillator desion will e discuesed herein, Mo comple e ovatem wily be

described in the nert semi-animal report, due “1 necember 11, 1971

S5everal problems have presented themselver (1 lhe Jdesign o this
nscillator, Some of these problems, along with pertinent couments, Aare
as follows:
1.) Characteristics i the LEY | mede = Tdeally vhe cutput of an
oscillator operating in the TEHOO mod ~» should process a
Gaussian cross-section, That the output is svatjallw Saussian
can be ostensihly verilied v ceaveral sethodo.  Two conmmmon
ones are esamination of the burn patteras of tae Jaser (the
laser is vired throngh [iltore of various nrutral densities

and is assumed to heve s oroprodecible actpert o0 aeasurement

various sizes,

1y

of the ener-sics pas.iay throush aperturesr o
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These Lwe cet v sondene cnly the Cire nte crated out put
o tine Sacer, Meailicter. e, al,, have gaown that a more
comuiete exarzaation o) the laser pulse rust be made,

pecitic: v, the irmporal shape of the pulse as a function
radial dialance tvem the axis of sviwmntry wnst be determined,
s saape nould b the eame for every point in the cross-

section i Lthe pulse 08 "TEM Y s to bave its usually inferred

ceacitie,  an other words, the spatinl cross-section of the

aulse must he Saussian aloar the vhole Tenuth of tne pulse.

These cond tione are onle approximately {fuldilled ju practice, The pulse
Sonever traiy Gaccsiat Do jaser which ures an dntere  oiny aperture and there

alwavs picosccond wrructuce to the pulse,  However, tie conditions can be

ol apprexiasatod s the poneeecont retime.,

Tu the oasciilator under consideration have [ Fiqure 21, there appears to

< ne problewm with variation in tirme »f Lhe crose-sectional chape of pulse,
o has beorn chec»d by nnegjug a portion of the bearn throuth a pinhole
weeted at verioas positiens in tne beam,  Ueocever, mlest care is tzken a
rreat deal o lonvitadingl wode heatint js presort i the ontpnt,  Figures 22,

"y, nd 24 are oscillograms of the entire pulse for cavity lengths of 5, ?2 and

-~

ctern respectivets,  The yima sonte de N onefdie v - rach YVigure, That

Sine, ean he ncceerta.ned hy noting that

re frequency o e, 4w the fregreacy separazion ol the modes varies as 1,
1 1
Ceeoproctexn Jarcele diaappears with the one meter caviry, (Tt is interasting

wote in these oscillozrams that the tomporal palse widrh i

n

coothe cavity lenzstn),

-36-
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FIGURE 24
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Another aspect of TEM , mode characterization is the Sp&tiall
"tieanliness'" or the pulse, There is always some enerpy outside the
burn pattern which geems to define the beam, This {s often not manifested
antl] attempts to amplily the pulse are made, The nmplificgtién of this
reripherni energy van vesalt in a very messy looking beam, Generally the
problem lies in scattering from the intercavity aperture used to obta£n
tite TEM»o mode. Speciai apertures can be used to alleviate thi; problem
and such an aperture has heen installed in the osciliater described here.

;

The efficacy nf this remains to be seen after the pulse is substantially

amplified,

2.) Ohtaining the TMoo mode - We have used the most straightforward
i
method to this end, an aperture placed ins.de the oscillater
cavity. Besides use of an apertuvre, several other faecrors

gnvetrn the ease with which the mode can be obtained and the

maximumn sf{ze aperture that can be used:

a.) The optical gquaiity of the intercavity elemenis must be
|
"pood'. Upon the tirst attewpt to rurn the osciilater
under consideration in the T!M, o, mode, we used a laser
rod which exhibited a Yull wave (full aperture) of Etrqss‘

when examined in a Michelson interferoweter. The TEMg, .

mode could net he obtained even with an apertiure as small

i
[

as (.5 mm {n diaweter. Replacement of this rod with one
with less than 1/5 wave stress led imnediately to

operation in the desired mode,
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Cleanliness of the optical .elements is, o1 course, of

paramount importance not only for maintenance of optical

quality but aiso for the prevention of damage,

!
p

! i ,

b.) Any small damsge site which develops {n the path of the
! , , ! ' .-
beam inside the cacillater cavity can caus- toss of the
C : ! i I !
TkMoo mode. This {6 citen manifested 4¢ the sudden

i '

appearance of a higher order mode. ' °

! !
1

¢.) The use of a curved mitror renders atitsinnen: of the

TEﬁoo easier, A four meter radius ot curvailure mirror
' . ! ' . ; : ' !
is being utilized in'uir ogcillator as .« vex traf]lector,
i
+ The outout mirrox is an ckalon with an fniinite radius

s ]

of curvature,

d.) Aligmment.of the cavity is critical, net on . ior circular
1 8 ' ’
symmetry of the output beam but #l&u Jui 4liainment and

H
maintenance of the mode desireéd, £As & gensral procedure
) J ;
, 1]

‘7@ aligr the cavity to lase and then “'plas’ wirlh the
0 } !
1 .

aperture and front mivror to obtain the hest appearing
. n ' . .

burn pattern,

e.) It should be'mentioned that « 19m dramer~: -.d'is utilized
i .

v ' , |

0 h

. cy s ) D '
in this osciliator, but ¢nly a three miliincter section
g . !
, !
near the center is selected by the aperturs hs the lasing
.: . 1 .

+ i ,

region, This might at'fact the r-silts we are obtaining,
| .

i I .
© since the thermal! profile would be different Zer a

smaller ruod, '



~

Ascertainment of the presence of the TEMoo mode -

The evidence we have for TEMoo operation is fourfold:

a.) The burn pattern, in the near and far fields, shows the correct

profile when taken through various neutral density filters.

b.) The presence of a higher order mode manifests itself quite
obviously in the burn pattern {f the mode gelecting aperture
used is too large or, often, {f a damage site occurs in one of
the optical components in the cavity. This obvious shitting
from mode to node is conclusive evidence that the laser is

operating in a single spatial mode,

c.) The output beam exhibits spatial coherency across its' entire
cross-section, This is evidenced by the ohservation of a
relatively large hole in the burn pattern after the beam has
passed through an amplifier rod with an inclusion in the path
cf the beam, The inclusion leads to pronounced diffraction
effects in the single mode case, but does not manifest itself

at all in the burn pattern when the laser is operating multimode,

d.) The output beam is temporaily satisfactory across its complete

cross-section,

Fnergy extractable from oscillator - The amount of energy obtainable

from this oscillator {s, for an aperture of given diameter, limited

not by the lasing quality of the rod, but by the damage threshold of
the intercavity elements. We have been able to obtain as much as 800mj,
using a 3mm aperture, in the TEMoo mode, This, however, rendered the

intercavity power density far above the damage threshold of the optics,
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Hence the final design of the oscillator will be such that the inter-

o
cavity power density will never exceed 0.5 gigawatts/cm~ at any time

or position, This means that the temporal and spatial shape of the
output pulse must be taken into account when peak intercavity power
densities are calculated, We have used, as an acceptable approximation,
a factor of 2 in both the temporal and spatial cases in calculating

peak power densities inside tuie cavity, That is, the peak power densiry
i8 considered to be approximately four times as great as that calculated
from a consideration of the average power densities in space and time,
Since the intercavity power density at the output mirreor, where it is
greatest, is related tec the output power density as

P, = Pout R+ !,
in R o1

where R if the reflectivity of the output mirror, and since we are
utilizing a mirror with a reflectivity of 287, we can conclude that

the average output power density must be no more than approximately

one eighth of damage threshold 1f the intercavity elements are to have
& long lifetime without damage, This means, then, that power densities
of slightly less than 100 megawatts/cm2 can be safely extracted from

the oecillator,

Considering the high gain per pass achievable with the 9" of pumped
rod in this oscillator, it i8 possible that the reflectivity of the
output mirror can be reduced and, ccnsequently, the amount of energy

extractable from the oscillator increased, This will be investigated.
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The most damage prone elements in the cavity have proven to be the
Brewster stack glass polarizers, and the KD¥P crystal in the Pockels
cell, The laser rod does not damage anywhere near as easily as any
of these., It {s possible that polarizers made of ED-4, which is the
same material as the laser rod except that it contains no Neodymium,
will improve the situation and allow operation at higher power

densgities.

