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FOREWORD

This Summary Technical Report was prepared by Union Carbide
Corporation, Carbon Products Division, Technical Center, Parma, Ohio
44130 der USAF Contract Mo. AF 33(657)-11253, This contract was
Initiated under Project No, 7350, "Refractory Inorganic Nonmetallic -
Materials, "' Task No, 735002, "Refractory Inorganic Nonmetallic
Materials: Graphite." The title of the project is "High Temperature
Protective Coatings for Graphite." This work is being administered
under the direction of the Air Force Materials Laboratory, Research and
Technology Division, Air Force Systems Command, Wright-Patterson
Air Force Base, Ohic, with W. C. Simmons, Captain, USAF, Project
Engineer.

This report covers the work conducted from 1 June 1965 to 31 May
1966, The rnanuscript was released by the authors in November 1966
for publication as a technical report.

The authors wouid like to express their thanks to Drs. M. Stern and
R. Kebler of the Union Carbide Research Institute for aid in obtaining
materials for the carbon diffusion studies. Acknowledgment iz made for

guidance and helpful suggestions from Mr, J, C. Bowman, Director of

Research, Dr. A, W, Searcy, and H, Eyring, consultants to Union Carbide

Corporation, Carbon Products Division,

This technical report has been reviewed and is approved,

W, G. RAMKE

Chief, Ceramics and Graphite Branch

Metals and Ceramics Division
Air Force Materials Laboratory
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ABSTRACT

The final annual report of a three-year program concerning basic factors
controliing the oxidation behavior of high temperature protective coatings for
graphite is presented,

The .work includes: the permeability of A1;0,, ZrO, in contact with ZrB,,
and ThO; in contact with ZrB; to oxygen; the iridium-carbon eutectic tempera-
ture; the thermal expansion of ZrB,, HfB,, and various composites of ZrB;
and HfB, with one of the rare earth hexaborides, CeBs, YB¢, or LaBg¢; the
deposition of ZrB; on graphite via the decomposition of Zr(BHy)s; the diffusion
of carbon in zirconium monocarbide and zirconium diboride; a review of the
literature concerning the vapor species in the iridium-oxygen system and
mass spectrometric studies involving the dissociation of CaZrO, at tempera-
tures to 1600°C and HfSiO4 at temperatures to 2000°C,
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I. INTRODUCTION

The severe operational requirements o: missiles and space vehicles
require structural components that must withstand temperatures of 2000°C
and higher. Graphite. because of its exceptional high te:nperature strength
angd stability, is extensively used for aeroapace applications. In oxidizing
atmospheres, however, graphite must be protected from oxidation, Silicon
carbide coatings are now available which will give adequate protection for
substantial time periods at temperatures to 1700°C. The present research
program was aimed :t finding materials which may afford protection for
graphite to 2200°C,

To achieve this goal, fundamental information concerning various factors
which control the oxidation protection of graphite has been sought. As
illustrated in Figure 1, there are several factors which should be considered
in se’ ectmg a protective coating for graphite. The coating must be mechani-

cally and chemically compatible with bzil. zraphite and oxygen, it must have

a low volatility, and it must prevent diffusion of oxygen inwards and of

carbon cutwards,

OXYGEN IN VOLATILITY
4 A4

ZL 3~ COATING
k :
AN \

\\ \*gsaaz?:gfe_s-w i
ARRNREN

Figure 1. Factors Controlling the Oxidation Protection of Graphite

This report describes the third and final year of research directed
toward evaluating coating materials for the oxidation protection of graphite
at temperatures to 2200°C. Specifically, it deals with studies of the per-
meation of oxygen through oxides, the mechanical compatibility of potential
coating systems, the diffusion of carbon through refractory carbides and
diborides, the gaseous oxides of iridium, and the dissociation of mixed
oxides at high temperatures,
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II, SUMMARY

1. PREVIOUS WORK

A reviev of the previous state of the art concerning protective coatings
for graphite, a description of the basic facters controlling the oxidation
protection of graphite, and a review of existing information on the diffusion
of oxygen and carbon through coating materials, the volatility, the ckemical
stability, and the mechanical compatibility of coating materials were pre-
sented in report number ML-TDR-(4-173, Part I, relcased for publication
June 1964, It was concluded that a considerable amount of research was
needed to evaluate coating materials for the protection of graphite from
oxidation at temperatures of 2000°C or higher.

A comprehensive program to provide fundamental information concerning
various factors controlling the behavior of protective coating systems for
graphite at temperatures to 2200°C and the research effort for the first year
of this program are described in ML-TDR-64-173, Part II, covering the
period 1 June 1963 to 31 May 1964, The work includes: the evaporation of
iridium in the presence of oxygen and water vapor to temperatures of 1300°C;
the results of studies involving carbon diffusion through i1idium and rhodium
and of oxygen diffusion through ZrO,, HfO,;, and ThO, at temperatures to
2000°C; the coating of graphite with iridium and the reactions of iridium and
rhodium with ZrB,, HfB,, ZrC, HfC, and ThC;; the kinetics of the carbo-
thermic reduction of ZrO;, HfO;, and ThO; to temperatures in excess of
2000°C; the -hemical reactions of graphite with ZrB; and HfB;; and arc
plasma oxidation tests of iridium coated graphite. The practical implications

of the experimental results are also discussed.

The research effort for the second year of the program was presented in
ML-TDR-64-173, Part III, covering: period 1 June 1964 to 31 May 1965.
Work presented includes: the oxi¥ag] inetics of iridium and rhodium; the
permeability of ZrSiQ4, ZrQ,, ThO;;"Al30;, and BeO to oxygen: an investi-
gation of the iridium-~carbon system by means of high temperature X-ray
diffraction techniques, the deposition of iridium on graphite and the volatility
of HfO,, Zr0O;, ThO,;, ThZrO4, SrZrO,;, BaZrO,;, ZrSiO4, and HfSiO4 in the
presence of water vapor; the kinetics of the carbothermic reduction of ZrO,,
ThO,, HfO,, ThZrO4, and HfSiO4; the kinetics of the reaction of ZrO;, HIO,,
and ThO, witk ZrC, HfC, and ThC,, respectively; the chemical reacticns of
HfQ,, Zr0;, ThO, with HfB, and ZrB;; initial work on carhon diffusion
through diborides and carbides; and the mechanical compatibility of compo-
nents of multilayer coatings for graphite. Practical implications of the
research results are also presented.
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2, RESEARCH RESULTS

A summary of the results of the final year effort {1 June 1965 to 31 May
1966) of the program is included in the following sections.

a. Permeability of Various Aluminum Oxides to Oxygen

Oxygen permeability measurements have been made on various
commerical polycrystalline aluminas and on single crystal sapphire over the
temperature range 1700° to 2000°C. In polycrystalline material, the permea-
bility is a strong function of crystallite size and purity. At 1900°C, the
permeability constant PL [g cm~! sec~!] to 50 torr of oxygen ranged from
1x10710¢to 1 x 1078, the activation energy ranged from 105 to 135 kcal, and
the permeability varied with the one-fourth power of the oxygen pressure.

In single crystal sapphire, the permeability was below the detection limit.
At 2015°C, P! of sapphire is less than 4 x 10713 g cm~! sec”L,

b. Mechanical Compatibility of Iridium With Graphite

The iridium-carbon eutectic temperature was redetermined: melting
occurred in the 2250° to 2280°C range. The presence of metallic impurities
{one percent Fe and trace quantities of 5i, Cr, Ni, and Al} lower=ad the
melting point to 2116°C.

c. Mechanical Compatibility of Multilayer Coatings With Graphite
(1) Thermal Expansion Me:z surements

The thermal expansion of ZrB,;, ZrB,;-CeBy, ZrB;-LaB;, ZrB,~-YB;, and
an experimental grade of graphite was determined in the range 900° to
2000°C. The thermal expansicn of 78 percent dense ZrB; is in agreement
with existing expansion information for single crystal ZrB,. Values for
thermal expansion of HfE,, HfB,-CeBy, HfB,-LaBy, and HfB,-YB; also were
determined in the temperature range 900° to 2000°C. The thermal expansion

of 76 percent dense HfB, .s in agreement with values obtained from existing
data for single crystal HfB,.

The thermal expansion of all the borides investigated exhibited a close
match with that of an experimental grade of graphite. Curves showing the
linear expansinn as a function of temperature are presented.

ZrC-coated grapktite and HfC -coated graphite exhibited excellent
thermal shock resistance when cycled from 25° to 2000°C.




(2} Coating Experiments

As a precursor to the vapor deposition of ZrB, on graphite, the thermal
decomposgition of zirconium borohydride, Zr(BH;)s, was investigated in the
400° to 800°C range. At low temperatures (<600°C), the decomposition
products, zirconium, boron, and hydrogen, were detected in quantities
consistent with

Zr(BH,)y —Zr - 8H, + 4B.

Above 600°C, ZrB;, H,, and B,H; were detected among the decomposition
products.,

A 1-mil coating of ZrB, on an experimental grade of graphite (one
matching the thermal expansion of the diborid¢) remained dense and
adherent even after the mal cycling severa: .imes between 400°C and
2000°C. The zirconium diboride coatings formed vn Union Carbide
Corporation Grades ATJ and ZTA graphite were found to exhibit poor ad-
herence and large macrocracks when cooled from 1750°C in the depositizn
experiments.

d. Carbon Diffusion Studies

The vclume diffi.sion coefficient of carbon in ZrC is

113,200

2
1.62 x 10% exp (- RT

) cr?/ sec.

The "apparent' diffusivity for diffusion-controlled phase boundary motion
is about

86, 009

'——R—,l—,— ) c:m"/ sec

2.4 exp (-

and is probably the value which should be used in calculating the flux of
carbon through a zirconium carbide barrier layer.




e. Studies on Multilaver Coatings - Cxygen Permeability

Both calcia- and yttria-stabilized zirconia tubes were coated with ZrB,
to determine the effect of the latter on the permeability of ZrQ; to oxygen,
i.e., the permeability of a muvliilaver coating to oxygen. The calcia-
stabilized zirconia tubes wer: destabilized during heat treatment in the
presence of ZrB,, ard, as u result, either shattered or developed leaks.
Yttria-stabilized zirconia was not destabilized but became oxygen deficient
and, as a result, exhibited z great affinity for oxygen. After complete
reoxidation of the tubes, and simultaneously, oxidaticn of the ZrB, coating,
the permeability of the yttria-stabilized tubes was founcd ts be identical with
the permeability determined on the same tubes prior to the coating application.

Oxygen permeability measurements were alsc carried out on thori- tubes
coated with ZrB,. Initially, a threefeld increase in permeability over that of
uncoated ThO; was detected; however the permeability decreased to that of
the uncozated thoria after continued es>posure to oxygen. The permeability
increase iz atiributed to an oxygen deficiency caused by the vacoum sintering
of the ZrB; coating on thoria,

f. Oxidation of Iridium - Gasecus Oxides of Iridiovm

As a portion of the subcontract work on iridium oxidatior performed at
Rice University, a critical review of the literature concerning the vapor
gpecies in the iridium-oxygen system is presented in Appendix A. Apparently,
three and possibly four gaseous oxides of iridium are present: IrO;, IrO,,
IrO, and Ir,04; IrO, apparently is the major species at low temperatures and
IrO; and IrO beczme significant above 2000°K. The Ir,0; {g) is probably
formed exothermally and is usually a minor species; however, at nigh O,

pressures and low temperatures, it is possible for Ir;0; (g) to be the major
species,

g. Vaporization of Mixed Oxides at High Temperatures

This portion of the program (Appendix B) aiso was subcontracted to Rice
CUniversity. The vaporization of CaZrO; was investigated at temperatures to
1600°C with the aid of a Bendix time-of-flight mass spectrometer. Tke
vaporization occurs through the dissociation of CaZrO; into gaseous CaO and
soli1 ZrO,. No stable CaZrO;(g) species were observed.

The vaporization of HfSiQ was investigated at temperatures to 2000°C
in a magnetic mass spectrometer. In this case, the vaporization cccurs
through dissociation of HfSiO, inte SiO and SiO, gaseous species and solid
HfO,. Again, no ternary gaseous oxide molecular species were detected in
this study.
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. PRACTICAL IMPLICATIONS

The Practical Implications Sectiofnr 7= presented mainly to stimmlate the
application of program findings. The interpretatiors and implications may in
some cases be somewhat teauous; however, they may motivate cthers to use
tke information presented here for the solution of coatings problems in
general,

1. SINGLE LAYER COATINGS ON GRAPHITE

a. Iridiam Coatings

In previous regports, ,2) sirgic layer coatings for the oxidation
protection of graphile Lave been adequately discussed. It was concluded that
iridium was the only single component materixi that would offer complete
protection of grapkite from oxidation 2t termperatures of 2000°C and above.
The "life" of the coating is limited by its raic of ablation in oxygen and not
by the interdiffusion of oxygen and carbon. Temperature limitations are
determined primarily by the carbon-iridium eutectic temperarure, which in .-
the absence of impurities is of the order of 225¢° to 2280°C. However,
small amounts of impurities, e.g., Fe, 5i, B, can lower the eutectic
temperature 5y &5 much as 100° to 130°C. These imapurities shovid be
carefully exciuded if iridium coated graphite is to be vtilized at termperatures
above 2100°C,

b. Single Layer Oxide Coatings

The refractory oxides and mixed oxideg are nct suitable for use as a
coating directly on graphite when protection cver an extended period of time
is desired. As already discussed in previous reports,\!2) rapid carbothermic
reduction reactions limit the practical use of 2 single layer coating on
graphite to only 2 few minutes, For this reason, the oxides should be con-
sidered primarily for applications in a multilayer coating system where a
reaction barrie> separates the oxide coating from the graphite substrate.

