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I. INTRODUCTION

In racent years, much progress (l-4, 6-8, 17-19, 33, 34, 36-39, 50, .
52-~3, 58~71) has been made towards one goal of this (19, 33, 37-9, 50,
53, 61-6) and other (17, 18, 34, 36, 52, 59, 60) research: to survey}//
hetaroganeous fluorine reactions in different families of materials. 'The

_present work ha-JHGher'ioscﬁ‘plncad a-graater emphasis on owk-second-goady—-
the detailed kinetic and mechanistic study of selected fluorine/
coramic reactions. The results of our program include work on fluorine
reaction with AL;D, (38, 39), B,C (33,37), Re (61, 64). Gd (61, 65),
LaB, (37, 50, 627 83) and LaB -8, LaB,-MoSi, composites (81, 63). .
™ r r L8
“One application of materials resistant to fluorine attack at high
temperature is the HF chemical laser. Nickel and nickel alloys are
useful in fluorine to ca, 1lO0OK, but higher temperatures are requirad in
CW HF lasers. Since the number of candidate materials decrease and fluorine
corrosion rates increase with temperature it is useful to set upper bounds
on the temperatures raquired for this application. Our analysis of this
probluam (61, 66) is presented, {n--Section-II-below:—

Given the temperature range of interest, the mechanisms by which fluor-
ine gasifies solids limit the number of possible fluorine resistant materials.}
Thaese are discussad also in Section II,

In Sections III - IX we suzmmarize the 'eXperimental results of this program. '
These rasults hava already baen preseanted (19, 37-y, 50, 53, 59, 61=2), Hers
we present a brisf discussion of the essential results, along with abatracts
of the papers that have been prepared for publication.

The list of refarences included here is & bibliograply of work in the area
of hatarogensous fluorine gas/solid reaction kinetics along with the additional
references used in preparing this and pravious reports. Titles are included
to assist tne interasted reviewar of this subject,

II, TEMPERATURE REQUIREMENTS AND CORROSION RATES IN EFFICIENT HF SUPERSONIC
DIFFUSION LASERS (66)

Abstract ~ Dasign parameters for a (D, + F,) combustion driven HF supersonic
.diffusion laser include the t-mpcratuges afi¢ pressures in the laser cavicy (T,P)
and the combustor (T_, P ), the choked half width, w#, of the supersonic expan-
sion nozzle, and thefluSrine stream half width, w, and F, DF molas fractions,
ix, x2 . These eight quantities are constrained by i) an optimal cavity porfq}pr
ce Eiterion. i1) the continuity equation, and iii)-v) combustor equilibrium,

mess and energy balances, Also, vi) the characteristic temperature for cavity
flow i3 detarmined mainly by X,. Maximum power occurs at minim o

©WLER R, = 0.1, W3 00T em, and mixtng b pi" tnar diffusic o, o F
(dilute in He) streams, the maximum ra%uiy;:cdué%:: 1:v:ut:cor ‘é’.ﬁ.%“e&e:"&"."bou%fﬁ i
agou: 1240K. Much larger F-atom mole fractions would produce thermal choking
("thermal blockage") in the supersoni.: flow, but To £ 1300 K at X, = 0.20
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may be of interest. Corrosion of uncooled laser nozzles may be prevented

if the construction material forms an involatile passivating fluoride coat-
ing. Due to rapid convective mass transfer at the nozzle throat, evaporation
of a passivating fluoride would occur at naarly its vacuum sublimation rate.
Evaporation from a nozzle passivated by tha laast volatile fluorides (CaF,,
SrF, and rare-earth trifluorides) would yield a 10% increase in w¥ (init:z.ally
0.0i cm) in about 1 hour at 1300K,

Discussion - This paper shows that materials resistant to fluorine at
temperatures up to ga. 1300K are of primary importance in the development
of HFSDL's and that useful fluorine resistance at the throat of a laser
nozzle will not be found with passivating metal f£fluorides unless the vacuum
avaporation..coefficient, a, of the fluoride 1s small. For LAFB, o= 1.0}
most other candidate fluorides have not been studied.

The conclusion that a passivating fluoride would evaporate from a lasar
nozzle throat at nearly its vacuum sublimation rate is based on the rates of
transport of F-atoms to the surface of a cooled/Iaser nozzle computed by
Ferrell, Kendall, and Tong (16).