One might conclude that since the energy out of the oscillator must be
limited due to the possibility of damage, a shorter laser rod could be
used, We have attempted to use a shorter rod, 4" of which was pumped,
The result was that the gain was not sufficient to produce lasing action
without relatively hard pumping. This leads to thermal proilems and
makes the TEMoo mode more difficult to achieve and maiatain., 1In an
oscillator of this kind, it seems best to use a longer rod than one

might think necessary from an energy standpoint,

Another factor which appears to affect the energy of the onscillator, at

a given pumping level and with an aperture of given size, is the geometry
of the aperture, In an effort to keep the output cleaner, we have been
using a metal disk with the aperture in it at the end of a truncated
cone. Figure 25 shows this geometry., The inside oi the cone is bright
metal, Using this aperture, as opposed to one tormed by simply drilling
a cylindrical hole through a disk, the output of the oscillator is
approximately 30% higher at a given pumping level. A reasonable
explanation for this is that scattering from around the cylindrical
aperture is depleting the upper lasing level through off axis photons

scattered through the lasing volume,

bly=
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FIGURE 25 - Cross section of Intercavity Aperture



The oscillator for the damage study laser, then, is essentially
complete, Only some optimization remains to be done, It is expected
that 200-300 mill1 joules will be obtained in a 20-40ns puise, This will
be in the TEM,, mode with a well behaved temporal profile across the

entire beam,

Plans for the near future call for the installation of an optical
shutter to obtain pulses as short as two or three nanoseconds, Besides
this, of course, the amplifier chain will be assembled and the final beam
characterized, All of this should be achieved within the next two to three

months,

by
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4, PARTICULATE DAMAGE STUDIES

PRACTICAL APPLICATION OF THERMODYNAMICS TO LASER GLASS MELTING

4.1  INTRODUCTION

Platinum inclusions in laser glass appear to be caused by migration
of Pt as platinum oxide. Gas phase transport is possible with Pt0O,(gas)
being the major intermediate species; whiskers and platelets are expected
morphologies, Tramsport through the glass as a platinum oxide complex

may aleo be possible,

The Pt metal can be stabilized with respect tn its oxide by reducing

a partial pressure of 02 (POZ). In stabilizing the Pt metal, the oxides
in the glass melt are destabilized in favor of their metals resulting in
the formation of Pt alloys. The following reactions illustrate this
problem,

Pt(pure metal) + Oz(gas) -.Ptoz(gas) (1)

Si (in solid Pt alloy) + Oz(gas) =~ 5i0, (in laser glass melt) (2)
As the Poz is reduced, both Si and Pt are stabilized with respect to their

oxides. It is apparent that the P, must be chosen so that the Pp
2 t02

is as low as possible without the laser melt oxides .cducing to the metal
and attacking the Pt crucible, In order to determine the Po2 at which all
glass components react with Pt in a detrimental way, the standard state

free energy for Reaction (1) and those for reactions similar to Reaction (2)
for all oxides in laser glass, the thermodynamic activities of the various
oxides in lassr glass, and the thermodynamic activities of the corresponding

metals in platinum must be known,
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The standard state free energy of Reaction (1) has been determined
by Alcock and Cooperl. The standard state free energy for the formation
of the common oxides AF;(Meox) } have also been determinedz. The &F°'s
correspond to the energy difference between reactants and products when the
solids and liquids are pure and when the gases are at 1 atm, of pressure,
The thermodynamic activities yet to be determined take into account that
the oxides are in a glass solution and that the metals are in the platinum

alloy. The desired activities are not available from past scientific

studies, The goal of this effort, therefore, is to determine the acti-

vities of oxides in laser glass and the activities of the netals of the

laser glass in platinum,

During the 1971 fiscal year, emphasis has been placed upon (1) a
literature search; (2) the estimation and (3) the experimental determination

of the activities of oxides in laser glass and of metals in platinum,

The main emphasis of the 1972 fiscal year is to reduce to practice
the concept of melting laser glass under reduced oxygen partial pressures

in order to eliminate Pt inclusions,
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4.2  1ITERATURE SFARCH

The Semi-Annual Technical Report3 submij tted on January 1, 1971
containg the bulk of the literature search on thermodynamic activities,
Appendix I of this report adds additional references not listed previously.
Appendix I is divided into the same headirigs used in the semi-gnnual report:
1. Activities of Oxides in Binary and Ternary Systems;

2, Activities of Metals in Platinum
3. General Data on Similar Systems and Methods of Estimating Thermodynamic

Activities, Free Energies of Formation, and Heats of Formation,

This is the Zirst attempt of gathering and consolidating activities
of oxides and of platinum alloys to appear in a literature, Several data

banks and individual authors have contributed to the bibliography.
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4,3  DETERMINATION OF ACTIVITIES

A. Empirical Study

For the literature search several glass compositions were
considered, as presented in Table 2, The empirical determination
of activities was narrowed to one glass composition, composition #5

in Table 2, a Li,0-Ca0-8i0,-Nd,0, glass.

The analytical technique which was developed and used at Battelle was
particularly applicable to the overall project. Basically, the analytical
technique consisted of equilibrating the laser glass with a small piece of
platinum, After the equilibration, the platinum was placed in a Knudsen
cell and the activities of the various metals from the laser glass picked
up by the platinum were measured, Since the platinum had been equilibrated
with the laser glass and since the free energies of formation of the oxides
have been previously determined®, the activities of these oxides in the laser
glass could be culculated, The details of the analytical technique are

described in Appendix II.

There are two basic advantages to the analytical technique, First,
with a minimum amount of experimentation and time, activities wers determined
in the platinum and in the laser glass. Second, several oxide activities were
determined; direct measure of the oxid2 activities by pliacing the glass
directly into the Knudsen cell would have given only the oxide activity

related to the most volatile species, probably only Li, 0.
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TABLLE 2

LASER GLASS COMPOSITIONS OF COMMERCIAL 1INTERLST

Componeat
510, )
BaO
Na,0
K,0

Nd203

510,
A1203
Sb)04
Ba0
Zn0
LLiy0

Na,0

-51-

Q.78)
0.014
0.080
0.112

0.010

0.719
0.0L4
0.002
0.0L4

0.017

0.113

0.010

0.791

0.018
0.006
0.045
0.l26

0.006
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LASER GLASS COMPOSTLIONS OF COMMERCIAL INTEREST (cont 'd)

5 NO.

FABLL 2
Component
$i0,

B:_.O3
AL0;

As )05

BaOo

Nd:Ul

5102

‘\1.205

Mole Fraction

0.480
0.174
0.073
0.073

0.255

0.275
0.005

0.100

0.762
0.017
0.002
0.023
0.017
0.023
0.077
0.080

0.010




TABLE 2

1

i

LASER GLASS COMPOSITIONS OF COMMERCIAL INTEREST (cont'd)

1

Glass No. ' " Component yg'l_e__l';_r_.:_l_c_t__i_q_x_l_

7 810, 0.792
. AlyO, f 0.010'

Ba0 0.022

{ZnO 0.012

Liy0 | 0.022

Na,0 0.080

R,0 0.053

Ndyu, 0.007

— - i

8 Si0. . 0.773
Sb,0, 0.002,

Ba0 0.113

‘Na,0 0.100

K,0 0.013
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5. Busulii_qg_ﬁgpiiipdl Study

The detemined activities are presented in Table 3,
. . | Pt . . 1300°K
The n:tivity of aluminum in platinum (“Al) is wiven at '300°K
heconse insuificient data were availible to empirically extrapolate to the
. 0,
desired 1706 7K,
fﬁ%1700°K cannot be calculorted without an estimate of

)
]
Agi 11 700°k beciusc che long term equilibrution was carried out at this

.8la
T‘lc “Al

temperature. As tihe partial pressure of oxysen is reduced, the activities

Pt
of the metu:ls in pl. tinum (AMe) increases as their mole fractions in
lati <Pty q q o 9 PEE
platinum (AMQ) increase which is expected. From the relation: AMe =
Pt 4 - ffici Bl . A —— Pt
‘e ¥ Me the activity coefficient of the various metals in platinum (yyg)

canl be calculated, They are presented in Table 4, 1In general, several
metallic systems follow Henry'slaw; that is, the activity coefficient is not
a functionof composition in dflute solutionc. From Table 4, however, it

con be seen that the activity coefficient of one of the important metals,
iilicon, is varying significantly with the partial pressure of oxygen.
Ustrapolation of the activity data to other compositions will be more
difficult. The activity coefficient of "he other metals in platinum do not

appear to be strong functions of composition in the dilute solution range.

The activities of the ovides in the laser plass are not varying
sisnificantly with the particl pressure of oxyzen as indicated in Thble 3.
This is to be expected because the composition of the laser glass
equilibrated with the platinum at the various partial pressures of oxygen

has not changed composition.
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TABLE 3

EXPERIMENTALLY DETERMINED ACTIVITIES OF COMPONENTS
IN PLATINUM AND IN GLASS AT EQUILIBRIUM AT 1700°K

t .
Activities (A::) and Mole Fractions (X:,) of Metais ir Platinum:

P”z (atm) durivg Equilibration

107 vt !
Ag} oxto™1? 5. 9%107 12 10”0
" B.ox10"" 28107 3.3x107
&, 10™? 1078 25kd"
x:f 5%x1072 2.5x107% booxio"
AR @23000K 2x1077 1.ux107° L1x1o™
Xhy 3.3x107 4.7%10"° 1.5x10™"
AL - 2x1071Y 9x10” 1!
X .- 4.0x10"° 9%x10”"

«55-



" TABLE 3 (Cont'd)

EXPERIMENTALLY DETERMINED ACTIVITIES OF COUMPONENTS
IN PLATINUM AND IN GLASS AT EQUILIBRIUM AT 1700°K

1
Activities (Aﬁesis)nnd Mole Fractious (Xﬁis:s) of Oxides in Glass:

P02 (atm) during Equilibration

10°° 10~8 10710
plass
ASiOZ 0.3 0.28 0.15
glass
xSiOZ 0.593 0.593 0.593
glass -11 -9 =10
glass
xLizo 0.275 0.275 0.275
glass ,
k51203 0.025 0.025 0.025
aBlass -- 1 0.1
Ca0l 5
glass
Xca0 0.100 0.100 0.100
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TABLE 4