2. MULTILAYER COATINGS ON GRAPHITE

The concept of a multilayer coating corsists of an outer layer of a
refractory oxide which acts as an oxygen barrier; tke oxide is prevented
from reacting with tne graphite subztrate by means of an intermediate layer,
which may consist of 2 refractory carbide, 2 refractory boride, or of
iridium. The intermediate layer 2lso serves to retard the outward diffusion
of carbon to the oxide coating. The multilayer coating corcept, therefore,
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Tequires consideration of the chemical and mechanical compatibility of the
intermediate layer materiais with the grapkite substrate and with the refrac-
tory oxides (outer layer): consideration of the oxygen permeability through

the refractory oxides; and consideratior cf the permeability of the intermediate
layer materials 0 carbon,

a. Chemical Compatibility of Refractery Oxides with Refractory
Carbides, Borides, aad Iridium

The chemical stability of ThO,, Zr0;, and HfO, with respect to vario %5
borides 2nd carbides has been discussed extensively in a previous report.ué)
Briefly, ThO, was found to be stable against botk ZrB, 2nd HfB, at all tempera-
tures to 2200°C. Similarly, there was no reaction between ZrO,; ané ZxB,

and between HiO, and HfB,. This stzbility, however, refers oxnly to the

absence of phase changes detectable by X-ray diffraction. Minor reactions
leading, e.g., to an oxygen deficient oxide can occur. These reactions

would not be expected to lead to structural coating failure and their signifi-

cance is discusaed below in the section on oxygen diffusior.

The refracttzzr?' carbides,ZrC and HfC, were fcund to react with ThO,;,
ZrG;, and BfO,. However, in a2 closed system, the reaction leads to an
vquilibrium and comes o a stand-still when the partial pressure of CO attains
vaiues in the order of i$~2 mm of mercury. In z cozting system, CO formed
at the oxide-carbide interface should have little or no chance to escape; the

use of ZrC or HfC as intermediate barrier material appears therefore feasgible,

Iridium is nonreactive with respect to both grapkite and the refractory
oxides and may, therefore, be used advantageously as a2 barrier material,
Since the outer oxide coating would retard both the oxidation and evaporztion
of iridium, tke barrier layer could be made much thinner than a single
layer iridium coating.

b. Mecharical Compatibility

The adherence of a proiective coating on graphite will depend strongly
on the extent to which the ccating and substrate are mechanically compatible.
Tc obtain good coating adherence, it is necessary to match the thermal
expansions of the various components of the coating system,

An exact defirition of what constitutes an expansion "'pair'; i.e., a
compatible coating and substrate, is difficult to obtain. Bcth shouid he
isotropic and the difference in their thermal expansion should be minimal,
According to R. A, Howard and E. L. Piper, \¥) "General tests of several
materials and substrates imply that the optimnum performance is attained
when the coating is under moderate compression, i.e., the thermal expan-
sion of the substrate should be aqual to or slightly higher than that of the
coating,"
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Howard and Pi ;; demonstrated that silicor carbide coatings (CTE range
4.4 to 5.9 in/in/*C)W are perfecir.}y compatible with RVC isotropic graphite
(CTE range 4.5 to 6.0 in/in/°C)¥ but wili crack when zpplied to ATJ
graphite (CTE 2.2 x 10-% in/in/°C with grain and 3.42 x 10-6 in/in/°C across
grain). {z) 4 number of RVC gamples with various CTE's were coated with
SiC and thermalily cycled without coating fajlure, indicating that at least a
15 percent mismatch iz CTE is tolerable and that possibly 25 much as 30
percent is acceptable. In similar experiments with silicon carbide coated
ATJ, the coatings failed; however, in this case, there is 2 50 percent mis-
maztch.,

The information gained concerning the thermal expansion behavior of
ZrB, and HiB; containing rare-earth additives {CeBg, YB,, and LaB,) allows
cne to predict that severe mecharical compatibility problems, due to thermal
stresses, will not be encountered with these materials on high CTE graphite
(5 to 6 x 1675 in/inf/°C). The rare-earik oxide formed on oxidation of the
boride composites should serve to stabiliz: the ZrO, or HfO, and thus enhance
its thermai ghock resistance.

c. Stability and Volatility of Oxides

An oxide coating which is to function properly as an oxygen barrier must
be stable and of reasonably low volatility.  Thoria, alumina, stabilized
zircouia and sta2bilized haipia fuifili these conditions, The use of some
mixed cxides, however, should be considerad only with caution. Zircomium
silicate was found to decompose a2nd to soften in the 1700-1750°C tempera-
ture range. Mass-spectrometric investigations have shown that H{SiO,
decomposes to gaseous SiO and S5iO; and solid HfO,. Similarly, CaZrO;,
dissociates into solid ZrO; and gaseous CaO, -

d. Permeability of Oxides to Oxvgen

In the multilayer coating concept, the primeary function of the ocuter oxide
layer is tc act as an oxygen barrier. The permeability of the oxide to oxygen
is, therefore, of critical irnportance. If a carbide is used as an inicrmediate
barrier material, then oxygen diffusing through the coating will react to
form carbez mornoxide and the resulting pressure build-up at the carbide-
oxide interface will ultimately lead to coating failure. If the barrier
material consists of a boride, it will be coaverted to B,0; and the respective

metal oxide, again leading to ultimate coating failure when the reaction bas
proceeded to a peint where the barrier material car no longer perform its

proper function. If iridium is used as 2 barrier material, oxygen permeation
through the oxide layer is less critical. The oxidation of iridium leads to an
equilibrium arnd should ceare at relatively low concentrations (partial
pressures} of the iridium o ddes. Since the iridium oxides cannot escape from
the interface, an iridium barrier layer protected by a dense oxide coating
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shouid last 2lmost indefinitely. Coating failure will uitimately occur due to
carbon diffusion through iridium and the build-up of CO pressure at the iridium-
metsl oxide interface,

Of all the oxides inveatigated, single crystal alumina esxhibited by far the
lowest permeability to oxygen. Coatings, however, would consist of poly-
crystalline alumina, which exhibits oxygen permeation via a grain boundary
mechanism. The present work indicates that alumina coatings consisting of
large grains with low impurity content will have a substantially lower
permeability than coatings of less pure alumina and/or small grain size. At
1800°C, a representative value for the permeability of 2 10-mil coating of
polycrystalline alumina to 50 torr of oxygen is 4 x 10-8 g cm~2 sec~! . The
OXygexn permeability through a similar coating of beryllia is less then 1 x 10-®
g cm~2 gec-1, and beryllia appears, thereiore, to be equal or somewhat
better tnaxn polycrystalline alumina. The oxygen permeability of thoria,
stabjlized zirconia, and stabilized hafnia is higher than the permeabjlity of
polycrystalline alumina. At 1800°C, the permeability of 2 10-mil layer of
thoria to 50 torr of oxygen on one side and 10-3 torr on the other side is
3 x 10-¢ g cm™2 secl. The corresponding values for yttria stabilized
zirconia, calcia-stabilized zirconia, and calcia-stabilized hafpia are 1 x 10-5,
5x 1075, 1nd 5 x 107° g cm~2 gec-l, respectively. The oxygen permeability
in thoria, hafnia, and the various types of zircunia was not affected by grain
growth. It can, therefore, be concluded that the permeability throngh these
materiaig iz primarily dee to bulk diffusion,

The exact boundary conditions von have a significant influence on the
oxygen permeability, particularly in oxides such as ThO,, HfO,, and ZrD,,
which can exhibit significant variations from stoichiometric coroposition.

At 1700°C in vacuo or an inert atmosghere, coating Zr0, with ZrB; by
sintering causes a slight (epproximately one percent) oxygen deficiency in

the oxide. Similarly, heating ThO; in contact with Zz8; at 1800°C in vacuo
2lgo resuited in a slight reduction of the oxide, although the extent of the
oxygen deficiency could not be determined. The cxygen perrmeability of ZrB,-
ccated ZrO; and ThO, was substantially higher than that of the uncoated
oxides. This can be qualitatively explained on the basis of thermadynamic
considerations. The equiilvrium oxygen pressure in the presence of ZrB;

at 1500°C is cf the order of 10-° atmospheres and vacuum sitztering results
in oxygen deficient oxijes. The oxygen vacancy concentration gradient and
the oxygen permeabillty are therefore correspondingly large at the beginning
of the permeation experiments. Under dynamic conditions, that is when
oxygen is permecating through the oxide, the thermoedynamic eguilibrium con-
siderations no longer apply. The vacancy concentration gradient is then
determined by how fast oxygen is removed by reaction with ZrB,. The
permeation rate decreases with time but remains enhanced as long as some
unreacted boride is present. After complete oxidation of the ZrB; coating,
the oxygen permeability is ideutical to that of the uncoated oxides.

The effect of ZrB; on the oxygen permeability was far more severe with
ZrO; than with ThO,. This was expected, since ZrO, exhibits wider varia-
tions from the stoichiometric composition. The ZrO, tubes alsc contained

9
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approximately eight percent Y,O3 or stazbilizer, and the presence of yitria may
have contributed to the observed results.

Caution must therefore be exercised in using oxygen permeation data.
The present results do not, however, automatically eliminate the use of ZrB,
as a barrier layer on graphite. Under dynamic conditions, the oxygen per-
meation rate is dependent on the rate of removal of oxygen by reaction with
ZrB,. This dependa on the structure, density and compositicn cof the ZrB,
layer as well as on the structure and composition of the cxidation product.
The recently developed oxidation resistant ZrB, and HfB, compogitions may
well be suited for use in oxidation protective coatings or graphite.

The free energies of formation of ridium oxides are apparently so low
that the use of iridium as a barrier layer does not effect the stoichiometry of
the refractory oxides. The presence of iridium should therefore have no
influence on the oxygen permeability of ZrQ,, HiC,, or ThO,.

e. Carbon Diffusion Through Intermediate Layers

The function of the intermediate layer is tc prevent the reaction of the
oxide with the graphite substrate. The rate of carbon diffusion through this
layer, therefore, needs to be considered. The actual rates of carbon diffu-
sion wili again depend on the particular boundary conditions, The steady-
state rate of carbon permeation through a plane sheet of thickness, !, whose
surfaces, ¥ =0 and x = 1, are maintained at concentrations C,; 2and C,, respec-

tively, is given by
J=D i;_cl_ .

For ZrC at 1800°C, in the absence of grain boundary enhanced material
transport, D = 1,2 x 1073 cm?/gec and if we take C, and C, as those concen-
trations for ZrC in equilibrium with pure carbon and carbon saturated metal,
then the flux through a one-mil thick coating is about 1.4 x 10-8 g/cm?-gec.
If the grain boundary contribution is appreciable, the appropriate diffusivity
iz about 1.2 x 10~° cm?/sec and the flux is larger by an order of magnitude.
The permeability of an iridium coating to carbon is of the same order of
magnit‘o.r}eg i.e., a one-mil thick iridium coating will exhibit a permeability
of 8 x 107" g cm~-2 sec-l,
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IV, PROGRAM MANAGEMENT

Official award of Contract No. AF 33(657)-11253 was made on 1 June
1963 to the National Carbon Company (renamed the Carbon Products Division

-of Union Carbide Corporation on 1 September 1963}, Union Carbide , as

Prime ‘Contractor of this Pprogram, is to provide a detailed description of

the major parameters controlling the oxidation behavior of selected protective
coating systems for graphite at temperatures as high as 2200°C. The research
wasg carried out as a group effort with Dr. J, M. Criscione as Principal
Investigator and Technical Coordinator.

The research on all tasks except those outlined in ML-TDR-~64-173,
Part 1, was performed by persnmnel at the Union Carbide Corporation,
Carbon Products Division, Parma Technical Center.

Research on the oxidation of rhodium, a portidn of the research onthe
oxidation of iridium, and the vaporization of compound oxides vere subcon-
tracted to Dr. J. L. Margrave at Rice University, Houston, Texas,
beginning 1 January 1964, ‘

Captain W, C. Simmons served as Project Engineer for the Air Force
Materials Laboratory, Research and Technology Division.
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V. OXYGEN PERMEABILITY STUDIES

TASK A3-3

1. PERMEABILITY OF VARIOUS ALUMINUM OXIDES TO OXYGEN
a. Introduction

Alumina has recently received much attention as 2 component in coating
systems for the high temperature oxidation protection of graphitc and refrac-
tory metals, To better assess its value as a barrier to oxygen, informatiou
is needed regarding the ratr: of transport of oxygen through alumina and the
influence of microstructure and purity on this transport rate. Published
data on the diffusivity of oxrgen in alumina could be used to calculate the
oxygen permeation from =a consideration of Fick's first law,

P=-D 'd"E' ] (1)
where P = the permeability,
D = the diffusivity,
and %%= the concentration gradient.