Figure 1 shows our calculation of the combustor temperature - pressure
relation, assuming adiabatic combustion of a D, = excess F, mixture whose
initial tempercturs is 298K, The lines indicafe the Po (TS) relations Zfor
diffarent at which the Zraction of total fluorine present as atomic fluorine
squals 95% of its maximum pussibla value, This slight derating of combustor
F-atom yield permits a substantial reduction in combustor temperature (o, 100K).

Research to date has been guided by the belief that much higher tempera=-
tures would be of interest., Thus, a number of interssting candidate materials
for HFSDL's have 'ean rejected, but may yet find useful applications. Some
of these are 1) the heavier rare earth metalsz, whose melting points excaed
1500K and whose fluorides melt above 1400K. (However, see Section VIII for
the F/Gd reaction kinetics; ii) yttrium metal Or yttrium compounds, whose o
fluoride shatters when cooled through its phase transition temperature (14)
(1350K); 1ii) MgO, which forms a MgO/MgF2 eutectic at 1485K and exhibits
fluoride film protection (61) to ca. 1360K.

Table I presents the vapor pressures of the least volatile fluorides., In
many cases, these data wers obtained by extrapolating measured results outside
the range of measurement, and are, therefore, somewhat uncertain,

The melting points of the rare-earth metals and their trifluorides are

illustrated in Fig. 2. The melting points of the heavier rare earth metals
are sufficient for use as HF laser construction matalg, However, we

(see Section VIII) that the fluorination of Gd to form solid GdF3 is not a
passivated process,

m L et b i 2 AR i e o

s e rE— e e




-3 -

I1I. AERODYNAMIC LEVITATION OF LASER HEATED SOLIDS IN GAS JETS (62)

Abstract - Solid spheres were aerodynamically levitated in gas jets and laser
heated to temparatures above 2000 K. Stabla levitation in & supersonic jet

from a 0,081 cm nozzle was demonstrated with 0.03 to 0.20 gram, 0.24 - 0.47 cm
diameter specimans at a height hetween 0,7 = 2.0 c¢m above the nozzle and ambient
pressures between l.1 ~ 19 torr. An empirical model of suparsonic jet levitationm
' accurately prsdicts height vas, pressure over the full range of conditions that
were investigated., The efficiency with which jet momentum is converted into
levitation force decreases with the jetispacimen diameter ratio and the jet
Reynolds number, The rate of jet spreading with distance from the nozzle
deduced from levitation experiments agrees with that measured by pitot tube
traverses of tha jet, Pitot tube pressure measurements also reveal a transi-
tion from laminar to turbulent supersonic jet flow at a jet Reynolds number

fca, 1300) just above the maximum value at which stable levitation is observed,
Laser heating reduces the jet momentum requirad for lavitation at a given height
and increases levitation stability. In experiments with subsonic jets, the
required jet momentum flow rate exceeds the specimen weight by ca. 2/C, whare

C, is the spacimen drag coefficient at its terminal free Z£all speed uRdar the

afblent conditions. Exploratory studies of laser heated liquid levitation wers
unsuccessful, :

Digscussion - This technique was. usad for the F/LaB, kinetic study (See Section
IX). Speciman mass measuraments befora and after reaction with fluorxine or
£1uorigc cggting !xaporation yield the flux of molecules produced by reaction to
ga 107, em °* sec ~ or the effactive thickness of a passivating coating to
£2.10 © em, The apparatus is illustrated in Fig, 3.
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IV, KINETICS OF THE F/ALUMINA GASIFICATION REACTION (38)

Abgtract - Intrinsic kinetics for the F/alumina gasification reaction wera naas~
ured using a low pressure, transonic microwave discharge flow reactor technique,
at p, = 2,4 Pa and 1100 < T < 2000K. Rate measurements were obtained on poly-
crylgalline alumina tubes or single crystal sapphive rods which were heated with
a CW CO., laser and on alumina tubes heated intemmally by a tungsten filament
clcctriénl heating element., '

Impurities greatly influence the rate of reaction, which is negligible =
below 1500K for uniformly heated specimens contaiping less than 1% Ca. The
impurities diffuse from higher to lower temperature regions of specimens that

are not uniformly heated. The F-atom reaction probability on pure alumina or
sapphire at T > 1100K excesds 0.3.