ACTIVITY COEFFICIENTS FOR CONSTITUENTS IN PLATINUM

Po for Equilibrium
2

Element 1076 lQ:f lg:ig
si 7x10° 10 2x10"3 9x10~7
Li 2x10°° 4x10”° 5x10°°

r = -2
Al 6x10 3 Ix190 3 7x10
Ca - 5%10™° 1x10°°

-57-



4,4  ESTIMATES BASED UPON THEORETICAL MODELS COMPARED TC OBSERVED DATA

Now that activity data are available for the platinum and oxide systems
of interest, the theoretical models for estimating thermodynamic data reported

in the Semi-Annual Technical Report® of 1 January 1971 can be tested,

A. Motts Emissibility Criterion

A method of estimating the heat of formation of various metallic
compounds !AH; (Ann) ‘uas attempted from B, W. Motts' emissibility criterion,
The estimations of several metallic compounds were not found to be successful.
Actually this is not surprising. The Mott expression for the heat of formation
is the sum of the heat of formation used in the Pauling model and the heat of
formation used in the Hildebrand model. Both models by themselves estimate
the heat of formation quite well for the particular classes of compounds for
which they were developed; Pauling's model works well for ifonic and covalent
bonded compounds and Hiidebrand's model works well for emmissible, molecular
solutions, Isolated successes have been obtained by applying these models to
metallic systems. By adding the heat of formation from the two models,
however, one obtains an expression which is redundant; adding the two models
together is not the same as spplying & correction factor to one of the models“.
As an example, consider one model giving an estimate of AH; (ABn) = =40
kilocallories per mole and some other model giving an estimate of AH; (ABn) =
50 kilocallories per mole., It would not be appropriate to combine the two
models and estimate the AH; (ABn) to be -90 kilocallories per mole. B.W. Mott
miy have found his expression appropriate for determining whether or not a

metallic system is going to be immissible, but it is not an appropriate model

for detemmining a heat of formation of metallic compounds,
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B. Electronegetivity

The Semi-Annual Report® indicated that when more reliable

data vere available from the empirical Battelle study, Pauling's electro-
negativity scale could possibly be re-evaluated for the platinides, 1If
Li, Ca, Al, and Si are considered teo be the same family of compounds, one
could evaluate a new velue for the electronegativity of platinum (EPt)
vhich may be more appropriate for the platinides of interest. If the
electronegativity of platinum is constant for these alloys, one may also
expect the electronegativity of platinum to be constant for the other
metals of interest, such as Na, K, and Mg. Instead of using a heat of

?

’ [ ]
formation !Aﬂf (HePtx) it was suggested that the excess molar fres energy

[ -x8 PT
in the limit of the dilute solution FHe = -RT 1Inv ,, (in Pt solm,
5 -x8 !
lim X, = 0) = H,, = may be more appropriate. Such a term removes the
—x' (]
compositional variance of activity; Fﬁe is similar to a AHf (HePtx) except

that the compositional dependence has been removed. 1f it is assumed that
the activity coefficient in the dilute range are composition independent,
the excess free energies €an be calculated from Tableé and used in the
Pauling equation in order to determine an electronegativity value for

platinum (E Table 4 1ists the data used in the calculation. Column 1

Pt)'

lists the metallic element of interest., Column 2 lists the Pauling electro-
negativitys of the corresponding element, Column 4 lists the number of

valence electrons (n)., Colimn 5 is the calculated platinum electronegativity
2

b) . Because the

using the Pauling equation: M, (ABn) = -n (23060C) (Ea-E

electronegativity for platinum (EPt) does vary significantly, using the
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TABLL 5
CALCULATION OF A RiEVISED VALUE FOR
Tk ELECTRONEGATIVATY OF P

e Aamgame | EE AR $ $ $29OWES 0 e

Pt
Yo
. Pt
Metal 5 (i m“\.\le ()
Ylement ii\! From Table n Epe Eyo =
Me 9
-5 y
L 1.0 4x10 1 2,22
-6
Ca 1.0 Sx10 2 1.95
-2
Al 1.5 3x10 3 1.91
-8 '
Si 1.90 2x10 4 2.71
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A

Pauling electronegetivity expression in order to calculate heats of
formation (AH} GHePtx), excess free energies (f::), or activity
coefficients (v::) for other metals of interest in platinum would not
be accurste to witain 2 orders of magnitude. Note that che electro-

negativity of platinum does not appear to be due to the choice of n values,

The experimentally determined activities of the oxides in the laser
glass composition #5 are compared to the estimates made in the Semi-Annual
Report3 in Table 6, The method of estimating the activities of oxides

i7 not satisfactory if the activities are desired within two orders of

magnitude,
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510,

TALLE 6
COMPARTSON BETWEEN OBSERVED AND ESTIMAILD
ACTIVITILS OF OXIDES

A
MeU,
Observed Estimated

1079 to 10-!!} 6x10~0

1 to 0.1 8x10~3

0.3 - 0.15 0.37
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4.5 MORPHOLOGIES OF PLAT1NUM INCLUSIONS

Platinum inclusions have been found te occur s four ditfterent tvpes
of morpholoyice. Whiskers and platelets (such as trisnsles sud polvrons)
have usually been attributed to the vapor phase crowth o the fn(]u$iona.
Fiaure 26 compares a local devitrification (left) to o plotinem whisker
surrounded bv some devitrification. Tacvy metworks and arcrlomerates have
been sttributed Lo precipitation from solid @olution: thev mar tlso he
crused by localized hectinst of the Fo crucible vhen o 1aduction furnoce

is used.

Photomicroaraphs of the giass somplos uoed ja the cguijibrecion
md decermination of activities at Battelle are showun in Figure U7,
Initially the <lnss was made frem boteh in o nitrosen atmesphere for
24 hours., Microscopic examin.tion indicated that ne pl cinum inclusions
were present «fter this heating. The tot.l Pt coatent was anolvzed
cnd found to be approximately 1.0 ppma.  The 1liss cample was then ecuiiibrated
for 168 hours at the vavious partinsl pressnres of o.vien veed in the study:

po= 307", 3078 and 10 10 L.,
0,

<

The toal pilatinum concent was cntlvzed orwin and found o be approzimotely

0.0 ppma.

The decvease in total Pt content of the less trom 1.5 ta 0,5 ppme
may have been coused by ome of the Pt in the 7lass precipitntiny on the Pt
s ~ible and submerged wire in the long term cquilibration: since a small
sample size was used the surface to volume ratio vas nith. The 1.5 ppma was

obtained hy fire assav on a 30 7, cample while the C.n ppma e obtained
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With a Ennduen Coll-Mass Spectrometer on a less than one gram sample,
The diflerence in <mple gize and the difference in analytical methods

may also account ltor the observed ditference, Microscopic examination

7 the olass chowed o new tvpe ol incluzion best described as a "salt effect"”.

Fisure 27 is representative of the samples used in the long term
equilibratvion, The low magnification photomicrograph on the left shows the
lovse number of inclusions and the photomicroaraph on the right shows

the very small size of the inclusions, (The b<ight spot in the low power
micrograph is a surface defect, out of focus, md not the "salt" cffect

discussed).

It is believed that this type of inclusion is more representative
of platinum digsolution and precipitation from solution, It may also
fndicate that 1t can be precipitéted from a glass hected in a rvelatively
oxvien deficient atmospherc, such as K!, hy axposing the glass to a more

reducing atmosphere. At any rate, the Py, is a siagnificant parameter

related to the occurrance of platinum inclusions in laser glass,

G
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4.6

PLATINUM FAILURE VS, POZ

The purpose of gathering thermodynamic data and experimentally
determining the activities of the oxides in glass and of the cor-
responding metals in platinum was to predict the point of "failure"
of the platinum parts in contact with the glass during the melting
operation. Now that the data for glass composition #5 have been
determined, the lowest oxygen partial pressure one can use for
melting glass composition #5 in platinum without failing the platinum
can be predicted, It is desired to reduce the partial pressure of
oxygen as low as possible in order to minimize the partial pressure
of Pt0, (gas) above the melt and the activity of the corresponding
platinum oxide complex in the glass, The lower limit is set by

platinum failure,

What is meant by platinum "failure"? Failure would occur:
(1) if a liquid phdase was formed; (2) if an intermetallic compound
formed; or (3) if a large increase in the Pt lattice parameter.
(d spacing) occurred on addition ot metal contamination., Most of
the metal-platinum phase diagrams of interest are not available,
For those which are available, ~ 1 at .% of the metal in platinum

can be dissolved before failure would be expected.

The details of the thermodynamic calculations in order to

estimate the partial pressure of oxygen required for platinum failure

are presented in Appendix III. The results of the calculation are
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presented in Table 7. The first column lists the metal in platinum
solution expected to cause the failure. The second column lists the

partial pressure of oxygen required for failure,

Platinum fallure is expected to occur by silicon attack somewhere

-11 =
below 10 atm, and possibly not until 10 =

atm. at 1700°K (2600°F).
The lithium, aluminum and calcium are not expected to cause the platinum

metal failure until a lower Po2 is reached within the glass.

From the equilibration studies, it was experimentally determined
that laser glass could be melted in platinum at an oxygen partial pressure
of 10-10 atms, at 1700°K without expefiencing failure. The low partial
pressure of .oxygen for this run was chosen based upon the two previous

equilihration rums,

During the next fiscal year, a small scale crucible melting program
is planned to melt glass compesition #5 in platinum at partial pressures
of oxygen in the 10-10 atms. range and study the effect of the oxygen

partial pressure c¢n the platinum inclusions and life of platinum parts,
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TABLE 7

FSTIMATED Poz's BELOW WHICH Pt FAILURE IS EXPECTED

FROM THE VARIOUS GLASS CONSTITUENTS OF COMPOSITION #5 IN TABLE #v

Element P

Y

-11 -
Si 10 to 10 13 atm,
Li 107 aem.