However, since the concentration gradient, dc/dx, is generally unknown and
since D is not necessarily independent of dc/dx, one cannot calculate permea-
bilities from th: measurems=nts of the diffusivity alone. The resuits of direct
oxygen permeability measurements on various grades of alumina are reported
bere for the purpose of evaluating alumina as a coating material.,

b. Experimental

The oxide samples were in the form of impervious tubes closed at one
end. Their imperviousness was frequently checked, and all reported results
are on tubes which showed no detectable permeability of argon at any of the
temperatures of the investigation,

The experimental procedure was essentially identical with tha* previonsly
reported. (1 2) However, it was found that graphite susceptors reacted with
alumina forming aluminum oxicarbide ALO4C {¢); an iridium siu.sceptor was
therefore used for heating the sample. The change in susceptor material
also reduced the background pressure, resulting in a 100-fold increase in the
sensitivity of the measurements. The iridium susceptor was coated with a
three-mil layer of ThO, which effectively reduced the reaction between
iridium and oxygen. Measurements were made with oxygen either on the
inside or on the outside of the tube while the other side was keing continuously
evacuated, The pressure on the downstream side varied between 102 and
10-5 1orr depending on the quantity of oxygen permeating through the tubes,
Data taken with oxygen inside the tube required 2 correction for the small

12




{~20 perceat) quantity of oxygen which, after permeating through the tube,
reacted with the iridium susceptor and thus escaped measurement in the
detection system. This correction was determined for various temperatures
znd flow rates in independent calibration runs. Data taken with oxygen out-
gide the tubes required no cerrection. -

To obtain the maximum sensitivity, an omegatron mase spectrometer
was used for detecting permeation rates smaller than Pf =5 x 10~ (gm/cm

sec).

{1) Materials Characterization .

{a} ~OORS PORCELAIN Alumina

The samples were in the form of 9-inches long x ¥3-inch O.D, x ¥3;-inch
i D, impervious alumina tubes, manufactured by the COORS PORCELAIN
Company. The density of this alumina, determined from its buoyancy in
water, was 3,74 gm/cm3, Comparing this density with that of sapphire (7)
{3.97 gm/cm?) gives a porosity of approximately six percent. The manu-
facturer's typical chemical analysis is given in Table 1 ard our own spectro-
graphic analysig in Table 2.

e o
i TABLE 1 ° , B %

TYPICAL CHEMICAL ANALYSIS OF COORS PORCELAIN ALUMINA

Compouhd Percent
ALO, 99.5
Si0, 0.3
Ca0, MgO, Fe;0, Balance
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TABLE 2
SPECTROGRAPHIC ANALYSIS OF COORS PORCELAIN ALUMINA

NN BEE BN B BN WS R

T Element Percent
_.. Al greater than 0.1
J Si greater than 0, 1
. Fe 0.01to 0.1
Mg 0.01t0 0.1
Mn 0.01t5 0.1
R Ni 0.01to 0.1
o Cu 0.0t t0 0.1
Cr lesgs than 0. 01
M v less than 0, 01
i l Ag less than 0,01
: Zn less than 0. 01
Na less than 0, 01
i Ti less than 0, 01

-

Photomicrographs of the COORS PORCELAIN alumina het and cold
zones are shown ih Figire 2 at 2 magnification of 500 X, No secondary
phases are present in agreement with the high purity of this material,
Heating to 1800°C caused considerable grain growth and some aggregation
of the small pores into larger ones. The very high apparent pore volume
in the photomicrograph of the hot zone is, however, due to some "puli-out"
cauged by polishing; this was unavoidable because the material was highly
strained and extremely brittle,




Hot Zone

2b,

Cold Zone

2a,

ion)

Photomicrographs of Cross Sections of COORS PORCELAIN
15

Alumina (500 X Magnificat

Figure 2.
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{b) McDANEL AV20 Alumina

TABLE 3

The specimens consisted of 9-inches long x ¥g-inch O.D. x ¥y-inch L D.
impervious alumina tubes, manufactured by the McDANEL Refractory
Porcelain Company. The manufacturer's typical chemical anzalysis is given
in Table 3 and our own spectroyraphic analysis in Table 4.

McDANEL REFRACTORY PORCELAIN COMPANY'S TYPICAL
CHEMICAL ANALYSIS OF AV30 ALUMINA

Compound Percent
Al,04 95.5
siO, 3.0
MgO 1.1
Ca0 .22
Na203 . @6
F8203 x 1

et

TABLE 4

SPECTROGRAPHIC ANALYSIS OF McDANEL AV30 ALUMINA

iaic: S e

Flement Percent
. ~ % Al greater than 0.1
[ Si greater than 0.1
: Mg greater than 0.1
£ Fe 0.01t00.1
% B 0.01to 0.1
Cu 0.01to 0.1
v Na 0.01to 0.1
53 Mn 0.01 to 0.1
~ v less than 0. 01
2 Ni iess than 0. 01
& Ca less than 9. 01
& Ag less than 0. 01
Zn less than 0. 01
Ti less than 0, 01
Cr less than 0. 01
Sn lesg than 0. 01

16
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The density of this material was 3.73 gm/cm?, corresponding to 2 porosity
of approximately six percent.

A photomicrograpa (500 X Magnificatior) of the cold zone (as received
matexial} is shown in Figure 3a. The fine grain and smail pore size are
rezdily apparent, The gray ar=as show a secondary phase, 2 cordition which
is consistent witk the fact that this materiai is only 95.5 percent pure. The
structural changes which occurred on heating to 1916°C are depicted in
Figure 3b, 2 photomicrograpk of the hot zcne (500 X Magnification).

3a. Cold Zone 3b. Hot Zone

Figure 3. Fhotomicrographs of Cross Sections of McDANEL AV39 Aluminra
(500 X Magnification)
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The grains have become considerably larger, and most of the small pores
have combined to form larger omes. The light spots are mersly refiections
from pores immediately below the surface and do not depict 2 secondary phase.
The broad dark lines separating the grains ire not cracks; rather, they

result from the various grain facets polisking at different rates. Attentiorn
shounld be drawn to the numerous areas where small crystais can be seen
completely surrounded by pores. It is possidble that these areas depict 2
congregation of impurities and, thus, 2 secondary phase.

{c} McDANEIL AP3E Alumina

Impervicus 2luminz tubes, 9-inches long x ¥f5-inch O.D. x ¥-inch 1L D.,
mamfactured by the McDANEL Refractory Porcelain Comparny, werc used.
The manuf:cturer's typical chemiczal composition is gives in Table 5 and the
spectrographic 2n2lysis performed at this Laboratory in Table 6.

TABLE 5

McDANEL REFKACTORY PORCELAT™ COMPANY'S TYPICAL CHEMICAL
ANALYSIS OF AP35 ALUMINA

Compound Percent
A3 O, 95.
SiO;, .7
MgO .07
NazO . 05
Fe,04 .07
Ca0 .03

The manufacturer's reported density was 3.7 g/cm® and the valte
determined at this Laboratery by the water buoyancy techunique was 3, &1

g/cm3, Comparing the latter density with that of sapphire {3. 97 g/cm®)
indicates a porosity of four percent.

18
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have combined to form larger ones.
zone has congregated along the grain boundaries in the hot zone.

TABIE 6

SPECTROGRAPHIC ANALYSIS OF McDANEL AP35 ALUMINA

ety

Element Percent

Al greater than 0.1
S : greaier than 0.1
Mg 8.01toc 0.1

X 0.0l to 0.1

Fe 0.01t00.1

B 0.6l1t00.1

Ca 0.01¢09.1

Ca less tban 0. 01
v less than 0. 01
Cr less than 0, 01
i fess thzn 0, 01
Sn iess than 0. 01
Ti less than 0. 01
My iess than 2. 01
Ag less then O, 01
Zr iess than 8. 01

Photomicrographs of the hot 2nd cold zone cross sections (Figure &,
5006 X Magnification) show that the grains have become larger in the hot

zone and that the pare structure has also changed; most of ‘he smaller pores
A secondary phase present in the cold
The white

spots are pores which show throughb the polished 2lumina.
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{(d} McDAREL 997 Alumina

Impervious aluminz tubes, 9-inches long x ¥g-inch O.D. x ¥p-inch L D.,
manufactured by the McDANEL Refractory Porcelain Company, were used,
The typical composition as reported by the manufacturer is given in Table 7;
2 semiguantitative spectrograpbic analysis performed at this Laboratory
confirmed the high purity of this material.

"

TABLE 7

McDAMEL REFRACTORY PORCELAIN COMPANY'S TYPICAL CHEMICAL
ANALYSIS OF GRADE 997 ALUMINA

Commpound Percent
A3,C4 29,7
Si0, .05t0 .1
MpG .05to .1
Na,O .005 to . 05
FepCa .03
Cal .03
Ga,0, .01
B20s less than . 001
Cao less than . 001
MnO - less than . 0007
Zn0 less than . 0005
Cu0 less than . v005
Tr0, less than , 0005
V.0, less than . 0005

The manufacturer’s reported density was 3.8 g/cm?® and the value
measured at this Laboratory was 3. 86 g/cm?, corresponding to a porosity of
approximately three percent.

Photomicrographs of the McDANEL 99™ alumina hot and cold zones are
shown in ¥Figure 5 at a magnification of 500 X. The grains have become
larger in the hot zone and the smaller pores have combined to form larger
ones. A mecondary phase prasent in the cold zone has congregated in pores
and grain boundaries in the hot zone.
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(e) LINDE Sapphire

The single crystal sapphire, obtained from the LINDE Division of
Union Carbide Corporation, was of theoretical density with an impurity
<ontent {mainly silica) of less than £0 parts per million,

A 3ginch O0.D. x Y-inch LD, x 4-inches long closed-end tube was drilled
from the crystal. Difficuities encountered in drilling the sapphire rod
limited the length of the sample to four inches. To avoid overheating of the
Swagelok comectior. between the tube and vacuum system, the saniple must
have a length of 2 least eight inches; an extension tube, joined to the sapphire
by means of a high-temperature, vacuum-tight seal, was therefore required.
A LUCALOX tube was joined to the sapphire using Code 1731 glass sealing

frit, made by Corning Glass Works. The seal was vacuum tight and service-
able to 1300°C,

The temperature was measured by sighting down the inside of the sample
with an optical pyrometer. Since sapphire iz translucent, sighting through
the sapphire onto the susceptor had t= be avoided, This problem was mini-
mized by coating the outside of thie sapphire with a thin layer of porous high
purity alumina. To check on the accuracy of our ternperature measurements,
the sample was melted after we had made our permeability measurements.
Since the sample melted at a measured temperature of 2043°C and the melting
point of sapphire is 2050°C (e) , the error in our temperature measurement
was very small. Figure 6 is a photograph showing the sample after the end
of the sapphire had been melted. The smaller diamet.r tube is the sapphire
sample and the larger one is the LUCALOX tube.

c. Results and Discussion
(1) Permeability of COORS PORCELAIN Alumina to Oxygen

The temperature dependence of the permeability of COORS PORCELAIN
alumina to 50 torr of oxygen is shown in Figure 7, and is expregsed by

-104, 000/RT

P1=1.57x10%e (gm/cm sec).

Measurements were made in the temperature range from 1745°C to
1830°C; below 1745°C, the quantity of oxygen diffusing through the sample
was too small for accurate determination; above 1830°C, the samples became
pervious,
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Figure 6. The Sapphire Tube After Melting
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Figure 7. Temperature Dependence of Permeability Constant, P{, of
COORS PORCELAIN Alumina to 50 torr of Oxygen
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Oxygen pressure dependence measurements "vere attempted, but each
time the sample developed a ‘eak during the runs. Altogether, three tv'
were used for the temperature dependence measurements. Two tubes
Jdeveloped leaks after two runs each and could not be used further. The tnird
tube remained impervious for eight runs and then also develcped a leak.
Figure & shows all of the experimental data obtained on the three samples.
The numbers beside some of the points refer to the runs with the third sample
and indicate the order in which the measurements were taken, It is clearly
evident from Figure 3 that sample number 3 tightened up considerably on
heating to 1800°C during the first series of four runs. Runs No. 1 to 4 were
therefore disregarded in drawing the permeability curve.
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O Sample No. 3

Figure 8. Permeability, P, of COORS PORCELAIN Alumina to Oxygen
at 50 torr
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(2) Permeability of McDANEL AV3( Alumina to Oxygen

The temperature dependence of the permeability constant for McDANEL
AV30 alumina at 50 torr oxygen is drawn in Figure 9 and given by

Pr=3,45x10%¢

-110, COC/RT

(gm/cm sec)

in the range 1700°C te 1920°C, The numbers beside the data points refer to
the order in which the measurements were made,

Figure 9.

PERMEABILITY COMSTAWT, 27 , (SM/CM SEC)
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Temperature Dependence of Permeability Constant, PL, of

McDANEL AV30 Alumina to 50 torr of Oxygen

Ag shown in Figure 10, the McDANEL AV3( alumina exhibited an

oxygen permeability which varied with the . 36 power of the oxygen pressure.
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Figure 10. Pressure Dependence of Permeability, P, of McDANEL AV30
Alumina to Oxygen at 1745°C

(3) Permeability of McDANEL AP35 Alumina to Oxygen

Due to grain growth, the permeability of this material was a strong
function of prior heat-treatment temperature, i.e., the permeability
decreased rapidly on hcat-treatment to above 1750°C, This phenomenon had
been observed on other types of alumina, although to a much lesser extent,
Two samples of this material were studied. The permeability of the first
sample decreased continuously during a series of six runs, after which the
tube developed a leak, No meaningful results can be reported on this
sample. The second tube was heat treated for several hours at 1750°C to
1800°C before the diffusion measurements were made. Ewven then, the
measurements were poorly reproducible; the scatter in the data points is too
large to permit calculation of an equation for P£; the results _re shown in
Figure 11. The squares represent measurements with oxygen inside the tube
and the triangles represent data ta.ten with oxygen on the outside of the sample,
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As shown in Figure 12, the McDANEL AP35 alumina exhibited an
oxygen permeability which varied with approximately the Y, power of the
oxygen pressure.
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Alumina to Oxygen at 1745°C

(4) Permeability of McDANEL 997 Alumina to Oxygen

Oxygen permeability measurements were made on polycrystalline
alumina grade McDANEL 997, a high-purity, low-porosity material. The
permeability was again found to be a very strong function of heat-treatment,
time, and temperature. During one week of continuous heat treatment of
1900°-1930°C, the permeability constant, P¢ (50 torr of oxygen), decreased

from 1x 10™° to 1 x 107" gm/cm sec at 1915°C, _Even then, the permea-
le developed

bility was still decreasing; however, at this point, the samp
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a leak. The two orders of magnitude drop in cxygen permeability is
undoubtedly related to the pronounced grain growth exhibited by this material,
as shown in the Materials Characterization Section of this report.