v, SPECTRAL EMITTANCE OF POLYCRYSTALLINE ALUMINA (39)

Abstract = p,, spectral emittance of polycrystalline alumina was measured at
. T = 1660, 1830K. for 0.37.8. ) & 0.85¥. and, at A = 0,66y, betwaen 1400-2100K.___

'T:aloquQQEESESESAEEAEA-Qh:ainﬂdnon 0.15¢n diameter rods which wara heatad, in
a

r, by a CW CO, laser. Emittances were obtained by alternately focusing an image of

ey SRR b - v e




the rod and of a black body hole in the rod onto the entrance aperture of a
monochrometer or by measuring the surface and black body temperatures with

an optical pyrometer, The spectral emittance of alumina increases with tnnr_4
peraturs and is given, at 0,664, to ca. £5% by the expression €y 3,6 x 10 'T.
At comstant temperature ¢, decreases with an increase of wavelenggﬂ between 0,37
~0.6u and is nearly conatént between 0,6~0,85u, These and othar data show the
emittance of polycrystalline alumina is larger and the transmittance smaller
than values estimated from spacimen grain size snd the absorbance, transmit-
tance of sapphire crystal. A (weak) surface absorption process is suggested

to explain this difference in rhe optical properties of single crystal and poly-
crystalline aluminum oxide,

VI, KINETICS OF THE F,F,/B,C REACTION

Abstract - Intrinsic kinetics for the F,FZ/B C reactions ware measured using a
low pressurs, duct flow reactor tachnique, Q—atom reaction was studied by use
of a microwave discharge to dissoclate F,., Rate measurements wera obtained
from mass loss of a short B,C duct throufh which the reactant flowed. The
P/B,C reaction probabilitzsﬁt P(F,) = 4,6 = 14 Pa depends only on tamperaturas
and "incregges from 2 x 10 ~ at 570K to 0.35 at 1000K. The FZIBAC increases
from 4x10 ~ at 740K to 0,07 at 1000K.

Discugsion = This study praesents the kinetics of fluorine reaction with onas of.
two phases in the La = B = C system (32) that can coexist with & mixture of
LaB, and carbon (see Fig. 4). Reaction of fluorine with the second phase,
LaBzc » has not baen investigated but the F/carbon reaction has been studied
(2, 53) in much detail, The kinetic data-for F/B,C Tedction are preaentad

in Fig., 5, The rasction probability ia the fract&on of F-atoms or F,-moleculas

striking the Bac surface which react to form 323 and CFA product mol%culou.
VII. KINETICS OF THE F/Re GASIFICATION REACTION

Tha F/Re gasification kinetics have been measurad by mathods described
elsewhere (1, 7) to obtain the results illustrated in Figure 6. The figure
plots the logarithw of the rhenium gasification probability, defined as the
rhenium removal : fluorine atom impingement flux ratio versus reciprocal
temperature. Since the product of reaction is ReF4 (58), the F-atom reaction
probability is 4 times greater than the rhenium gasification probability and
the rate of reaction in the high temperature range whera rate decresases with
temperature is expected to increase with the 4-th power of the F=atom partial
preesur¢, Rate mgeasurements at P, = 0,0023, 0,0048, and 0.0086 torr confirm
this conclusion. It is opparent Ehat thenium displays no useful fluorine
resistance at high tewperatura, except above ca. 1600K when tha fluorins
pressure is vary small, These results agree with the sxpected kinetic behavior
suggested by the trends among other third-row transition metal f£luorine resactions
(1), which are illustrated in Figure 7.

VI1I, HIGH TEMPERATURE KINETICS OF THE F/Gd REACTION
Gadolinium metal malts above 1600K (26), and its fluoride is involatile

(11) and melts above 1500K (15), 1If it formed a passivating fluoride coat,
gadolinium metal would be an interesting fluorine resistant material, especially
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since it is stable in the atmosphere, easy to fabricate, and relatively inex-
pensive. A second reason for investigating the Gd/F reaction is to evaluate
the effect of a large substrate metal activity on the pasaivating nature of
rare-earth metal fluoride aoatings.