=21
Ca 10 atm,
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4.1 SUMMARY

1. Both theoretical considerations and a change in the P02 during
the melting history of the samples used in the Battelle study indicate

that the partial pressure of oxygen is an important parameter to control,

2. An extensive literature search has been compiled on the activities

of metals in platinum and on the activities of oxides in glass,

3. Using various theoretical models, the thermodynamic activities
of metals in platinum and of oxides in laser plass cannot be estimated

within two orders of magnitude,

4, A technique was developed which enables the simultaneous determi-
nation of the activities of several oxides in a glass composition and
the activities of corresponding metals in solution of one of the more

precious metals, such as Pt, Pd, Rh, and Ir.

5. The thermodynamic activities of Li,0, Ca0, Al,0,, and Si0,, have

been determined in & Li,0-Ca0-5i0,-Nd,0, laser glass at 3 Poz'a.

The activities of the c.rresponding metals in platinum have also been

determined,

6. It has experimentally been determined that the L{,0-Ca0-5i0,-Nd,0,

laser glass can be melted in platinum at an oxygen partial pressure of

10-10 atms, without crucible attack, Using the derived thermodynamic data

0'13

it appears that oxygen partial pressures below 1 atm, would cause

platinum crucible failure at 1700°K (2600°F).
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APPENDIX I

BIBLIOGRAPHY

The following are additional references ebtained since the last
report period. 0. Kubaschewski provided most of the references and
the comments given fer seme of the references.

The fellowing symbels have been used:
L latent heat of fusion of A, € electronegativity of A
A A

4 phase diagram study,

* data which have new been superseded,

x data already incerporated in "Metallurgical Thermochemistry",
Kubaschewski, 0., and Evans, E,LL., Pergamon, Lendon, 1958,

xx data already incorperated in NPL-DCS.7 Report, November, 1970
(two copies enclesed),

> solid state

{ ]} liquid state
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1.1.35

1.1.36

1.1, BINARY SYSTEMS

Anderson, P.A M., and Kleppa, 0.J., Amer, J, Sci., 1969, 267, 285:
AH974 (formation), sillimanite by solutioen in 2?b0.3203. Data in

this paper supersedes some data frem the previous one,

Arlyuk, B.I., Zhur. prikl. khim., 1966, 39, 1196:
{ Nay0-Sio, ) , \ CaD-Al,0, > calculation of A (fusion).

Baird, J.D., and Tayler, J., Trans. Far. Soc., 1958, 54, 526:
CaO-SiOz, G from 8102 4+ C equilibrium, 1450-1550°C, NSiO -
2

0.434-0,660, .8102,

Barany, R., King, E.C., and Tedd, S.5., J. Amer, Chem. Soc., 1957,
79, 3639: Ba and Sr silicates, AH°,98 (fermation), (solution in HP),

Benz, R., and Schmalzried, H., Z Phys. Chem., N.F., 1961, 29, 77:
(Pb0-510, ) , 640°C, e.m.f., Npyo= 0.50-0.80, G° (formation),

{ PBS103> , \ PbyS10, 7,  PbS10¢ .

Benz, R. and Wagner, C., J. Phys, Chem., 1961, 65, 1308:

\’ CCZSioa-Cl3SiZO7>_, N Cl331207-C33103\ ’ C35103'8102 20
em.f., 700°C, 4G, K;Cao'
Billhardt, H.W., Glastech. Ber,, 1969, 42, 498:
Pb0-510,.

"
Blackburn, P.E., Buchler A., and Stauffer, J.L., J, Phys. Chem., 1966,
70, 2469: Knudsen effusien and weight loss or mase spectrometry AG°
(] . [ 7/
(formatien) 1250°C  A1,B,0, ~ , /G° (formation) 1500°C (’Al,B,0,. % .
Bonnikson, K.R., J. Phys. Chem., 1955, 59, 220:
Cp (298-18(8K), calcium and magnesium aluminates.

Burylev, B.P., Vasilev, V.V., and Berovick, G.R., Zhur.Fiz Khim,,
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mixtures of Ti0O, + Ca0, Mg0, FeO, Al204 or S5i0,.

Callew, R.J., Trans. Far, Soc., 1951, 37, 370:
{Pb0-81021 »  8ppo? .8102’ 1375K derived from volatilization data at

1173-1473K, NPbO- 0.4-1.0, NSiOZ = 0,2-0.9,

Carter, P.T., and Mactarlane, T.G., J. Iren and Steel Inst,, 1957,

185, S4:
TE:b-A1203} slags, sulphur equilibration at 1500°C, acq0» '51203'
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1.1.41
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XX

1.1.43

1.1.44 ¢

1.1.,46 *

1.1.47

1.1.48

1.1,49 *

Carter, P.T., and Macfarlane, T.G., J. Iren and Steel Inst., 1957,
185, 62: Gas equilibrium 00-002-502 mixture at 1500°C with Ca0-510,

slags, activities tabulated,

Charette, G.G., and Flengas, S.N., Can, Met. Quart,, 1968, 7, 191:
{Pb0-510,1, 720-1100°C, e.m.f., ap o, Npyo = 0.40-0.85, (secend law

heats and entropies).

Cooper, A.C., Kay, D.A.R., and Taylor, J., Trans. Brit, Ceram, Soc.,
1961, 60, 124: [A1203-8102] , A6* (fermation), 1400-1600°C
equilibriun study using the reactien 3A1203.25102 + 6C =3 A1203 +

250C = 4CO.

Coughlin, J.P., J. Amer. Chesm. Soc., 1956, 78, 5479:
AH° 998 (fermation)( CIO.A1203 > s 12Ca0. 7A1203) ' S 3Ca0. A1203
solutien calerimetry in HC1,

Coughlin, J.?., and O'Brien, C.J.0., J. Phys. Chem., 1957, 61, 767:
Heat centents yh0128104 (298 1113K); R-CayS10, (298- 1816K)

Ceughlin, J.P., and Orr, R,L., J. Amer, Chem. Sec. , 1953, 75, 530:
meta and orthotitanates of barium and strentium; Cp (298-1800K).

Darken, L.S., and Gurry, R.W,, "Physical Chemistry of Metals",
McGraw-Hill, New Yerk, 1953, 340:
Calculated integral Gibbs energy of mixing fer (Ca0) and {S10,} at 1600°C.

De Vriee, R.C., Roy, R., and Osbern, E.F,, Trans. British Ceram, Sec.
1954, 53, 525: T10,-510,.

Fincham, C.J.B., and Richawdsen, F.D., Prec. Roy. Sec., 1954, A223, 40:
fCa0-A14504 ], Gas equilibratien at 1350-1650°C, using uzlcozlsoz,
56° (forlation)

Floed, H,, and Knapp, W.J., J. Amer, Ceram, Sec,, 1957, 40, 206:
estimate of Gibbs energies of foermation fer silicates.

Fyffe, W.S,, Amer, J. Sci., 1969, 267, 291:
andalusite-sillimanite transitien, general discussien ef A12s105
pelymerphism.

Grebenshikev, R.G,, and Terepev, N.A,, Izv, Akad, Nauk, SSSR, Otdel
khim, Nauk, 1962, (4), 545:
Ba0-510,.

Haskell and De Vries, R.C., J, Amer, Ceram., Sec., 1964, 47, 202:
estimate of Gibbs energy of fermation of kyanite,
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1.1.52

1.1.53

1.1.54

1.1.55

1.1.56

1.1.57

1.1.58

1.1.59

1.1.60

1.1.61

1.1.62

1.1.63

xx

Ho H., and Yanagasc, T., Trans. Japanese Inst, Metals, 1960, 1 (2),115:
fPb0-5i0,} , 800-1150° c. Nsio, = 0.30-0.55, e.m.£., agyg,, appq-

Holm, J.L., and Kleppa, 0.J., Inerg. Chem. 1966, 5, 698; Amer. Mineral,
1966, 51, 1608; J. Phys. Chem., 1966, 70, 1690:
AH°968 (fermatisn) kyanite, amdalusite, sillimanite and muliite by

solutien in ) *ad and cadmium berates.

Hummel, C., and Schwiete, H.E., Glastechn. Ber., 1959, 32, 413:
<’Nn28102> , heat of foermatien, N“‘zo = 0-0.50, (selutier in HP at 25°C).

Kelley, K.K., U.5. Bureau Mines Repert Investigation, 1961, No, 5901:
Clo'8102 .

King, E.G., J. Amer. Chem. Sec., 1957, 79, 5437:
{Ca510, , Ca3810; . ,. CaMgSiz0, ', CaAIZSiZOB; , Cp(51-298K).

King, E.G., J. Phys, Chem., 1955, 59, 218:
Cp (51-298K), crystalline calcium and magnesium sluminates.

King, E.G., J. Amer. Chem. Sec., 1951, 73, 656; 1952, 74, 4446:
-CleiOl‘, Cl33105, AR° 298 (fomati.n), also Hn5i03, F225104 and

Zn,$10,, (solutien in HF).

Kitayama, K., and Katsura, T., Bull, Chem, Soc. Japan, 1968, 41, 525:
KG° (formatien), 1300°C., Fe,510,, quenching of welts of FeO + smz

in COz'HZ

Kohler, M.P., Barany, R. and Kelley, K.K., U.S. Bureau Mines Rep. ,
Investigation, 1961, No. 5711:\‘Ca0-A1203.’

Kozuka, Z,, and Samis, C.S,, Met, Trans., 1970. 1, 871:
fPbO-810,} , 900-1000°C, e.m.£f., ap.,, @ 510, Ms10, * 0+0.625.