(5) Permeability of LINDE Sapphire to Oxygen

The permeability of single crystal alumina {sapphire) to exygen was
investigated using the omegatron mass spectrometer as a detection éevice.
The sample, at a temperature of 2015°C, was exposed to 50 torr of oxygen
for three hours, and no detectable oxygen permeation was cbserved; there-
fore, an uvpper limit for the permeability constant can be calculated: Pi is
less than 4 x 10713 gm/cm sec at 2015°C.

d. Conclusions

Figure 13 shows all of the alumina datz plotted on one graph. The
MORGANITE and LUCALOX data from the Second Summary Report{z) have
been added for completeness.

The rate of oxygen permeation through polycrystalline alumina is
determined primarily by grain size and purity. High purity grades have the
lowest permeability in part because they also exhibit more pronounced grain
growth. However, the activation energy determined on less pure grades
is lower than that for high purity rmaterial; this resuit suggests that, in the
presence of substantial amounts of impurities, the diffusion mechanism {5)
even at 1850°C is not yet entirely determined by intrinsic oxygen ion motion'”’,

The effect of closed pore porosity on the permeability was found to be
negligible, A dense grade such as LUCALOX exhibits a permeability compara-
ble with that of somewhat porous materials. The results of the present
study may be compared with those of Oishi and Kingery! 10) Extrapolating the
single crystal data of these zuthors to 2015°C gives a diffusivity of approxi-
mately 107! cm? gec . Agsuming a 0.1 percent difference in oxygen con-
centration between the high pressure and the low pressure side, one would
calculate P! for sapphire ot 2015°C to be of the order of 10~ gm/cm sec,
i.e., below the detection limit of our system. The permeation rate was
indeed too small to be observed. Similar calcuiations for polycrystalline
alumina yield permeabilities which are 4 to 5 orders of magnitude below the
experimentaliy determined values. Fryer, Budworth, and Roberts{!!) have
attributed this discrepancy to the existence of an impervious skin on the outer
or inner surface of the alumina, with the bulk of the material pervious to gas
flow. We were, however, unable to detect such a skin on our samples,
Moreover, to obtain agreement with Oishi and Kingery, the skin thickness
would have to be of the order of 107% to 10”5 c¢m, orders of magnitude less
than the average grain size. We prefer the alternative explanation that
impurities segregating at the grain boundaries provide a preferential diffu-
sion path, In addition, the diffusivity measured in the presence of a
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In conclusion, the permeability of cingle crystal alumina to oxygen is so
low that, with the possible exception o. veryllia, sapphire appears to be the
best oxygen barrier of a2ll the refractory oxides. The permeability of poly-
crystalline alumina, although substantially higher than that of sapphire, still
compares favorably with the oxygen permeabilities of zirconia, hafnia, and
thoria(1,2) Thus, alumina deserves increased aticntion as an oxygen barrier
in coatings for refractory metals or graphite to tempearatures up to 2000°C,
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VL MECHANICAL COMPATIBILITY OF IRIDIUM WITH GRAPHITE

. P
5

«

R TASK Bl1-2

1. REDETERMINATION OF THE IRIDIUM-CARBON EUTECTIC TEMPERATURE

ZThe iridiim-carbon eutectic temperature was redetermined. For
iridium containing aporoximately 9.1 percent Fe, 0. 05 percent Rh, and
traces of Si, Cr, Ni, and Ag totaling about 0. 02 percent, the eutectic tempera-
ture was found to be between 2250°C and 2280°C.

The experiments were done with commercial (Engelhard Industries)
iridium powder that kad been fused in a spectroscopically pure graphite
crucible at 2450°C in an argon atmosphere. The fused button was sliced
on a diamond saw, each section boiled ia aqua regia and hwvdroflucric acid,
washed with distilled water, and wrapped in plastic until used. The eutectic
temperature was determined by packing the iridium sample in spectroscopically
pure (Grade SP-1) graphite powder contained in a graphife capsule of like
purity and heating in a purified graphite tube furnace in an argon atmosphere.
A pew iridium specimen was used for each run. The first indications of
melting (rounded corners) were observed after the sample had been heated
to 2250°C and held there for three hours. Complete melting was observed
after heating to 2280°C and holding at that tempevrature for three hours. The
analysis given in the introductory paragraph was obtained on the sample which
had been heaied to 2250°C.

o

+

A piece of slurry-dipped iridium coating was similarly packed and
heated. Complete melting was observed when the sample was heated to
2150°C. Semiquantitative spectroscopic analysis indicated «=n iron content
of approximately 1 percent and 0.1 percert each of Si, Cr, Ni, and Al
These impurities are apparently picked vp auring the preparation of the slurry
by wet-milling in 2 steel mill with stainless steel balls.

N3

1
i
i
:
i
i

The discrepancy between the present and previous () eutectic temperature
determination is probably due to previously insgufficient furnace purification
which may have led to impurity pick-up, particularly of silicon and boron.
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VIiI. MECHANICAL CCMPATIBILITY OF MULTILAYER COATINGS
WITH GRAPHITE

TASKS C2-2 AND D-3

1. THERMAL EXPANSION

The adherence of a protective coating on graphite will depend strongly
on the extent to which the coating and substrate are mechanically compatible,
a factor controlled largeiy by the thermal properties of the coating consti-
tuents and substrate. In this phase of the yrogram, the oxides ThO,, HfO,
2ud Zr0; and the carbide and diboride of hafnium and zirconinm are being
considered for components of multilayer coatings oun graphite.

The thermal expansion of the oxides and the carbides has been
adequately investigated. A review of the data for the oxides has been presented
previously 2); a review of the carbide data is included here. On the other
hand, the thermal expansion data for the diborides were derived largely from
lattice parameter measurements and thus pertain to single crystals. Poly-
crystailine materials of less than theoretical density could conceivably have
considerably different thermal expansion coefficients (CTE). Bulk thermal
expansicn measurements were, therefore, carried out in this phase of the
program.

In addition to the thermal expansion measurements on pure ZrB; and
HfB,;, the coefficients of thermal expansion of HfB; and ZrB;, doped with
alkaline earth or rare-earth boride were determined. These additives
make it possible tc adjust the thermal expansion characteristics of the
diborides and to increase coating adherence and density.

a. Previous Work on the Thermal Expansion of the Carbide and DRiborides

The thermal expansion of hafnium diboride in the range 25° to 2040°C
has been recently investigated by Keihn{12) using X -ray diffraction methods.
Houska and Keplin(13) by the same techniques measured the lattice para-
meters for ZrB; in the range 25° to 2040°C, Using the data reported by
these investigators, the average CTE of completely dense polycrystalline
HfB; and ZrB, was calculated. This information is presented in Table 8.
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TABLE 8

COEFFICIENTS OF THERMAL EXPANSION OF HiB, AND ZrB,,
CALCULATED FROM LATTICE PARAMETER DETERMINATIONS

—

Temperature CTE of HfB,(1) CTE of ZrB,{18)
°C in/in/°C x 10° in/in/*C x 106
k 25- 600 6.4 6.7
g 600-1400 8.3 8. 4
1400-2000 8.3 8.3
" - . . {14-16)
The most (recent hermal expansgion data on the carbides of hafnium
and zirconium!'1:16 18 g37¢ ghown in Figures 14 and 15 and listed in Table 9.
g High purity fine grain graphites are now available from many sources with

CTE's in the range of 6. 8 {+2) x107%/°C {room temperatures to 1650°C) with
an anisotropy of less than 1.2 units. Figure 16 shows an upper limit for

i these materials.
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Figure 14. Thermal Expansion of Hafnium Carbide

* Macklin, B, A., Redmond, J.R., "Development of Improved Methods of
Depositing Iridium Coatings' PR 1 AF33(615)-3617
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Figure 15. Thermal Expansion of Zirconium Carbide

TABLE 9

THERMAL EX: ANSION* OF HfC AND ZrC

CTE of HfC CTE of ZrC
Temperature, °C in/in/°C x 10% in/in/°C x 10%
25- 600 6.5 6.3
600-1400 6.9 7.4
1400-2000 7.2 8.5
From figures 1 and 2
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Figure 16. The‘nal Expansion of High CTE Experimental Graphites

(Line Shows Upper Limit of Presently Available Commerical

Grad
b. Experimengai es)

(1) Materials Characterization

The ZrB,; obtained from Gallard-Schlesinger Chemical Manufacturing
Corporation was 325 mesh powder containing 1. 04 percent C and 1. 16 percent
O as major impurities; the X-ray diffraction pattern showed ZrB; and an
unidentified impurity phase.

The HfB; was prepared from HfH; and boron (both materials 99+ percent
pure). The mixture was milled and slowly heated in a graphite crucible to
2000°C for one hour, remilled and reheated in a similar manner; an X-ray
diffraction pattern of the product showed hafnium diboride and a trace of HfC;
the HfC intensity was less than that of a previous lot of HfB, which contained
0. 36 percent carbon.

The CaB, was reagent grade material obtained from Fisher Scientificr
and showed no extraneous phases upon X-ray examination,

The CeBy was obtained from Cerac Incorporated. The manufacture
reported a 99. 1 percent total Ce plus B, only CeBy was detected by X-ra
analysis,

The LaB¢ was obtainea from Gallard-Schlesinger Chemical Manufacturing
Corporatior; their analysis reported 68. 0 percent La, 31.5 percent B, 0.1
percent C, 0.07 percent O and 0, 05 percent Fe; an X-ray diffraction pattern
of this material showed only LaB,
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The YBg was obtained from Cerac Incorperated. The manufacturer's
analysis reported 42,4 percent B and 37. 0 percent Y; an X-ray diffraction
pattern showed 2 major phase of YBg and 2 minor amount of YBy,

Samples of grapbite coated with ZrC and H{C were obtained from I-ugh
Temperature Materials, a2 Department of the Carbon Products D1v1s=on of
Union Carbide Cerporatiou, The samples were prepared by passing the
metal chloride over ATJ graphite at 1900° to 2100°C and pressures from
5 to 10 torr,

(2) Preparation cf Samples

A bench scale vacuum hot press for preparing the samples for thermal
expansion measurements is shown in Figure 17. The assembly consists of
water -cooled brass bottom aud top plates, a vacuum line; an optical sight
tube, water-cooled ram, 2 graphite {Union Carbide Corporatlou Grade AGW)
die, graphite {(Unicn Carbide Corporation Grade ATJ) plungers, graphite
felt {Union Carbide Corporation Grade WDF) insulation, and a quartz envelope,
The induction heated system is capable of 2500°C under a vacuum of <1 mm
of Hg. The pressure capability is determined by the strength of the die
{4000 tc 6600 1b/in®),

Figure 17, Hot Press Assembly
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The mixed boride rods were prepared by porcelain ball milling each sample
16 hours and vacuum (<1 torr) hot pressing for 0.5 hours at 1800°C and
2000 1b/in?, Table 10 lists the composition and density of each sample. The
compositions prepared included the pure diborides {ZrB; and HfB,) as well
as mixtures of the diborides with one of the hexaborides from the group CaByg,
LaBg, YBg, and CeBg in amounts of about 20 mole percent, The density of
the mixed boride rods, as determined from the buoyancy of the sample
immersed in water, was in most cases quite high; in fact, it exceeded in some
areas the theoretical density based on the simple rule of mixtures indicating
either some phase change or, possibly, hexaboride loss during hot pressing.

: TABLE 10
¥ COMPOSITION AND DENSITY OF MIXED BORIDE RODs £,-INCH DIAMETER
TIMES ~1-INCH LONG) HCT PRESSED FOR 0,5 HOURS AT 1800°C
‘_ Sample Neo. Diboride Hexaboride Density % of Theo. Density*
i = 65-18 ZrB, none 4,85 78
- 2 58 ZrB, CaB; (10.5 mjo) 5,47 100
R ¥ 56 ZrB, CaBg (15,5 mjo) 5.2 100
592 ZrB, CeBg¢ (22.5 mjo)  5.50 100
f 67-31 ZrB, LaBg (22.5 m/o)  5.04 196
o £1-12 ZrB, ¥ B¢ (20 m/o) 5,20 99, .
83 HfB, none 10. 11 907"
75 HiB, none 8.56 76
g 78 HfB, CeB4 (22.5 mfo)  8.05 95
72 HiB, LaBg (22.5 m/o) 6.93 100

" Based on rule of mixtures
Hot pressed at 2030°C

3 3

(3) Thermal Expansion Measurements

A high temperature dilatometer (Figure 18) was conatructed for the
thermal expansion measurements, It consists of a l1-inch O.D, x ¥g~inch I, D,
graphite tube (closed on the bottom), a ¥;-inch O, D, graphite plunger rod,
and a mechanical gauge accurate to 1 x 1074 inches. The tube containing
the sample is joined to the gauge by meansg of a water-cooled joint; the
plunger is piaced on the sample so that any movement of the sample will
cause & deflection in the gauge. The induction furnace used to heat the
dilatometer consists of a 2-inch 1. D, x 8-inch long graphite susceptor con~
tained in an argon-flushed quartz envelope and insulated with (Grade WDF)

Y, inch graphite felt, The syscem is heated by means of 2 6 KW AJAX-
Northrup sparkgap-type converter, and the temperature is monitored optically
with a Leeds and Northrup optical pyrometer.
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Figure 18. High Temperature Dilatometer

The dilatometer measures the difference in the thermal expansion of
the sample and of the sample-containing tube, which was constructed from
Union Carbide Corporation's Grade AGW graphite, The apparatus was
calibrated against molybdenum,(19) tungsten, {19) and quartz, (19) all of which
have well known thermal expansion coefficients. The calibration data shown
in Figure 19 agree well with the with-grain thermal expansion curve of
Grade AGW graphite as determined by an alternate technique,
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¢. Results and Discussion

Thermal expansion :aeasurements were made on eight boride composi~
tions: ZrB; of 78 percent density, ZrB;-22.5 mcle percent CeB;, ZrB,;-22.5
mole percent LaB,;, ZrR;-20 mole percint YBy, HfB, of 76 percent density,
tifB;-22. 5 mole percent CeBg, HfB;-22.5 mole percent LaB,, and HfB,-20

mole percent YByg.