The Gd/F reaction rate was studiad by measuring the electrical rasist-
ance ve time of electrically heated Gd ribbon in atomic fluorine at tempera-
tures ca. 1100-1500K. The rate of reaction is rapid, proportional to fluozine
pressura, nearly independent of temperature, and independent of time, even afier
¢ fluoride coat, greater than 50 micron thick has formed. Thus, Gd metal is not
4 good fluorine resistant material because the fluoridm coat formed on it is
not passivating. The fluoride coat has a grey=black color, unlike GdF., suggest=~
ing that the solubility of Gd in GdF, is substantial at high cnmpnrntuiul and
unit metal activity, Thesa observations imply that high metal activitiea are
not conducive to formation of thin passivating fluoride coats, bacsuse rapid
metal diffusion through the coating produces rapid resction with fluozine ot
the fluoride-fluorine interfacs.

IX., HIGH TEMPERATURE KINETICS OF FLUORINE REACTION WITH LaB6

LaB, reacts with atomic fluorine to form a passivating, white LaF, coating.
Further rdaction 'then proceeds at the coating avaporation rata which aaﬂ bo caleu=
lited from the vapor prassure of LaF, (35, 40) and the prevailing gas phase mass
transfer coafficient. Rate data at p(F) = 0,12 torr are given in Fig. 8.

The LaP, coating thickness required to passivate F/LaB. reaction is large
for 1) porous~LaB lpccimugl. i1) wvampleLaB, =2, of low porosity (0,7%) and
density aqual to Q 68 g/em” (99.3% of theoretical density), orziii) Lad,./C and

composites. Thin Lan coatings (lesa than 3 wg/om®, or abolt

L1 mgerohn at p(F) = 0.12 torr) occur on sample Laﬁ =4, of low porosity (0.7%
4.59 g/cm density (97.5% of theoretical dcnlf;y)._w_, ) F A ..? tnd

The LaB, phase exists over a considetablse composition range (21, 22) as

a rasult of Li vacancy formation, 1The lattice pnrnmm:er is esaantially Lniircndqnc
ch

of composition. Therefore, tha density measurements on "aB. samplug whi

a thin passivating LaF coating in fluorine imply that r.e gomposition is actually
(or LaB The lanthanum activity in this matarial would than be

umgligr by lnve:af 8;dnrl of magnitude than it is in tha more danse nearly

stoichiometric substance (23),

The_facts that thick LnF coatings occur on nearly stoichiomutric Laﬁé
= 10°°) and on. gadolinium m-:al ( = 1), but not on lLa deficient LaB
imk y that thea coating growth process o ﬁisurn by diftfusion of dissolved La tgroush
the coating., Then LaF3 coating thickness should not increase much with fluorine
prassure.

LaF,. coating thickness has bocn mnanurnd on LaB, specimens exposed to
atmnsphoric pressure fluorine-rich M /F, flames (17, EB 34, 36, 52, 39, 60) .
The material which gava thicker continus (ca. 30 microns, or 18 mg/cm ) st p (F)
= 0.12 torr produced a 100 micron thick coating in the flame tests (34). This

relatively small change over a thousand-fold change in the F-atom prassure
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supports the pustulate that coating thickness depends on substrate lanthanum
activity. However, flame tesi results are not available on the specimens that
are passivated by thin LAF3 coatings.

Figure 9 reports our coating mass measuraments, which may he converted to
an effective coating thickness vias the density of LaP,, 5.9 g/em”. The figura
presants coating uass per unit area a3 a maasura of cgac1nz thickness, Specimen
area is taken as clie area of a sphere of squal mass and does not include correc-
tions for surface roughness., The results of thrae experimants with sample
LAB6-2 (open symbols) and two experiments with sample LaB.~4 (filled symbols)
are given, Tha figure plots LaF,.(s) mass per unit area léue: gaaction for
20~50 minutas at the indicated timpnrnturel. and P, » 1,6 x 10 ° atm, Tha
abcisea is the number of timas that tha coating has been formed on ths specimen,
Evaporation of the coating at T « 1500K was carried out between sach run,

Further details of our F/LaB

6 work are given in Referance 61,
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Figure 3. Aerodynamic Levitation Flow Reactor, A~ Reactant gas flow (Ar/F, mixture);
B~ 2450 MHz, B0 wdtt microwave discharge: €~ Alumina discharge tube: -D»Anadizad
aluminum nozzle; E-Asrodynamically levitated specimen; F-~ CW CO, laser beam;
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