Kubo, T., and Shinriki, J. Chem, Sec. Japan, Ind, Chem, Section 1951,
54, 268: Ba)-Ti0,.

Larson, H., aand Chipman, J., Trans. Met, Soc., AIME, 1953, 197, 1089:
Oxygen activity by C0-CO, equilibratien at 1550°C for ene lime-silica slag.

Matsushita, Y., and Gote, K., Tetsu To Hagané’0verlean, 1964, 4, (2),128:
beO-SiO 1, 800-1100°C, oxygen pressure measured in an e.m.f, cencen-
tration cell and activities, Gibbs energy, heat and entropies of mixing
are shewn grnphically.

orr, R.L,, J. Amer. Chem, Sec., 19533, 75, 528:
heat centent, re28104, 298-1800K.
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1.1,72

1.1.73
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Ostvold, T., and Kleppa, 0.J., Inerg Chem,, 1969, 8, 1), 78:
rpbo-51021 v Mli73 (formation), N5102 = 0.205-0.495, partial heats

also determined and combined with activity data te give entrepies.

Pankratz, L.B,, and Kelley, K.K., U.S. Bur. Mines Rept. Invest,,
1964, No. 6370:

high temperature heat contents and entropies of andalusite, kyanite
and sillimanite, »

Pearce, M,L., J, Amer, Ceram, Soc., 1965, 48, 611:
{N|20-51021 » Na, 0-3203] , calculation of oxygen ien activities in

sodium silfcate and sedium borate melts.

Pearce, M.L,, J. Amer. Ceram, Seoc., 1965, 48, 175:

{Nazo-52031 oxygen ion activity in sodium borate wmelts, equilibratien
of melts centaining 38.8, 45.4, 49.7, 54.0, wt.% Naj0 with COy at

1 atmosphere,

Pankratz, L.B,, Weller, W.W,, and Kelley, K.K,, U.S, Bur, Mines Rept,
Invest., 1963, No, 6287
low temperature heat capacity and high temperature heat centent of mullite,

Richardson, S.W., Bell, P.M,, and Gilbert, M.C., Amer. J, Sci., 1968,
266, 513:
kyanite-sillimanite equilibrium, 700-1500°C,

Richardsen, F.D., Jeffes, J.H.E,, and Withers. G , J. Iron and Stéel
Inst., 1950, 166, 213:

° (formation) CaSioa, CajAl,0, (298K); also

A1,5105(29801600), BaSi03 (29801600), FeAly0, (1100-1400),

Na,$103 (298-1361K).

Ricker, R.W,, and Hummel, F.A., J.Amer, Ceram, Soc., 1951, 34, 271:
T10,5-510,.

Roth, W.A,, and Troitzsch, H., Z. anerg., allgem, Chem,, 1949, 260, 337:
AH.298 (formatioen) Fezsioa, solution in HF.

Scholze, H., Z, anorg. allg. Chem,, 1956, 284, 272:
Schuhmann, R,, and Ensie, P.J., J. Metals, 1951, 401:
(Fe0-510, slag activities included).

Segnit, E.R,, and Gelb, T., Prec. VIIIth Conference Experimental

Tech. Mineralogy and Petrology, Novesibirsk, 1968:
Bw‘siozo
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Sharma, R,A., and Richardson, F.D., J. Iren and Steel Inst, 1961,
198, 386:
fCaO-A12031 , Gas equilibration at 1500°C using COZ/HZ/SOZ'NCao -
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Sharma, R.A., and Richardson, F.D.,, J. Iron and Steel Inst. 1962,
200, 373:
CaS selubility i{n fCaO-SiOz} » 1500°C, No.o = 0.366-0.577, 4G, 8eaoe

Shibanov, E.V., and Chukhlantsev, V.G., Russian J. Phys, Chem.,
1970, 44, (7), 1003:
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Na 5103, Na

25104, L1,510,, KyS10,, K 510,0,,

2 251205, CaSiOs, C’ZSiOA’ SrSiO3, SrZSiOQ, 518103, 3125104
Sridhar, R., and Jeffes, J.H.E., Trans, Inst. Min, Met., 1967, 076, &4:
beO-SiOZW , e.,m. £,, 900-1080°C,

Statten, W.0., J, Chem, Phys., 1951, 19, 33:
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Heat of formation of sodium disilicate (solution in HF at 25°C),

Taylor, R W,, and Schmalzried, H., J. Phys. Chem,, 1964, 68, 2444:
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2
113
Tarek El Gammal and H.H. Hohle, Arch, Eisenhuttenw., 1970, 41, 523: 0
actitivy of sulphur in line-silica slags at 1500°C, }
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metatitanates of barium and strontium, Cp (51-298,16K),
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1.2,20

1.2.21

1.2,22

1.2,23

1.2.24

1.2,25

1.2,26

1.2,27

1.2.28

1.2,29

1,2, TERNARY SYSTEMS

Elliott, J.F., J. Metals, 1955, 7, (3), 485:
calculation of activities in bhinary and ternary systems,
C.O-Feo-8102.

Eremin, N.I., Egereva, A.1., Dumitrieva, A.H., and Furfareva,
1.8., Zhur, Prikl. Rhim, 1970, 43, (1),
Cd)-TiOz-SiOZ also CIO.SM’J2 + leo Fe203, Mgl or A1203.
Fulten, C., and Chipman, J., Trans. Met. Soc. AIME, 1954, 200, 1136:
as10, in {Ca0- A1203-8102] , 1425-1700°C, equilibration with co
Gerth, K., and Rehfeld, Silattechnik Deutsche, 1969, 20 (7), 22
Ba0-B,0.-510,.

23 2
Hlabse, T., and Kleppl, 0.J., American Mineral, 1968, 53, 1281:
llbite-jadeite, = (transition), calorimetrv in liquid 2Pb0.B
Holland, A.E., and Segnit, E.R,, Australian . Chew., 1966, 19, 905:
Nlpo-zw-Sio,.

03

-510, syttem;\

Holm, J,L., and Kleppa, 0.J., American Miner., 1368, 53, 123:

high temperature albite-low temperature ulbite &97 (transition),

solutien calerimetry in lead-cadmium-borate, aiss heat content eof
“high albite" at 700°C. . Na 0-Al1_0 Sio

\ Mg ™ e
Kay, D.A.R., and Taylor, J., J. Iren Steel Inst., 1963, 201, 67:
including iseactivity curves for Si in {Cal- A1203 -$10 } at 1500°C
Kelley, K., Todd, S.S,, Orr, R.L., King, £.G., aad Bonnicksen, U.S.
Bur. Mines Repert Invest,, 1953, No., 4955, "Thermodynamic properties
of sedium aluminum and potassium aluminium silicaces",

Knapp, W.J., and Flood, H., J. Amer, Ceram. Soc. 1957, 40, 262:
Using the liquidus lines from the phase diagrars, expressioems for
the activities as functions of cemposition are developed frem
structural models of the melts.

= - 428 - o
0.3(‘03)2 - 012510 0.86-1,00, +28-1487°C

4’ Nborate

013(303)2 - Ca8103 . Nborate = 0,33-1.0, 1185-1482°C
- - ) - X8 od
N-ilicate 0.06-1.C, 1175-1540°C,
- = - H - °
c.znzos CaZSioa 0 205 8.01-1,00, 1240-1312°C,
2 0.78-1.00, 1050-1162°C.
c.(noz)z 018103 ’ borate -
N = 0,35-1.00, 1095-1540°C.
sSlicate
- = - ®
Ca 320 ClSiO , Nb'rate 0.75 I.QO. 1170-1312 Ct
N

silicate = 0,34-1,00, 1195-1540°C



1.2,30 Kalyanram, M.R., Macfarlane, T.G., and Bell, H.B,, J, Itron Steel
Inst., 1960, 195, 58:
805 1500°C., sulphur equilibratien between 00-CO

at 1500°C. fer CaO-HgO-SiOz, CaO-A1203-8102.

1.2.31 4 Koppen, N, and Dietzel, A,, Naturwissenschaften, 1969, (9), 460:
Ba0-T10 -8102.

2-802 and slags

2
1.2,32 lLangenberg, F.C., and Chipman, J,, Trans, Met. Soc., AIME, 1959,
215, 958:
4.0, in re.o-A1203-5102} , 1600°C, 1700°C., equilibration with
co, s10, = 0-0,237.

1.2,33 ¢ Lamgenberg, F.C., and Chipman, J., J. Amer. Ceram. Sec., 1956,39, 432:
CaD-A1_0,-S10_.
23772
1.2,34 ¢ Nurse, N.W., and Midgley, J, Iron Steel Inst., 1953, 174, 121:
NIZO or KZO + A1203 + 8102 + Cab,

1.2.35 ¢ Prince, A.T., J. Amer, Ceram, Sec., 1954, 37, 402:
CnO-A1203-8102.

1.2.36 Richardson, F.D., Jeff+s, J.HE,, and Withers, G., J. Iron Steel
Inst,, 1950, 166, 213:

AH.298 (fermation) 2Ca0.A1203.8102 .
1.2,37 ¢é Roy, R,, Roy, D.M,, and Osborn, E.F., J. Amer. Ceram. Sec,, 1950,
33, 152:
LiiO-A1203-8102.
1.2,38 ¢4 Segnit, E.R., and Holland, A.E,, Australian J. Cluem,, 1970, 23, (6) 1077:
BaO-ZnO-SiOz.
1.2.39 Tarasov, V.V., Turdakin, V.A., Yunitskii, G.A., and Zhdanev, V.M.,

Zhur, Fiz. Khim,, 1967, 41, 430:
Cp, (55-295K),( Na,0-B0,-5810, 7 .