The thermal expansion data on all of these materials are summarized

in Tabie !1.
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TABLE 11
THERMAL EXPANSION OF BORIDE COMPOSITES

Py
—

Expansion in/in/*C x 106

Material Density 0-1000°C 1000-1400°C 1400-1800°C
ZrB,; * {(7.1) {8.2) (8. 2)
ZrB,; 78% 6.8 8.2 8.7
ZrB,; + CeBy ~100% 6.7 8.5 9.5
ZrB, + LaBs ~100% 7.5 9.2 1.2
Z2rB; + YBy  ~100% 6.1 8.7 8.5
HfB, * (6. 8) (8. 0) (8. G)
HfB, 76% 6.6 8.2 9.7
Experimental

Graphite 6.0 9.2 9.5
HiB, + CeBy ~ 95% 7.2 9.5 9.5
HfB, + LaBg ~100% 7.3 9,5 i0. 2
HfB, + “Bg ~100% 5.6 7.8 7.8

*
(} Calculated from single crystal data for a completely dense polycrystalline
material based on the work of Houska, Keilkn, and Keplin of the Union
Carbide Research Institute {1+2

The thermal expansion of ZrB; i3 shown in Figure 20, The points
represent our data on 78 per?etit deuse material and the circles show the
results of Houska and Keplin B} on single crystal ZrB; (averaged over the
two a and one c direction). The excellent agreement in the thermal expan-
sion of single crystal and 78 percent dense pulycrystalline zirconium diboride
suggests that, at least for this material, the thermal expansion is indepen-
dent of porosity.
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Figure 2iisa photomicrograph of the 78 percent dense ZrB; sample.

Figure 21, Photomicrograph of 78 Percent Dense ZrB, (500 X Magnificatiou)

The thermal expansions of the three zirconium diboride composites
(Z+B,-CeBg, ZrBz-LaBg, ZrB,-YB¢) are shown in Figures 22, 23, and 24.
The boriGes, with the possible exception of the Z2tB;-LaB¢ composite, have
thermal expansion characteristics very similar to those of the graphite
shown in Figure 16,
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Metallographic examination of the ZrB, composites (Figures 25 through
28),before and after the thermal expansion rneasurementg showed that the
thermal cycling caused a change in only one sample, the ZrB,-YB;, Heating
(in this case, two cycles from room temperatuve to 2100°C) caused grain
growth and further development of the matrix phase as shown in Figures 25
and 26. Debye-Sherer powder patterns before and after thermal cycling
showed no difference; both samples contained ZrB,;, YB,, and YB4. During
the work on ZrB,-YB,, some reaction o~curred at the interface between

boride and graphite at temperatures above 1600°C, An X-ray pattern of the
reaction products was obtained but the products could not be identified.

Since this reaction caused the boride rods to bond strongly to the graphite
plunger, it may prove helpful in providing better coating adherence.

Photomicrographs of the remaining samples are shewn in Figures 27 and
28. They represent the high density samples of ZrB,-CeB; and ZrB;-LaB,,
respectively. In both cases, the dark particles are in the hexaboride.




Figure 25. Photoricrograph of ZrB,- Figure 26.
YB¢ Composite as Hot
Pressed (500 X Magnification)
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Photomicrograph of ZrB;-
YB¢ Composite After Ther-~
mal Cycling (500X Magni-
fication)
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The thermal expansion of the HfB; samples is shown in Figure 29, The
encircled points z*eprasent( oyr measurements; the triangles and line repre-
sent the results of Keihn'®/ on single crystal HifB; (averaged over the two a
and one ¢ direction}). The agreement between the low density (76 percent)
sample and the singie crystal data was anticipated because of similar resuits
obtained with ZrB,.
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Figure 29. Thermal Expansion of 74, 6 Percent Dense H{B,

Thermal expansions for the three boride compcsites (HfB,-CeB,,
HfB;-LaBy , and HfB,-YB;) are shown in Fisures 30, 31, and 32,
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l Figure 31. Thermal Expansicn of HfB,1.aB; Composite
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2. THERMAL SHOCK TESTS

[

A gualitative method for evaluating the effect of thermal cycling on cozting
acdkerence is to subject samples to thermal shock tests; samples of ATJ
graphite vapor coated with HfC and ZrC were evaluated in this mannar,

The: mal shock tests were accomplisked by plunging cold samples into an
argon-flushed furnace at 2000°C, holding in the furnace for 10 minutes, and
then moving the samples into an argon-flushed cooling ciLamber. It took one
minute for the samples to reach 1900°C and an additional 1.5 mixutes to
reach 2000°C; they cooled below red heat in 1.25 minutes.

Since the coefiicient of thermzl expansion of ATJ graphite, shown in
Figure 33(5), is lower than that of the carbides, tae samples crazed on
cooling; however, thc coating showed no sign of spalling. It has przviously
been demonstrates’)that graphite can be tailored to high CTE materials and
made sufficiently igotropic to be perfectly compctible with the coating
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Figure 33. Thermal Expansion of ATJ Graphite

The 1 cm x 2 cm sariples were subjected to three shock cycles.
Figur~s 34 through 37 show clearly that no coating-substrate separation
occurred; however, aome additional crazing occurred in the ZrC sample.

As 2 result of information obtained from the thermal expansion studies;
ore can conclude thai the borides arnd the carbides should not present
serious mechanical corn?atibility problerss « hen used with suitable graphite
at temperatures to 2000°C,
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Figure 34, HfC Coating on Graphite Before Thermal 3bhock Tests
{100 X Magrification)

Figure 35, HfC Coating on Graphite After Thermal Shock Tests
(100 X Magnification)
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Figure 36. ZrC Toating on Graphite Before Thermal Shock Teats
(100 X saguification)

Figure 37, ZrC Coating on Craphite After Thermal Shock Tests
(106 X Magnification)
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3. YAPGK DEPOSITION OF ZrB; ON GRAPHITE

The technique of vapor deposition hzs been proven to be a very satisfactory
method for applying pore-free, well-defined adnerent coatings. Therefore,
a review of volatile zirconium compounds containing boron was made; the
tetraborohydride, Zr{Pi),, was found to exkibit 2 vapor tension of 15,1 mm
Hg at 25°C. ()  Sjnce a study of its the,mzl decomposition had not been
reported, the compound warranted further investigation as & possible precuz -
sor for zirconium diboride coatings.

These investigations of the thermal deccmposition of Zr(BHg), demonstrated
that the major product was ZrB;, and experimental work was extended by
costing several grades of graphite with ZrB; by the thermal decomposition
of Zr(BH),.

a. Experimental

Zircomivm tetraborohydride, Zr(BHg), was synthesized by mixing a
four-mole excess of lithium borobydride, LiBH, with zirconium tetracnloride,
ZrClL, in a glass bulb in a dry nitrogen atmospbere. Small nickel balls were
used to 2id¢ mixing in the absence of a solvent. After an induction period of
fifteen to twenty minuvtes, the reaction proceeded with the literation of
considerable heat. The reaction product, zirconium tetraborohydride,
Zr(BHg)y, melted and the entire contents of the flask formed large cakes.

The glass reaction chamber was transferred to a vacuum system and frac-
tioral crystallization through traps mzintained 0°, -22°, and -196°C was
effected. Pure zirconium tetraborchydride was retained in the -£2°C trap;
it exhibited 15.1 mm Hg vapor tersion at 25°C and had a meiting peint of
30°C.

Zirconivm tetraborohydride was condensed into a Pyrex container of
known weight; the tube was then reweighed so that the quantity of zirconium
tetraborohydride used in each experiment wa2s known to within 0. 0202 gms.

In a typical experiment the weighed sampie was attached through a break-
off seal to a quartz pyrolysis chamber and the entire system was evacuated
to 1076 torr. The pyrolysis chamber was brought to a predetermined
temperature by means of a platinum wound tube furnace,

The temperature was controlled withk a Variac and monitored with a
thermocouple suitable for the working rauge.

The sample tube of zirconium tetraborchydride was cooled to 0°C in an

ice bath to maintain a constant vapor pressure and thus rate of flow to the hot zone.

The break-off was broken and the reaction products collected in traps main-
tained at -78°C and -196°C. The hydrogen formed was continually compressed
into 2 known volume by means of an automatic Toepler pump. When the run was
completed, the amount of hydrogen was determined, passed over copper oxide
at 450°C, and the resulting water trapped and subsequently expanded 25 a
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check on the purity of the hydrogen. The guartz tube was cooled and reweighed.
The decom.posed material was then scraped from the quartz tube, mixed with
SP-] graphite powder, and heated to 2000°C for one hour in vacuo to effect
cryatallization for X-ray examination.

The graphite substrates to be coated were heated by means of a 30 KW
Thermionic generator coupled to a water -cooled copper flux concentrator,
which was an integral part of a vacuum system. The graphite was degassed
at 2000°C at 10-¢ mm Hg preasure for one to two kours. The sample
temperature was lowered to 1100°C, and zirconium tetraborohydride vapor
was passed over the hot graphite. In a typical experiment, 0.4777 g of
zirconium tetraborohydride (3. 18 mmoles) depcsited 0. 16C g of zirconium
diboride (1. 06 mmoles) on a graphite substrate at 1100°C. The sample
was then heated to 1950°C, held for one hour, and then cooled to room

temperature by de-energizing the power supply.

The alherent coatings were subjected to thermal cycle tests in vacuo,
heating from below red heat to 2000°C in three minutes, and then cooling to
below red heat in two minutes.

. Results and Discuseion

The results of the various runs made on the thermal decomposition of
zirconium tetraborohydride are presented in Table 12, At the lower decompo-
sition temperature (< 600°C), zirconium metal and boron were the major
products of the reaction. However, as the decomposition temperature was
raised above 600°C, zirconium diboride was the major reaction product. The
equations for these reactions at low arnd high temperatures may be written
as follows:
<40p°C

Zr(BHe) 8H; + Zr + 4B

and
>600°C

Zr{BH,), 8H, + ZrB 4+ 2P.
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TABLE 12

ANALYSSS ON THE THERMAL DECOMPGSITION OF ZIRCOMIUM TETRABOROHYDRIDE

Werglu of Wt. of Predscis
2B, cwncies mmoles Ratio in Quarts Tube
Grama Ze{BH), Enviroament . conpetature, *C Hy Hy/ Zr{B¥y)e Gramw
C. 09 0. 602 Ouarix Tobe 400 4.57 7.4
¢ 242 .67 Quartz Tube 400 12 88 [ ] 0. 245
0. 4%¢ 3. 060 Quarts Tabe 490 2418 7.9 0. 458
6. &?9 .79 Quartz Tube $00 14_49 8.0 0.27%
G 188 1.9 Quarts Tube 500 9 08 3.1 0.177
0. 156 1.0%) Quariz Tuke 620 3. 48 [ 2 ] 0 15)
0. 197 1.313 Qsatz Tobe b0 10. 7% 3.2 0 206
0.237 1. 449 Qurriz Tube 800 117 t 3] 0.23

When graphite cloth was inserted into the quartz tube and zirconium
tetraborohydride allowed to decompose thermally at 800°C, the ratio of H;
to Zr(BHy); dropped to approximately 7.5 to 7.7, indicating either that some
of the hydrogen was being consumed by the carbon or that another mechanism
of decompoegition was occurring. A white solid was 21so found in the -196°C
trap, and its infra-red spectrum indicated boron-hydrogen bonding with no
carbon-hydrogen bonding. A molecular weight determiration gave a value of
~30. This product very probably is diborane, B;H,. The stoichiometry is
tentatively summarized by:

ZY(BI{‘)4 - ZI‘BZ + Bsz + 5Hz
with partial decompocition of the B;Hy to B 4+ H,.