1.2,40 Toop, G.W., and Samis, C.S.,, Trans, Met, Soc. AIME, 1962, 224, 878:
calculation of activities at 1600°C for Fe+t, Ca++, 0" in
[CaO-!‘eO-SiOz 1.

1.2,41 Turkdogan, E.T., Grieveson and Beisler, J.F., Trans, Net. Soc. AIME,
1963, 227, 1258:

‘8102 in 507 BaD-152 CaD-353% SiO2

silicon distribution ratie between slag and graphite saturated irom.

at 1400-1600°C, frem quilibrium

1.2.42 Waldbaum, J., Amer, Ceram, Sec., 1968, 51, 61:

KA181308, N¢A181308, M (fusien), HF solutien calerimetry at 497°C.,

also enthalpies of transition,
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1.3.8

1.3.9

1,3. QUATERNARY SYSTEMS

Timucin, M., and Merris, A.E., Met, Trems. 1970, 1, 3193:

1450 and 1550°C, Po, = 10-11 -1 atmosphere equilibration
2

activities for 0, 5, 10, 20 and 30 wt,% Sio2 sectiens.

Timucin, M., Dissertation Abstracts, 1969, 303, (5), 2215:

“"Phase equilibria and thermodynamic studies of the system
c.o-reo-re7o3-51oz.
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2.4

2,4.5

2,4.6
2,5
2.6

2,6.6

2,6.7

..6.8

2.6.9

2,6.10

2. PLATINUM SYSTEMS

Li-Pt; Na-Pt; K-Pt
Mg-Pt; Ca-Pt; Sr-Pt; Ba-Pt

Ce-Pt; Nd-Pt
See Ref, 3,1,37 in the Semi-Annual Report, Jan, 1, 1971.

B-Pt; Al-Pt; Si-Pt

Ferro, R., Capelli, R,, Bersese, A., and Centinee, G,, Atti.
Accad, Naz., Lincei Rend, C.1., Sci-Fis. Mat. Natur,, 1968,
45, 54:

M, (fermatien), (573-673x),<‘A1-r:)».

See Ref, 3,1.12 in the Semi-Annual Report, Jan, 1, 1971,
Fe-Pt
Zn-Pt; Ps-Pt; As-Pt; Sb-Pt

Jena, A.K., and Bever, M.B., Trans, Met. Sec. AIME, 1967, 239, 1861:
Heats of solutien at infinite dilutien of Ag, Au and Pt {n liquid
Pb at 623K.

Oteopkov, P.P., Gerasimov, Ya.I., and Evseev, A M_, Prec., Acad, Sci.,
U.5.S.R.,, Phys, Chem, Section, 1961, p. 839:
{Pe-Pb} , v.p.Pb (973-1148K), Np, = 0.00-0.89.

Schwerdtfeger, K., Trans, Met, Soc. AIME, 1966, 236, 32:
fPt-Pb} , e.m.f., 1073-1473K, Np, = 0.12-0.70, Sy,

Schwerdtfeger, K., and Zwell, L., Trans, Met. Soc, AIME, 1968,
242, 631:

$ Rh-Fe >,/ IR-Fe >, C0-CO, equilibrium at 1200°C.
p; /

AN
Kubaschewski, 0., "The thermodynamic stability of metallic phases",
Battelle Colloquium, Geneva, 1966, McGraw-Hill, 1967, p. 63:
Includes methods of estimatien - feor example the type of equilibrium
diagram formed and therefere the heats of fermatien of a given alloy,
using the size and electronegativity of the components.
For the specific cases of alloys of platinum with the alkali metals
or alkaline earth metals, the (LA-LB)/k (LA+L3) term is riather negaiive
but is compensated by a rather positive electrenegativity term
(qkoel)z, vhich makes the applicatien of the method ef estimatien

rather uncertain, However, it appears that at least some of these
systems are likely te foerm large miscibility gaps, even in the liquid
state, indicating substantial pesitive excess Gibbs energies.
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3.1.40

3.1.41

3.1.42

3.1.43

3.1.44

3.1.45

3.1.46

3.1.47

3.1.48

3.1.49

3.1,50

3.1 GENERAL REFERENCES

Kelley, K.K., U.S, Bureau of Mines, Report Invest. Ne. 5901, 1962:
A“.zgs M825104, ClZSiOa, SrZSioa, BleiOa, FCZSIOQ, L125103,
Na25103, MgSi0.,, CaSi0,, PbSiCj, Li,51,0, K28105, 3151205,
KZO.QSIOZ, 3ga0.510,, 3C¢0.28102, 28:0.35102, K20.51203.38102,

C-O.A1203.28102.

Kirkbride, B.J., "The heats of fermation of crystalline cempounds

and of glasses at 25°C"., Pilkingten Bres. Ltd., Ormskirk, Lancs,
England. Infermatien Repert No. I.R. 25, January, 1967:

SiO2 + L120, Nazo, szo, Clzo, Mg0, Ca0, A1203 and ternary systems,
Knapp, W.J., and Van Vorst, W.D,, J. Amer, Ceram. Soc,, 1951, 34, 384:
Semempirical methods feor estimating the entrepies of exides, silicates
and titanates; prediction of reaction equilibria,

Kubaschewski, O., Evans, E.L1,, and Alcock, C.B., "Metallurgical
Thermochemistry", 4th Editien, Pergamon, London, !967; alse mest recenmt
values of data in the Japanese Editien, 1968. ’

Kubaschewski, 0., "The thermedynamic preperties of deuble exides",
Natienal Physical Laberatery DCS Repert 7, November, 1970, (excluding

8102 systems).

Kubaschewski, ®., "The thermedynamic stability </ metallic phases",
Battelle Celloquium, Geneva, 1966, McGraw-Rili, 1967, p, 63,

Levin, E,M., Rebbins, C.R., and McMurdie, H.F., "Phase diagrams fer
ceramists”, published by The American Ceramic fcciety, 1964; also
E.M, Levin, H.,F, McMurdie and F,P. Hall, 1956: E M| Levin and H.F,
McMurdie, 1959,

Matveev, G.M., Rudon, B.L., and Shorshorev, M.Kin., Fiz, Khim, Obrat,.
Mater. 1969, 6, 94:

Calcudagion of the Gibbs energy or formation at 1000 and 1600K fer
silicates of Li, Na, Mg, Fe, Mn,

Mott, B.W., "Liquid Immiscibility in Metal Sver~«¢"', Philesephical
Mag. (8th Series) 2, (Feb,, 1957).

Richardson, F.D., and Jeffes, J.H.E., J. Iren and Steel Inst,, 1948,
160, 261, Cricical evaluatien,

Seward, T.P., I11, "Phase Diagrams", 1970, Vol. 1., Academic Press,
N.Y., 298:

"Metastable diagrams and their applicatien te glass ferming

ceramic systems',
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THERMODY NAMIC INVESTICGATION OF THE INTERACTION
OF A LITHIA LASER GLASS WITH PLATINUM
C. A. Alexander, 1. S. Ogden, and W. M, Parduc

"BATTELLE
Columbus Laboratories

July 22, 1971

INTRODUCT TON

In attemptiug to produce laser glass of the highest purity, one wishes
to keep metallic inclusions to a minimuin or to eliminate them altogether. The
interaction of platinum and molten glass may occur by a number of mechanical and
chemical processes. The present study was directed at obtaining sufficient infor-
mation to attempt to optimize the melting process so that inclusions could be
minimized,
The most likely mechanism by which platinum can be dissolved in glass can
be envisioned as one whereby oxygen reacts with the platinum to form gaseous
platinum oxide, which is then dissolved by the glass. One would cxpect the
platinum concentration in the glass to vary directly with the oxygen partial
pressure over the glass melting tank. As one lowers the oxygen pressure, lowever,
the chemical potential of silicon, lithium, calcium, and the minor metallic con-
stituents of the glass rise, and there develops a reaction potential for forming
internetallice combounds with the platinum, |
The primary goal of the prescnt investigation was to determine this
recaction potential between the metallic constituents of the glass and platinum at
low, vet industrially realizable, oxygen partial pressures. A limited effort was
dirccted at determining the platinum content of the lascer glass and its thermo-
dynamic activity in the glass.
o

Experimeantal

This investigation of the chemical potential of the elemental constituents
of luscr glass was carried out using a mass spectrometric approach., The mass spec-
trowcter has a great dynamic range and high sensitivity, which allows for the

detection of small signals as each component vaporizes at different temperatures.
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The observed intensities were much smaller than anticipated; this, it was
impossible to conduct this investigation by an EMF technique or by a transpira-
tion method.

The initial experiment to determine platinum activity and content of the
laser glass was conducted in a tungsten Knudsen cell. The iutcraction of the
tungsten cell and the oxides of the glass produced many gascous tuupsten oxides
and tungstates,

The method of equilibrating a picce of platinum wire with the laser
glass to determine the chewmical potential of cach constituent in the glass made
it possible to carrv out the investigation without the iuteraction of the oxides

The experinental approach was basically onc of equiiibrating the molten
laser glass with platinum for a time long enough to insurce that the chemical
potential of cach of the clements prescnt was the same in the melten glasgs and
in the platinum wire. The oxygen pressure was controlled by using a CO/CO2 mix-
turc during equilibration.

The equilibration process was carried out in the molvhdonun-wound
resistance furnace of the transpiration apparatus shown in Pipgure . The laser
glass and the platinum wire were placed in a platinum boat iu ide d.platinum
liner, insuring that the laser glass had no coutact with the alvuinag tube of the
furnace., The CO/CO2 mixture was introduced just above the platis beoat so that
it did not 'come in contact with the alumina until after it hal passed over the
, was controlled by sepavate flowncters so that the

2
CO/(TO2 ratio could be changed to vary the oxygen pressure.

sample. The flow of CO and €O

Three separate cquilibration runs were wmade in this apporatus. Pressurces

- -6 -8 -10 Ce , -
of 10 © atm, 10 ~ atm, aund 10 atm 02 were chosen for equilibration of the
lawcr glass and the platinum wire. A temperature of 2600 ¥ (1700 K) was maintained

for 168 hours at cach 02 pressure. For the 10-10 atm 02 run, the CO’CDz ratio was
checked by mass spectrometer to ascertain that the inlet-pas nixture was the same
as the exit mixture., This check was made to insure that the C 02 mixture was
actually controlling the oxygen pressure, rather than a disproporticnation reaction
vhhiich might be giving off oxygen,

After the cquilibration, the sample was cooled and the platinum was
scparated from the laser glass., The platinum wire was then ctehed in HF solution

for 2 hours to remove any glass particles., The cleancd platinug wire was placed

T .
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in an outgassed BeO liner of a tungsten Knudsen cell, which was then placed in }
|
the Nuclide mass spectrometer where the intensities of the qonstitdcnt ions were !
. i

1
weasured as a function of temperature. . (The constituent atoms diffused iuto

¢ platinum during equilibration.) ' ) ! i - ' ! :

The Nuclide mass spectrometer is a 90° magnetic-sector type with the
hiph-temperature furnace positioned so: that the vaporizing beam is pcrpondlcular
to the ionizing beam. The mass spectrometer is equipped w:th a suuttcr between :
the Knudsen cell region and the ion source. This shutter, which is normally open, ’ ,
is used to interrupt the vaporizing beam.. If the §igqa] ceases or deqroasés ' i
whon the shutter is closed, then it is comgnngrom the Knudsen cell and is not )
part of the background. The observed intensities are transforﬁcd into vapor
pressure by using the machiune calibration constant' and a correction for the ion- L

, , , . 1 !
ivzation cross section relative to silver. Cross sections as tabulated by Mann( )

(2) o 1 ehe cpd L o

or Drowart were utilized in this study. The calibration constant is deter-

mined by completely vaporizing a known quqntxty of silver from the Knudsen cell, | i

i '

Tie integrated signal obtained from the measured intensity and timc at tempera- '
ture is the constant. The machine calibration consLanL for Lhcse ex)criucnts was

1.0 % 10-15 atm/mv div/ °K. The vapor pressure of Lhc platinum also was a check on ; f &
i

ttic machine calibration. ,
!

Figure 2 shows the vapor pressure of the plntxnum calculated by use; of ,

. , -15
the calibration constant of 1.0 x 10 atm/mv div/ °K and the relative lonlzatlon

; i
1
cross sections of the elements calculated by MannL( ) The sclid line is vapor-

3)

prescure data taken from Hultgren™™/, and the vapox-pxossuro points froh the mass ;
i :

spectrometer data are representeéd by X's. ! !
i i . ! I I
it , ‘

4
e —— . 0

! ‘ |

i
From the experiment with the laser glass in the tungsten cell, it is !

oncluded that the laser glass contained 0.6 ppma platinum and that the activity : g
3

of platinum in the glass is about 1077 at 1700 K. O?e would axpeqt sqme rchction )
between the tungsten Knudsen cell and thc‘platinum, leading to solid-solution ) !
formation cvcn at an activiéy of 10-3. Howcver, if one assumes a:diffusion rate .

of ]O"7 cm /scc for platinum in tungsten, one con;ludv< that the surface of the | !
cell would rapidly comcgto equi}ibtium with the plaQLnum gas at jtF reduccd actlvitx : Lo

.
.
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dia that only a swall fraction of the platinum would react with the tungsten,
considered that the 0.6 ppma is accurate to 0.6 + 0.2, -0.0, based on the
pregration and the above consideration of platinum diffusion.
The results obtained in the cequilibration studv are susmarized in Table

data in Table I arve the activities of the metal 1o the platinum except
A ot of ateminum, and the activity of the oxide in the glass at 1700 K, The
activity of aluminum in platinum and the activity of the A1203 in the glass at the
cgui bibration oxypen pressure are reported at 2300 K because aluminum was not

I

tootable below 2100 K in the 10.6 atm 02 and the 10-8 atm O2 runs. The activity
clotaoand €al are not reported for the 10.6 atm 02 experiments because of a
tleium contribution from the Be® liner of the RKuudsen cell. The 10-8 atm 02
e tor caleium is probably a little high for the same rcason.
Table 2 Lists the amounts of silicon, lithium, alumioum and calcium
diffused into the platinum during cquilibration., The quaitities were
fe tlated from the inténsity of the mass spectromcter signal and the length of
bat the signal lasted, similar to the method used for the silver calibration.,
Sodium, potassium, iron, cerium, and ncodvmium were not detected during
coperiments, although these clements could be observed v an experiment
ch the major constitucents were ignored. The problem with the small concen-
me s that, while measurements were being made on the major components,
o cowpondnts vaporized completely and were not detected,  The activities

v Pithium, aluminum, and calcium were determined directly from the relation

1’
A== (1)
P
. . . . °
is oactivity, P was wmeasured pressure in the wmass o) ter, and P is
Poium pressure for, pure component.  The activity of the icon was deter-
i1 Fquations (2) and (3) because the silicon vaporized {rom the LeO cell
\
Y + Si ., = §i0, . 4 Be 2)
o) (in pt) (&) ()

FeO 1s the crucible wmaterial, at unit activity, and the Be and Si0 pressures

voere vcasured. Then the activity of the Si was caleulated {rowm the known values.
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TABLE 1. ACTIVITIES OF COMPONENTS IN THE PLATINUM AND GLASS AT 1700 K

P02 (Knudsen Cell)

It
ASi

ASio2
't
=

.Av . 0
L)z

Pt

1 at 2300 K

at 2300 K

.\1703

re
\Cu

"

6 x 10

!

P02 (atm) for Fquilitiration
1078 1078 .
10710 8 x 1012
14 5.5 % WBI -
0.3 0.28
10”7 107°
101! 107°
2 x 10.7 1.4 = 10-6
8 x 1072 B 007
2 x 10710
]
9]~
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TABLE 2. CALCULATLED ELEMENTAL PICKUP IN PLATINUM

b
I02 for Equilibratioa

PPMY 107° 1078 10”10

Si 13 31 48
Li 2 8 14
Al 5 6 22
Ca 9 14
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+ 1/2 O2 = SiO(g) (3)

Si, .
(in pt) (8)

«tion (3), the Si0 and the 0, are measured quantities and Lthe activity of the

2
Si 1w catculated. Good agreement was obtained for thic activity of Si from Equa-
tions (2) and (3). An indication of the manner in vhich the computation was made
can be seen in Figure 3. The oxygen pressure in the Knudsen cell was calculated

usitg Lguation (4),

= Al
WO2 + 1/2 02 L03 c 4)
vhere UOZ and w03 pressures were weasured and the 02 was calculat.d. At the
hipher tewperatures, the 02 pressure was also obtained divectly from the shuttered

ar and the calibration constant.

The activities of SiOZ, Li20, A120,, and Ca0 were caleulotoed using the

3
i ity of the metal, the equilibrating oxypen pressure, avd ¢ Yibriun
it tor the formation of the oxide from the JALAI ) tables.  in those cases
he oxide was not listed in the JANAF tables the data for condeascd oxides
ained from Coughlin(s) and for gascous oxides {rom Drewver and Pnsonhlatt(6).
aaple, Lhc'IO-IO atm 0, cquilibration gives a silicon actovicy of 3 & 10-10.

2
quilibrium constant for (he reaction

i = 81
SI(C) + 02 () 02 () (5)
ity and log k = 5,15 x ]O]S,
9 ASiO2
R A T A s
) 2
tuting into Equation (6), A
Si0
18 2
5.15 x 107 = =
-10 L
3 x 10719 10719
A..n = (5.15 x 1015)(3 X 10'10)(10'10) =15 v 10°°
8102
ASiO = 0,15

-



FI1GURE 3.