The zirconium diboride coatings formed on Grades ATJ and ZTA graphite
were found to have poor adherence and large macrocracks over the entire
surface, The coating was easily removed with a sharp-edged knife. However,
when an isotropic high coefficient of thermal expansion grade of graphite
was used as the substrate, a dcrse adherent coating resulted. Figure 38
illuctrates this point weil, The right side of the figure demonstrates the poor
adherence of a ZrB, coating on ZTA graphite; the left side of the figure
demonstrates the excellent adherence of a ZrB; on the isotropic high CTE
graphite. Figuve 39 is a photomicrograph of the zirconium diboride coating
(one mil thick) after thermal cvcling to 2000°C several times. The coating
remains dense and acherent, indicative of good bond formation between the
boride and graphite,
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a) ZrB; on High CTE Graphite b) ZrB,; on ZTA Graphite

Figure 38, Vapor Deposited ZrB; Coatings on Graphites

Figure 39. Vapor Deposited ZrB, Coating on Graphite After Thermal Cycling
to 2000°C (100C X Magnification,
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VIII, CARBON DiFFUSION THROUGH ZIRCONIUM MONOCARBIDE AND
ZIRCONIUM DIBORIDE

TASK D-1

C RDON CIFFUSICN THROUG'! ZIRCONIUM MONOCARBIDE

a. Introduction

There are a wide variety of methods, both direct,--as in tracer studies,
and indirect, such as in the measurement of phase boundary motion during
diffusion-controlied layer growth, available for the study of diffusion coeffi-
cients, Thesec techniques are well established and are described in the
literature. In this investigation, the method of isctopic exchange between an
initial plane source and a semi-infinite body was selacted. in the absence of
2 macroscopic chemical gradient, if th.. diffusing isot. pe is initially present
iy concentration C¥ (0, 0) on a plane surface at the end of a semi-infinite
specimen, then the concentration in a parallel plane at a distance, x, from
the original interface, after a suitable annealing time, t, will be:

* _C (0,0) x?
C ix,t) =— e - —— 1

X ) (ﬂD_—?—*t) A XP( 4]:)”’!‘) ( )
where D is the tracer diffusion coefficient and i3 related to the self diffusion
coefficient by the appropriate correlation factor. \21) Although ZrC shows a
wide variation in composition, (22:23) the absence oi o mnacroscopic chemical
gradient and the boundary conditions which satisfy Eq. 1 can be achieved by
utilizing carbon-12 saturated semi-infinite specimens and a thin plane source
of carbon-14. For specimens which are lower in carbon content, other
geometries such a. » nair of butt-weided semj-infinite specimens identical
in composition, except for the concentration of tracer in eaci half of the
couple, must be used. Furthermore, in order to satisfy Eq. 1, the thickness
of ihe isotope layer, h, must be small relative to the penetration depth, A
good approximation for this requirement is that: %4

h<0.1 (D*t) " (2)

and this condition can be controlled by experiment.
b, Experimental
(1) Materials and Equipment
Both single crystal and polycrystalline samples were used. The fully
dense specimens were provided by the Union Carbide Research Institv~ and
were grown by an arc fusion technique. The polycrystalline specime:

(approximately Y;-inch D x 6 inches long) was composed of long colurm sar
grains, about 0,2 mm x 0.2 mm x 3 mm (Figures 40 and 41),

58

Ty




This Study. Note That the Long Axes of the Grains are Roughly
Parallel to the Specimen Axis

Figure 41, Macrophotograph of the Same Specimen Skown in Fig, 40. The
Piane of the Figure ig Normnal to the Specimen Axis, Most of the
Grains are Equiaxed

.
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: Figure 40, Macrophotograph of the Folycrystalliae ZrC Specimen Used in
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The long axes of the column2r grains were generally parailel to the specimen
aris and the number of graina per unit area remained nearly constant through-
out the length ot the specimen. There appeared to be -. ».ill amount of free
carbon (Figure 42) present which remained even after priaionged high tempera-
ture annealiag (2 hours at 2650°C), Chemical analysis showed 49. 1 atomic
perceat carbon, rcearly that of carbon saturated ZrC

4 N ‘\: /- ’\:ﬁ
wanle * S~

Figure 42. Photomicrograph of Polycrystalline ZrC Showing a Small
Amount of Graphitc in the Form of Flakes

Le single crystal was ~5-inca D x 8 inches long; the long axis of the
crystal was about 16,5° from tke < 110> and 20.5° from the < 111> poies. Laue
back-reflection vhotographs (Figure 43) showed some substruicture ard, in
fact, at times some chemicaily polished specimens showed 2 low angle tilt
(less than 1°)tcundary running through the crystal, Other sections were free
of boundaries. Chemically, the specimen was similar to the polycrystalline
sampie and contained 48. & atomic percent carbon.
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Figure 43. Laue Back-Reflection Photograph of ths Single Crystal ZrC
Specimen VIsed in This Study

The specimens were sectioned using 2 "Micro-Matic" precision wafering
machine. The best results were obtained using a 240 grit, 10G concentration
diamond vheel at a surface speed of £, 000 fpm. Downfeed was less thac
0. 005 inch per cut and cross feec was kept to less than 0. 2-inch/ minute,
Grinding was done on the same unit using resin-bonded wheeis with surface
speeds of 4,000 fpm. The specirnens were coarse ground with a 400 grit
wheel and finished ground with an 800s grit wheel, The finishea surfaces
were comparable to those obtained by usual metaliogruptic preparation.

Annealing was done in a tantalum tube resistor furnace and under a
vacuum of 10-5 te 10-6¢ mm Hg. The time-to-temperature was less than one
minute and cooling, under vacuum, frocm temperature to 1100°C was about
two mi.utes., Temperature control was within = 10°C at 22G0°C and about
*2°C av 1200°C, Control was indirect, using a calibrated radiation pyrometer.
However, the temperature was continuously monitored with a W-5 percent
Re/W-26 percent Re thermocouple which was placed in close proximity to

the specimen surface,
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The specimen activity was measured with a low-level, low-background
proportional coucting system. The unit was eg ippzd with an ultra thin
window which allowed transmittance efficiencies of up ‘o 35 percent for C¥,
Background was less than 0.5 counts per minute.

{2} Experimental Methods

Cylindrical sla_!?‘c. about 0.2 cm thick, were cat and the end faces ground
parallel to 3 1 x 107 inches using a2 400 grit resin-bonded diamond wheel. In
the case of tle polycrystalline specimen, the end faces were normal to the
columnar grain while for the single crystal the ead faces were cut parallel to
the (110) plane. The sectioned specimens were then chemically polished
using a solution of 2 parts HF, 8 parts HNO, and 15 parts H;O to remove most
of the disturbed surfaces. No annealing was attempted. CHM was deposited
on the surfaces by means of the pyrciytic decomposition of radiomethane
at 1900°C. Induction heating was employed and the elapsed time-at-tempe=a-
ture was of the order of two minutss. The radiomethane source was of two
specific activities, ZmC/mM and :0mC/mM. The activity tc be used depended
on the intended annealing time a'd temperature. The usual procedure was ¢o
evacuate a quartz tube containiug the specimen to less than 10 mm Hg, heat
the specimen to 1000°C and iatroduce CHH, to a pressure of about 50 mm Hg,
Decomposition was instartzneous and the ,urfaces appeared as bright and
shiny as when introduced into the chamber. The radioactive carbon was
removed from all surfaces but one end face by grinding. In order to assure
the presence of carbon of unit activity at all times during the vacuum anneal,
the specimen was placed in a2 graphite crucible and packed with pure pyrolytic

grapkite powder,

After the appropriate anneal, 0.030 inch was removed from all surfaces,
except the original hot face, to eliminate edge effects. The specimen was
seriaily sectioned and the activity of each succeeding end face (looking intu
the low activity side of the penetration profile) was determined. No correc-
tion was made for the contribution of the layers beneath the surface but it
has been estimated (?%) that the ignoring of this effect leads to values of D
which are too low by less than 10 percent.

Sectioning was done both mechanically and chemically. Mechanicai
gectioning was aci;omplished by abraiding with an 800s grit diamond wheel,
Less than 2 x 107" inches were usually removed at one time, The amount
removed wa> measured using a Starrett gauge which had divisions of 10-*
inches. Chemical sectioning was done using the chemical polish described
earlier, It was found that uniform layer removal and minimization of spurious
edge effects could be accomplished best by simply put. ing several drops of
solution on the face to be etched and relying on surface tension to prevent
spillage onto tine sides of the specimen., Masking of the specimen with wax
or using a variety of specimen hclders made of teflon were not nearly as
effective, Uniformity and amount of attack could be visually seen since the
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etchant also stuined the surface. This stzin was removed with either hot
concentrated HySO, or by washing with methy! alcohol. The latter was
preferable and the usual procedure was to etch, rinse with distilled water,
wash with reagent grade methyl alcobol and dry with a jet of dry air. As will
be seen later, the agreement of the results between the mechanical and
chemical sectioning techaiques was well within the limits of experimental
error,

{3) Penetration Cu: .es

According to Eq. 1, the ploi of In activity versus the square of the
penetration distance should be linear with the slope:

dinA (x,t) I (3)

dx? 4D ¢

for bulk diffusion. In practice, -eve(r;l dilfinct regicns of linearity as well

as a2 curved "tail" may be observed, #2627 Th o4, region(g‘rre usually described
as near-surface, volume diffusion, and short-circuiting. What is observed
depends strongly upon the experimental conditions of time, temperature, and
method of aectioninq. For the case of short-circuiting by grain boundaries,

the Fisher analysis %) ghows that a plot of In A(x, t} varies as the first power

of distance with the slope:

d In A(x, t) - . (Z)l/z (4)
dx (D, *)%(s D, * /D, %

* -~ - L3 -
where: D 1 = the tracer lattice or volume ciffusion coefficient

D*b =the tracer boundary diffusion coefficient
& =the boundary width.

The assumptions of thi?’;'sxodel and the appropirate corrections by Whipple, (30}

Levine and MacCallum are well known and will not be delved into here,
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A number of typical concentration profiles are shown in Figures 44 through
48. The scale factors refer to the abscissa only. These figures serve to
illustrate the various regions usually observed. Under some conditions, the
profiles for the single crystal and polycrystalline specimens are very much
alike and in other instances, vastly different. Presumably, thiz variation
is due to substructure or the lack of ii. in-deep region which is thought
to be present because of short-circuiting, 28) s not always linear but often
exhibits marked curvature. This region was cbserved in some single crystals
but not in others. The near-wsurface region was observed only when chemical
sectioning was employed. In addition, chemical sectioning revealed, in the
case of the single crystals, the presence of a rcgion intermediate between the
near -surface and volume diffusion zones.

5&: EACTOR: 2x X7
» 4621079 CAP/SEC

D®+189x10°8 CM?/SEC

A(x,t) ARBITRARY UMITS

=

SCALE FACTOR: Ix10™®
S D°=1.57x40°® cM2/SEC

t 1 l * ] 4 l
¢ 5 0 5 20 25 30 38
x® (incH?)

Figure 44, P.rtions of the Concentration Profiles for Single Crystal (A) and
Pc:crystalline (o) ZrC. Mechanically Sectioned
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Figure 45, Portions of the Concentrative Profiles for Polycrystalline ZrC,
Mechanically Sectioned

.,

Figure 46, Portions of the Concentration Profiles for Single Crystal (4) and
Polycrystalline {¢) ZrC., Mechanically Sectioned
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Figure 47. Portion of the Concentration Profiles for Two Polycrystalline ZrC
Specimens. The Closed Circles (o) Refer to Mechanical Sectioning
and the Open Circles (o) to Chemical Sectioning
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Figure 48. Partions uf the Concentration Profiles for Single Crystal (A) and
Polycrystalline (o) ZrC. Chemically Sectioned
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In those instances when the in-deep region of the polycrystalline specimens
was four:? ¢c be curved or when the entire plot of the activity versus penetra-
tion distance squared showed nonlinearity, the data was replotted as the first
power of the penetration distance and found to be linear. Typical examples
are shown in Figurs 49. Tke data obtaiaed from such plots was too limited to

permit the separativn of }_)b* from D 1’

kowever.

i

Figure 49. Portions of the Concentration Profiles for Polycrystalline ZrC,
The Log of the Activity is Plotted as the First Power of Penetra-
tion Distance. Thke Upper Curve was Determined by Chemical
Sectioning and the Lower Curve by Mechanical Sectioning

c. Analysis of Results

Ueing Eq. 3, diffusion coefficients were calculated for all linear portions
of the penetration curves. These coefficients can "e represented by two

equations:

p* - 1,32 x 10? exp(-—l—l-%-,fz-oi) (=)

*

D = 1.6 exp(-g-q-i-ig%?—q) (6)
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and these are taken to Tepresent volume diffusion and short-circuit enhanced
walume diffusion, respectively.

The detsiled physical reasons neither for the near-surface effect, cornmon
fo hoth single and polycrystals, nor for the intermediate region found for the
single cmtah only, were establiched by this study. That these regions are
reprodncible by experimer: was verified, however, and at 1635°C, the near-
surfzce diffusion coefficient is only an order of magnitude smaller than that
cbserved in the bulk.

All of the data are shown in Arrhenius form in Figure 50. Here we have
assumed a mechanism of substitutional diffusion and arbitrarily multiplied the
tracer lattice diffusion coefficient {Eq. 5) by the Bardeen-Herring correlation
factor of ¥;,. For interstitial or sub-boundary mechanisms, the tracer diffusion

coefficient equzls ‘%he self diffusion coefficient.
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Figure 50. Diffusion Coefficients as a Function of Reciprocal Temperature.
A Single Crystal, Mechanicallv Sectioned; & Single Crystal
Chemically Sectioned; o Polvcrystal Mechanically Sectioned; o
Polycrystal Chemically Sectioned. V Polycrystalline, V Single
Crystal, Diffusivity Calculated From the In-Deep Region Using
Eq. 1. sCaiculated From the Creep Data of Keihn and Boohns

(Ref. 32) Using Eq. 7
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d. Comparison With Indirect Metlinds

Keihn and Boons (2) have measured the higa temperature creep rate of ?
fully dense polycryatalline specimen of ZrC. TVising the methods of Dorn, (s
they calculate an activation energy for creep uf 111 kcal. The single speci-
men used by theae investigators and that used in this work were from the same
source and virtually identical in composition and grain size.