Si (inpt) +1/2 0

10

ACTIVITY OF STLICON COMPUTED FROM THE RELATION,

(g) = Si0 (g), for the 10'8 0, Equilibration

2 2

(Sec following page)
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The tree energy values used to derive the values in Table 1 are given in Table 3.
Conclusions

The data obtained and outlined in Tables 1 and 2 indicate that platinum
and laser glass are still compatible at an oxygen pressure as low as 10-10 atmos-
phere. Tt had been hoped that Henry's law would apply to the very dilute solution
of etarents in platinum., That such is not the case may be secen from the data in
Tlable 4 where, based on the previous data, the Henry's law coustant a = kxo has
been caleulated, 1In this expression, a is the activity taken from Table 1 and Xo

the atom fraction, derived from the concentration given in Table 2. Had Henry's
law been obeyed, the data would have been much more amenable to extrapolation and
wight be able to predict ut what oxygen potential the conceutration of silicon
platimmn would reach a level such as to cause structural dawmage to the platinum,
1, in noting *he trend in the Henry's law constants with concentration, one
lors that a value of the constant for silicon of between 10-5 and 10-4, say
'-S, might be a reasonable estimate for the magnitude of the constant vhen
ti entration is 0.1 atom percent silicon in platinum. This would indicate
{ the silicon activity reached 3 x 10-8, one could expect 1000 ppma of
uw the platinum. Based on the silicon activities giveu in Table 1, one
vt espect the silicon activity to be 3 10.8 at an oxygeu pressure of 10.'12
! phiere; hence, it would appear that onc might go to a pressurc as low as this
11 maintain the structural integrity of the platinum crucible. Examination
¢ the platinum used in the equilibration studies showed no evidence of grain-
attack cither visually or by electron probe, nor doce thio vcanning electron
cope reveal any evidence which would indicate that a reaction of any extent
d d. '
The evidence indicates that Henry's law docs not apply to the platinum,
hably does not apply to the glass; hence, there is a need for more informa-
before one can accurately predict the amount of platinem once would expect in
lic plass due to nonmechanical ceffccts. There is cvidence that atmosphere control
should lecad to a glass with a concentration of less than one part per billion,
however.  This conclusion awaits experimental verification for, although one can

estimate the magnitude of the reaction involving solubility of the gaseous platinum

oxide, there is no certainty that this is the only reaction, nor that intrinsic
olubility will supply a finite amount of platinum to the glass.

9=
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TABLE 3. FREE ENERGIES OF FORMATION USED
INVEST1GATION AND THE REFERENCE

“-AG at 1700

N THIS

STATE

Zamponent
SiO2 (q) 145.6
$i0 (g) 58.2
Li20 (1) 85.3
A1203 (C) 270.6
Ca0 (c) 108.2
Be0 (c) 103.5
=AG at 2000 K
NdO (g) 62.3
(

Nd203 (c) 264 .0
Ce0 (g) 48.1
CeO2 (c) 142.1

——— e = TR LSTELT S LT = gt
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4. HENRY'S TAW CONSTANTS FOR CONSTITUENTS TN PLATINUM

P0 for Hqui]ibration.

2

Element 10.6 10-8 10-10
si 7 x 10710 2 x 1078 9 x 1077
Li 2 x 107° 4 x 107" 5 x 107°
Al 6 x 1073 3x 1072 7 x 1072
Ca - B 20 2 1 x 1078
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APPENDIXN A

bue to the very low values of activities of the constituent clements in
“he uncertainties in the data are somewhat higher than might ordinarily be
o a mass spectral investigation, With the efinsion cell geometry
) I gaseous specices could be determined if their partial pressures were 10-ll
ate or hipher, Neither NAO nor Ce0 werce cebserved at 2000 K, and from these values
one cau assign an upper limit to the activities of neodymium and cerium but at
2000 1 not at 1700 K, Dased on observation of A]203 iu the glass where the
terporature coefficient of activity was found to be quite small one might expect
thne the upper limit values given at 2000 K maybe a reasonable value to use at
IV also.  Jo determining best values more weight was given to the 10-10
cqui bibration run for these reasoms. First, there was more of the constituents

ootue platinum hence signals were more intense and measurements could be per-

[

over a larger temperature range. The second reason is that cexperience
¢l in making those kind of determinations from the first two runs enabled a
stemat ie approach to be taken in that one could auticipate at what temp-

o 1 to ook for the vavious species and little time wdas expended in going

-

to mass and from one temperature to another, The third factor is
pussible signal contributions from the beryllia liner were believed to
cnated by the very high temperatures outgassing prior to vun three. There
little donbt the caleia observed in the early runs came from the crucible and
- ossible there was a small contribution of silica also, The activity
viven reflect the precision in the mass spectral data but do not allow for
cvtainty inherent in the reference data from the JANAL tables. It is
hat for wost cases uncertainties in refercence date coold introduce an

nty of at least 50 percent in the number reported.
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A-2
TABLE A-1. RECOMMENDED VALUES FOR ACTIVITIES IN LITHIA
LASER GLASS AT 1700 K
Mole Praciicw
Component Activity in Glass
50, 2 x 107} 0.59
Li,0 6 x 1010 0.28
Cca0 1 x 1071 0.10
AL, 2 % 1072 0.025
Ce0, < 1074 0.0016
-3
Nd,0, < 10 0.005
-101-
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APPENDIX III: CALCULATIOMN OF P

0, REQUIRED FOR Pt FAILURE

The thermedynamic calculatiens belew estimate the P°2 required feor
Pt metal faflure in centact with the uzo-cw-smz-ndzo3 laser glass,
Pt “failure" can be expressed frem & chemical point ef view by Reaction (1).

Silicen is used as an example.

Pt = glass
S (X31 in failed Pt) + 02 (gas, Poz) 5102 “5102 in glass sel'n);

T = 1700°K R, (1)

When these three phases are in equilibrium at the apprepriate mele fractiens

and partial pressure, the Pt will kave "failed" by definitien.

Equilibrium eccurs when the Gibb's free energy fer Reaction (1) (A"T) is zero.
. — L

Aslaoo
AF = AF° +RT In 510, -« 0 Eq. I1-1

Pt
(Asl) (’02) l

The POZ required for AF <O is desired. &i&)- M”f (sm@\ = -137,931

cal/mele at 1700°K (2600°F).

For glass compesition #5, X81888 _ 4 593 and the Agl‘“ has been
Si.O2 102

experimentally determined; because "failure" was net observed abeve Poz =

-10
10 atm,, let A::;“ = 0,15 for the calculatien. The mole fractions
2

of the glass constituents are not being changed in erder te aveid Pt failure

se these mole fractiens and cerrespending activities will remain constant fer

the calculatiens,.

The ﬂﬁ;:." are available at 1700°K fer 5102, Lizo and Ca0,

Insufficient data is available to estimate ASlaSS
A1,0,

-102-
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. Pt
There are two ways of cstimating the Agjy at failure. the last parameter

necessary in order to czlculate Pp, required for failure. The Agg can be

estimated knowing the AFCf (SiPTq), Ag?’ Agg. or Azj as done in Appendix 1V
of the Semi-Annual Rnport3. Based upon this empirical data., the A gg at
failure has been estimated to be 10.5 at 1533°K. These data could be
temperature corrected from 1533°%K to 1700°F by assuming that Tloa AS: is

not a function of temperature. This can be demonstrated by considering the
reaction:
Me (pure) - Me (in Pt soln.) Rx (2)
For Rx (2), AF. = AH = TA S8 . AS ‘v O because the degree of disorder is
3 & @ 3
is similar between solids and between solids and liquids; therefore, 459 is

not a strong F (T). Also note:

AF = + RT in AS19SS
& /.]50

alass

Therefore, T log Ayy 0q is net a strong f (t). Using this relation, the
-

Agg at 1700°K can be calcul. ted knowinyz ‘P§ at 1533°K.  Consider Ag§ as an

£,
fas

example:
Pt
Oy 0' (’?- | Ptv NIy
(1533%K) los Rgy @1533 K =(1700 K) ]OZ‘A”ijl/Oh ¥
ol
B o, . 1833 (107%) ~ 0.0 I -
10;_Asi@ 1700"K . = 1700 2

Pt

Since the estimated value of the A7 " @ 1533% is not nccurite to more than
'l

. ; oy,
one order of magnitude, the Agé @ 1533% Ait @7607K,
: e

Using the above values and Eq.111-1, the P required for failure is

02
calculated: -145,6004  (1.987) (2.303) (1700°K) log, T 0.1 __ =0
(10-3) (Po,)

-103-
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0 atm. is order for failure Lo occur.
5

Therefore, P

The same calculation is done for the other oxides and metals, The data
used is presented in Table 1I1-1 and che POo's are summarized in Table 7

st this report.

Pt

- at failure assumes that

The othetr method of estimating the
~fat.% of the metal (Me) can be dissolved in the Pt before failure would

be expected. The Agg is related to the mold fraction (X;t) by the relation
Pt e

Pt
APt = <Pe X where * is the activity coefficient as empirically determined

Mc Me Me Me
and listed in Table 4., Table I1I-2 lists the data used in Quation I1I-1 to

0,

-

calculate Py required for failure and the obtaimed P, values.
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TABLE 111-1

CALCULATION OF Poz REQUIRED FOR Pt FAILURE ASSUMING

A:: ‘s FROMREF, 3. T = 1700°K = 2600°F

glase
Element (Me) Ahcox
81 0.15
-10
Li 6x10
-2
Al 1.29x10
Ca 0.1

Pt
LW % (4e0) Poz Required feor
(cal/mele) p¢ FPailure
107°  -145,600 < 107130 sem,
10 . 85,431 <103 e,
-8 -12.6
-a -20-9
10 -108,160 < 10 atm,
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CALCULATION OF P,
2

Pt
Xye = 0.01 and yy

Element AHer
(Me)

Si 0.15

Li 6x10-10

Ca 0.1

Pt
e

TABLE 111-2

REQUIRED FOR Pt FAILURE ASSUMING

T = 1700°K = 2600°F.

0.01

0.01

0.01

Pt
Me

9x10~7

5x10°

1x10~

Pt Pt
(Xye = 0.01 ® v Me from Table 4 of Report.

AF9 ; (MeOx) Po,required for
cal/mole Pt Failure
145,600 >107115 gem.
- 85,431 >10714+8 Lo,
-21.2
=108,160 =10 ! atm,

* This value has been temperature corrected for 1700%.
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