In some instances, %) high te perature cree) can be characterized by
the ao-ca.l2ad Nabarro-Herring 37*3'?‘di£fusianal vitcosity. The diffusion
coefficierls calculated from creep experiments, usually assuming equal quasi-
spherical grains with relaxed boundaries, agree quite well with tracer
measurements. In our case, since the length-to-diameter rati(o ?f the grain
is greater than 10, comparison will be made using the herring'*® expression
relating the equivalent viscosity,n, of a filament with ""bamboo-like" structure
to the diffusivity:

In the above expression, Q is the molar volume, 2R, the grain diameter, L
the grain length and B takes the asymptotic value of 12, 37 for L. >>R., For

a compound AqBg, Eq. 7 will contain the factor, @, onm the right hand side.
The §I texrm is to be interpreted as the In lar volume of the molecular unit and
D is the molecilar diffusion coefficient!3®) For a =B = 1, the molecular
diffusion coefficient is usually taken as that of the lowest moving species.

Using the suggestion by Farnsworth and Coble(“) that the viscosity
coefficient for viscous flow in terms of a tensile stress, ¢, and tensile strain
rate, ¢, be taken as 1 =3‘£- » we calculate a diffusion coefficient for creep:

D':‘O.9lx102exp(—}~}-1i%r99-g) (8)
(38)

which agrees with Eq. 5 by a factor of less than 1.5. Herring estimates
that the diffusivity calculated from Eg. 7 for boundaries which are normal to
the tensile axis, may be smaller by a factor of 2-3 than for the real case in

which the boundaries are irregular.

Use of a quasi-spherical grain model, on the other hand, leads to values
of D' smaller by & factor of 10 than that given by Eq. 8. In reality, a value
intermediate between the extreme limiting cases of quasi-spherical and
""bamboo-like' grains might be expected. It would appear, then, that high
temperature creep in dense polycrystalline ZrC occurs by a diffusion
mechanism and that the rate is controlled by the flux of carbon atoms.

In contrast to these results, Leipold and Nielson (9) measured creep in
ZrC which contained appreciable quantities of free carbon along the grain
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boundaries. These investigators report am activation energy for creep of
abowt 260 kcal above 2150°C and 75 kcal below that temperature. They
suggest, on the basis of comparison of activation energies, that at high
temperatures the procees is one primarily of deforming the free ca: oon at
the gr@ bouriaries and an unknown process at the lower temperatures.
Coble™ 04 Ruoff %Y xave suggested a modification of the Nabarro-Herring
mechanism to accoust for grain boundary, rather thaom velume, diffusion com-
trolled creep. Unfortumately, the details of the Leipold-Nielson work are toc

{viz. unc ertainty of grain size, porosity, eic) to allow 2 fair test of
this model except perkaps to state thit the low temperature activation energzy
which they calculats is in fair agreenwnt with that observed for the grain
boundary diffasioc of carboa in ZrC.

Blocher, et gi.. ta) have measured the rate of carburization of ATJ
graphite tubes heated in 2 Zrl; atmosphere. They show that between 1700°C
and 2]10G°C, tbe formation of ZrC can be expressed as:

w?

_ S1, 500
g 1-Mexp - )

{9)

where w is the width of the carbide layer formed ir time, t. It is easy to
show that tke steady-siate solution for a hcllow cylinder, where diffusion is
everywhere radiai, reduces to that for diffusion through a plane sheet provided
the thickness of the layer is small. Furthermore, Vansant and Phelpsi®)
have shown that for the diffusion of carbon in TiC, the simplification of a
quasi-tifaéy state assumption leads to practically the same result as the
Wagner' ' equation for difi.sional phase formation. That Blocher, et al.,
found perabolic iayer gr- «wih, indicates that a quasi-steady state sclution for
a plane sheet can be use:s® 28 2n approximation, from Eq. ,9. and using the
carbon solubility [im*s given by Vil'k, et al., (2} and Farr.("".) the apparent
diffusivity of carboxn, assuming that layer growth is due to a surplus of carbon
atoms only, in zirconium carbide is:

D"~ 2.4 exp (- 8%,?"0 ) em¥sec 110)

Adelsberg, et al., 45) pave measured carbide layer growth during the
reaction of ZTA graphite with liquid zirconium above 2000°C and report an
apparent diffusivity of:

0.95 exp (- -7—8&%29-) cm?/sec.

Comparison of the apparent activation energies for carbide formation
witk Eq. 6 indicates that the carburization process is considerably enhanced
by the diffusion of carbcn along grain boundaries. Although it may well be
fortuitous, Eq. 10 agrees remarkably well with the diffusion coefficients cal-
culatec for the in-deep linear portion of the penetration curves, Eq. 6, even
ignoring possible correlation effects.
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2. CARBON DIFFUSION TEROUGH ZIRCONiUl{ DIBORIDE

The materials procurement problem proved to be more acute in the case of
ZrB; than it was for ZrZ. A wide variety of diboride specimens wzre obtaired
from a number cf sources. Most of these either contained microcracks or were
too small to be of use, and wer-e not further evaluated. The rerainder of the
specimens, regardiess of the source or method cof fabrication, contained an
included second phase. This phase remained after prolonged high temperature
annealing. Polisheu sections and Laue back-reflection photog-aphs of a
variety of these samples are shown in Figures 51 through 59. This second
pbase was not identified but the lamellar structure guggests ZrBy or free
boron. Tynch, et al., (%) have observed Widmenstatten p1ecipitates in single
crystal TiB; and have concluded, on the basis of electron diffraction patterns
cf some of the extracted particies, that the included se~ md phase which they
observed was nonstoichiometric TiB.. Nonstoichiom :tric compounds are also
found in Zr, Hf, and Th oxides. This may be true ir our case also. Using
methods similar to that described by Lynch, et al., work was initiated tc
exiract some of the second phasc cbserved in ZrB; pv* was not compieted befors
the expiration date of this program.

Using the geometry and experimental conditions devised in the atudy of
carbon diffusicn in ZrC, diffusion anneals were made with two polycrystalline
ZrB; specimens, One anneal was conducted at 1840°C for 5 hours and the
second 2t 1860°C for 2 hours. In both cases, the surface activity dropped
from about 30, 00C cpm to iess than 10 cpm upon annealing. The activity of
end-faces of the serially-sectioned (chemical sectioning was employsé}
specimens remained at this level - no concentration p rofiles were obtained.
The physical reasons for this are not immeai-tely obvious but one possibility
is that the diffusion of carbon through ZrB,; is rapid - perhaps several orders
of magnitude larger than that cf carbon through ZrC. Thig is mere specula-
tion, however.
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Figure 54. Photomicrograph of a Z~%; bpecimen Showing What Appears
to be Free Boron in a S.r4le Crystal Matrix of ZrB, (150 X
Magnification)
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Figure 56, Photomicrograph of the Same ZrB; Specimen but at High
Magnification Illustrating Not Only the Presence of a Free
Second Phase but Also of Some Other Perturbation in the
Matrix, That This Perturbation Is Real Can Be Seen by
Close Examination of the Laue Spots (Figure 57) Which
Show a "Spotty'' Texture or Nonuniform Blackening
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Figure 57. Laue Back-Reiflection Photograph of Single Crystal ZrB,, The
Axis of the Crystal Is Nearly Parallel to the (00, 1) Pole. The
Area Corresponds to That Shown in Figure 54
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Figure 58.

Laue Back-Reflection Photograph of the Saine ZrB; Specimen
But the Area Exposed to the X-ray Beam Is That Shown In
Figure 5, DMote the Multiplicity of Spots and Apparent Lack

of Hexagonal Symmetry Which Is Readily Apparent in Figure 57
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Figure 59. Photomicrograph of a Polycrystalline Specimen of ZrB,
Which Has Been Heat-Treated at 2130° For Two Hours
in an Attempt to Anneal Out the Included Second Phase,
The Annealing Appears to be Unsuccessful, The Structure
Prior to Annealing Is Shown in Figure 53
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IX. STUDIES ON MULTILAYER COATINGS

TASK -3

1, OXYGEN PERMEABILITY THROUGH ZIRCONIA AND THK RIA COATED
WITH ZIRCONIUM DIBORIDE

a. Introduction

It was determined previously that the permeabilities of thoria, yttria-
stabilised zirconia, and calcia-stabilized zirconia "f low enough to permit
their use as exygen barriers in a coating system. (1,2) The object of this work
was to determine whether the presence of a ZrB; coating influences the
permeability of zirconia or thoria to oxygen. Such an influence was, in fact,

b, Materizls Characterization

The calcia and yﬂ:rh-mbﬂiu? zirconia tubes were identical with those
used and characterized previously. \1»2) The thoria tubes were obtained from
the Zirconium Corporation (:{ ?merica and were similar to thoae used
previously in the program. The density of the thoria, as determined from
its buoyancy in water, was 8, 80 g/cc, corresponding to a porosity of approxi-
mately 12 percent. The material contained few impurities, as skewn by the
semiquantitative spectroscopic anzlysis given in Table 13,

TABLE 13
SEMIQUANTITATIVE SPECTROSCOPIC ANALYSIS OF THCRIA

Element Percent
Th major
Si ~ 0,1
Mg . 0.01t0 0,1
Al 0.0) to 0.1
Fe ~ 0,01
Cu ~ 0,01

|
|
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The zirconium diboride used for coating, obtained commercially, (U.S.
Borax Research) had the following analysis: Zr: 79.3%; B: 18.33%; C: 0. 65%;
N: 0. 7;’45"/‘;‘ and O: 0.67. The theoretical percentages are: Zr: 80, 8%; B:
19.2%.

c. Experimental Procedure

The experimental procedure wae identical with that described ir Section V
for cxygen permeation through alumina., Briefly, oxygen was admitted on the
ingide of the tube and the quantity of oxygen permeating through the tube walls
was determined using the ivn-gage or the omegatron mass spectrcmeter., The
oxygen reservoir comnected to the inside of “he tube was fitted with a mano-
meter; oxygen consumption due to permeatic.. and/or chemical reaction could
therefore be calculated from the pressure drop and the known volume of the
system. A thoria-coated iridium susceptor was used for heating the tubez.
Permeability measure ents first were made on uncoated zirconia or thoria
tubes; the tubes were then coated and the measurements repeated. The coatings
were applied by dipping the tubes in a slurry of ZrB, powder in xylene with
subsequent drying and sintering in vacuum or argon to 1600°-1800°C. An
alteraate coating method consisted of vapor -depositing ZrB; via the decomposi-
tion of Zr{BH;)s at 600°C in vacuum (see Section VII). The vapor-deposited
coating thus consisted of a mixture of ZrB; and boron,

d. Results
(1) Calcia-Stabilized Zirconia

When the ZrB; coatings were sintered, the calcia-stabilized zirconia
tubes all became embrittled and either shattered from thermal shock or
developed leaks, The X-ray diffraction patterns shywed that the originally
cubic {calcia-stabilized) zirconia had been destabilized and had reverted to
the monoclinic form. Subsequently, it was found that ZrB; does indeed react
with CaO at elevated temperatures. A sample of an equimolar powder mixture
of CaO (Fisher reagent grade) and ZrB; (contained in a ZrB; crucible) was held
at ~1800°C for 0.5 hours under 0.5 atmospheres of He. A Debye-Sherer
powder pattern showed ZrB, and Ca,B,Q, as identifiable constituents of the
reaction product.

(2) Yttria-Stabilized Zirconia

The yttria-stabilized zirconia tubes did not shatter and remained
impervious to argon. However, coating with ZrB; causad a color change of
the oxide from white -yellow to black, indicating that a change in the stoichio-
metry had occurred. Simple heating in vacuo in the absence of ZrB; did not
change the color of the tubes. When oxygen permeability measurements were
attempted at 1430°C, an initially rapid oxygen absorption occurred {see
Figure 60). Dvuring the first two hours, no oxygen penetrated the sample,
The quantity of oxygen consumed durirg this time corresponded to the amount of
oxygen required to oxidize completely the ZrB, coating to ZrO; and B,O; (weight
of coating, 70 mg; theoretical oxygen consumption, 49.5 mg; experimental,
48 mg). Based on permeability measurements on the same tube prior to the
coating application, complete ox:dation of the coating should have required
approximately 60 hours,
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Figure 60. Oxygen Consumption Versus Tiime for Y,0, Stabilized ZrO,
Coated With ZrE,

After oxidation of the coating, the permeability of the tube war identical
with that measured before the coating application znd the quantity of oxygen
consumed determined from the pressure drop) agreed closely with the per-
meation rate as determined with the ion-gage.

In ordcr 1o demounstrate furtker the oxygen deficiency created by sintering
ZrB; on 2rC,, a yitria-stabilized zirconia tube was slurry dip coated in the
itnanner previously described; after che sample was sintered, the coating
was mecharically removed before oxygan diffusion measurements were made.
Again, oxygen was initially rapidly consumed,; but the quantity of oxygen
consumed was much smallex; and, after one hour, the tube was completely
reoxidized and the permeability was identical with that of uncoated yttric -
stabilized zirconia, After this experiment, the color cf the material
reverted to white-yeliow, The coated section of the zirconia tube weighed
7. 40 g; oxygen consumptivn was 0, 0165 ¢g. If one ignores the presence of
Y304, the change in steichiometry of zirconia on sintering in the presence of
ZrB, was approximately one percent, or, ZrO;— ZrO; ¢ .
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To determine if the oxygen deficiency of zirconia was due to the carbon
impurity in ZrB;, two yttria-stabilized zirconia tubes were vapor coated
with carbon-free ZrB; by decompesing Zr(BHy),. Oxyger permeability
measurements at 1430°C were then performed on these tubes, Again, oxygen
was initially absorbed very rapidly, and, after the coating was completely
oxidized, diffusion proceeded as in uncoated ZrO;. The amount of oxygen
comsumed corresponded to the amount calculated to oxidize the coating
completely. This result was qualitatively the same as that obtainzd on slurry
dip coated tubes, indicating that the reduction of ZrO; was caused not by the
carboxn coutent of the ZrB; but, rather, by the ZrB, itself.

The zirconia used for these investigations contained approximately eight
percent Y,O4 as a stabilizer. It is not known to what extent {if any) yttria
contributed to the obzerved resuits,

(3) Thoria Coated With ZrB;

Oxygen permeability measurements on ZrB; coated thoria tubes were
carried out at 1660° and 1790°C. The coatings were sintered for three hours
in vacuo at the same temperature at which the permeability measurements
were tc be made, i,e., at 1660°C and 17908°C, respectively.

_ The results are shown in Figures 61 and 62, The lower (straight line)
curve denotes the oxygen consumption determined on the uncoated tubes,
which was equal to the permeability. The oxygen consumption determined
on the coated tubes was initially approximately three times higher, as shown
by the upper curves in Figures 61 and 62, For several hours oxygen did

not actually permeate the samples. The time interval after which oxygen
appeared in the detection system is also indicated in Figures 61 and 62; the
quantity of oxygen consumed up to this point is equal to the amount required
for oxidation of the ZrB; coating to ZrO; and B;04.

After approximately six hours at 1660°C or three hours at 1790°C, the
permeability of the coated samples became identical to that measured pre-
viously on the unceoated tubes, as evident from the identical slopes of the
curves in Figures 61 and 62, respectively, At this point, the oxygen
consumption (determined {from the pressure drop) again agreed with the
permeability determined from the ion-gage reading.

In analogy to the observations on the ZrO,-ZrB, system, ThO, also
turned dark gray on sintering in the presence of ZrB;, and thz color reverted
to white during the permeation runs. Efforts to determine the extent of
oxygen deficiency by the method used for the ZrB;-Zr0O,; system were unsuc-
cessful because the ZrB, coating adhered so strongly that it rould not be
raechanically removed without damaring the thoria tubes.
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Figure €1, Oxygen Consumption: Versus Time for Thoria Coated With ZrB, (A}
and for Uncoated Thoria (B), Rurs at 1660°C
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Figure 62, Oxygen Consumption Versus Time for Thoria Coated with ZrB; (A)
and for Uncoated Thoria (B), Runs at 1790°C
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e. Discussion and Conclusions

The time required to oxidize a ZrB; coating on ZrO; or ThO; is substantially
shorter than the time calculated from oxygen permeability measurements on
the uncoated oxides. The oxygen permeability through ThO; and ZrO; is there-
fore enhanced by the presence of ZrB,.

This result can be quahtatxvely explained on the basis of thermodynamic (“’
considerations. The free energies of formation per mole compound at 1500°C
for ZrB,;, Zr0O,;, and B,0; are -68, -183, and -204 kcal, respectively. There
iz, therefore, no extensive chemical reaction between ZrO; and ZrB,. For
the hypothetical reaction 3/2 ZrO, 4+ ZrB; — 5/2 Zr 4+ B;O; the free energy
change AF= ;138 kcal and the equilibrium is therefore entirely on the side of
Zr0; and ZrB;. However, ZrO; and, to a lesser extent, ThO, exist over a
fairly wide stoichiometry range and becocme oxygen deficient at low partial
pressures of oxygen. The free energy change for the reaction 2/3 B 4+ O; —~
2/3 B0y at 1500°C is -136 kcal per gram-mole oxygen, corresponding to an

miia

equilibrium oxygen preesure in the order of 10~ 16 atmospheres. rly,
ﬁi' for the reaction 2/5 ZrB; + O — 2/5 ZrO; + 2/5 B0y is -127. 6 kcal per

gram-mole oxygen at 1500°C, corresponding to an equilibzium oxygen pressure
of less than.1071% atmospheres. Vacuum sintering of ZrO; or ThO; in the
pressnce of ZrB; or ZrB, + free boron shouid therefore cause these oxides to
become oxygen deficient, and this was indeed observed,
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é Since it is known that oxygen diffusion in ZrO; and ThO, occurs by an oxygen
vacancy mechanism, the presence of additional vacancies in the oxygen
deficient oxides should increase the oxygen permeation rate. More impor-

E tantly, the presence of an oxygen "sink' (ZrB,} increases the oxygen vacancy
gradient. In a dymamic system, i.e., after oxygen has been admitted to the
ingide of the tubes, the thermodyramic equilibrium considerations given

’ above are, of course, no longer pplicable. The partial pressure of oxygen

! on the low pressure side (and tnerefore the vacancy gradient’ will be depen-
dent on how fast oxygen is being consumed by reaction with ZrB,. This ies a
complicated function of the quantity, density, and particle gize of ZrB;, the

g rate of diffusion of oxygen through the ZrO; 4 B,O; layer and the geometry of
the system. In general, as ZrB; is oxidized, the oxygen pressure will
increase and the vacancy concentration gradient and the permeation rate will

§ decrease. However, as long as unoxidized ZrB; remains, the permeation
rate will be enhanced. Finally, c¢ne would expect this effect to be larger in

ZrO, than in ThO,, since the latter oxide is more stable thermodynamically
g’ and exhibits smaller variations from stoichiometry. All of our experimental

observations are in accordance with these considerations.

i The use of iridium as a barrier layer should have negligible effect on
l the permeability of the oxides, Although accurate thermodynamic data

are not available, the oxidation resistance of iridium suggests that the free
energies of formation of t' . iridiuin oxides are quite small. Iridium should
therefore not effect the stoichiometry of the ocxides. This is again in accor-
dance with our observations, since ThO; coatings on an iridium susceptor
remained pure white on vacuum sintering.
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The foregoing discussion was intended to show that caution must be
exercised in using the available oxygen permeation data. However, neither
the thermodynamic calculations nor the experimental observations should be
interpreted as automatically eliminating the use of ZrB; as a barrier layer
on graphite, As was already pointed out, in a dynamic system, the vacancy
concentration gradient and, therefore, the oxygen permeation rate will
depend critically cn how fast oxygen is removed by reaction with ZrB,. Among
other factors, this is dependent on the composition and density (available
surface arez) of the boride as well as on the composition and structure of the
oxide subscale which is formed on oxidation. Recently, some compositions
of ZrB,; particularly, of HfB; have been found to be quite oxidation
resistant'®! 3nd the possible use of compositions of this type as barrier
layers on graphite need to be investigated.
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APPENDIX A

*
OXIDATION OF IRIDIUM - GASEOUS OXIDES OF IRIDIUM

J. L. Margrave
Department of Chemistry
Rice University
Houston, Texas

A number of investigators have demonstrated(z’ 2,3) that the only stable
crystal lattice in the Ir-O; system is that of IrO,-x, where x = 0toc 0.5. The
oxygen pressure over tke solid is one atmosphere at = 1375°K.

At higher temperatures and lower oxygen pressures, the existence of
several gaseous oxides has been demonstrated. In the range 1300° - 1480°K
and oxygen pressures ranging from 35-700 mm, for example, the trans-
piration studies of Schafer and Heitland{4)and of Alcock and Hooper(®) establish
the volatile species as IryOy (g) with a standard heat of formation of +343 kcal/
mole but with x undetermined. Cordfunke and Meyer(#) studied the transpira-
tion of Ir Oy (g) over the temperature range 1290° -1690°K at O, pressures
from 157-762 mm with Ir (s) and IrO;-x (s); they reported that x = 0. 976 and
that y = 2. 990. Thus, they concluded IrQ; (g) to be the major volatile species
and, from the temperature coefficient, deduced a standard heat of formation
of 44. 65 kcal/mole, a value which iz in good agreement with that of other
workers. However, in their evaluation of the x-valne in Ir,Oy, Cordfunke
and Meyer(" appear to have ignored the variation in Ir0O; (s) stoichiometry which
they had established by their own dissociation pressure studies. With this
variation, o?e must increase the range of possible x-value up to 1. 15. A more
recent study 7 appears to require that x be more nearly equal to 1.

The next defin%tive study of gaseous iridium oxides was that of Norman,
Staley, and Beli, (8) which demonstrated the existence of IrO, (g), IrO; (g), and
IrO (g) as vapor species in the range 1830-2030°K and established the following
thermodynamic values:

(1) iy (S) + Oz (g) = IrOZ (g) AngoooK = +48. 5 + 0.8 kcal/mole
AS1900°K =+ 3.922.0e.u.

(Z‘ Ir (S) <+ 3/2 Oz (g) = Ir03 (g) AH1900 = 4554+ 1.5 kcal/mole
A51900 = ~-13,1 + 2.5 e.u,

- ——" ————————————. A" ———

Work periorraed under subcontract with the Carbon Products Division of
Union Cartide Corporrtion, Parma, Ohio, sponsored by the United States
Air Force,
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At 2033°K, the equilibrium presgures of O;, IrO;, and IrOy which satisfy the
eguilibrium 1!;03(11 + 3% O;{g) = IrO4 (g) were found to be 4,3 x 10° atm. for
Op, 1.9 x 10™" atm. for IrO,, and 3.1 x 10”7 atm. for IrO;. The 1rO (g)
pressure was estimated to be 4 x 10-10 gtm, at this temperature, and the
mass spectrometric study definitely showed IrO+ peaks originating from
neutral IrO molecules.

From the appearance potential data, one can decduce the stability of IrO {g)
as foliows:

{3) 'O + e =10+ 4,0 , Ze AP; =15.1ev
{4) 130 4+ e ~IrO* ,2e AP, =10.1 ev
(3-4) ¥O; ~1r0 4 O A(AP) =5.1 ev

Thus, 5.1 ev = 115 kcal/mole = AH (IrO) + AHg(0) - AH: (Ir0;)
AH; {IrO(g)] = 105 kcal/mole.

From these heats of formation and the heat of sublimation of iridium, one
derives an average Ir-O bond energy of 110 : kcal/mole, a value which seems

to fit all three gaseous oxides.

It would appear, then, that at high temperatures (~2000°K) and relatively
low oxygen pressure {~10-* atm.), IrO, (g) and IrO; (g) are the major vapor
species with IrO (g), because of the highly positive heat of formation (4105
kcal/mole) of IrO (g), which increases rapidly and becomes predominant at
temperatures of = 2500°K, At lower temperatures {1300-1700°K) and high
oxygen pressures (35-760 mm), the data support Ir,Oy, wherey is almost
certainly 2. 00 and x lies in the range 0,976 to 1,15,

Alcock and Hooper(s) suggested that x might equal twe; tentative confirma-
tion of this possibility in terms of a species Ir;04 (g) was provided by the mass
spectrometer studies of Ehlert, Kent, Kuriakose, and Margrave. ") At
~1173°k and 1 atm, O; pressure, extensive transfer of Ir via gaseous oxides
was observed; and, with a leak system into the mass spectrometer, the
species Ir;0,”, with an appearance potential of ~14 ev, was observed. An
iodine catalyst was necessary to produce the species, but no oxyiodide peaks
were observed. The Ir,0,* signal increased with O,-pressure and with
temperature, as expected from the estimated properties based on bond energy
considerations and either the structure

(0]
Q}{O}é) or >I:r = Ir = O,
@)

resulting in AHZ‘:” [Ir;04 (g)] in the range 0-3C kcal/mole,

Norman!®! reports no evidence for Ir;O, * jons with 20 ev electrons at
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1373°K and 10 atin. O, pressure, i.e., PIr;O +<10 ’atm.. and, further,
x

claime that Py, = 10-" atm. at 1000°K. Consider the equilibrium {5}

Ir,04 (g) + % O:(g) = 21rO, (g) at 1000°X%, and et Py, - i6* atm., ph-o, =10~%

=t = ~-12
ztm, and Pl 0 10-12 atm,
10720

-2
Then, {6) KIDOOz o5 (10“)11

= 10

From the available heats of formation, AH_ .. 1isin the range +10 to -20
kcal/mole; thue. Xeg could eitaer increasd B¥° ease, but not very fast,
If one assumee K - 10-%, AH, = 0, and PO; = ] atm,,

-10°2 - 1n-1
leros—lo Ph-zO,"rPIrO; 10 '/PIrzO;,

-t e nd
ForPoz—IO atm’PkO,'lo ,/szo"

One can calculate the ratios and total pressures as shown in Table 1,

TABLE 1
CALCULATED Irxoy PRESSURES

(a) PO; =1 atm,

Plr,04 Pro, Ir:05/ T 1O,
{atm. ) (atm. )
10—14 lo-l -6
1610 106 18-«
10-6 10-4 102
10-* 10-: 10-!
-2 -
ig*" ig" ul)“
(b) Pg, =107 atm

Ph‘zO3 PIrO, R = Ir,O8/Ir;04
(atm. ) (atm.)
1 -14 _W 10-3
10-10 10-° 10-!
1976 10~7 10
10-¢ 10-6 10
10-2 10-8 10°
100 10-¢ 104
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In the studies of Cordfunke an§ ldeyer( ‘) {g) was cziculaied to be

in the range 0.8to 1. 15 mm {10 atm. ) for ox}f% pressures near one atm.

In this range, according to the Table 1, there would be 310 percent Ir;Os.

_ This result would lead to a gaseous phase of composition ®1r; ;04 4, 2 result
which is in agreetnein with their remterpre*ed data. In the studies of Norman,

Staley, and Bell, o, ™ 10°" atm. and Ph_zo3 € 10°2 atm. at 1000°¥

** is specles, then mld not have been detected masa spectrometrically. . he

tact that Ir;O, {g) i3 not an important species at higher temperatures iz evidence

for a heat of formation for Ir;Oy (g) near zero, a condition which is in contrast

with the definii¢ly endothermic IrOy, IrO;, and IrO species. In order that

P

I5;0; <107 at 2009°K,

IrC,

. -8
it is necessary that ?‘2006 = 0io- EL To-5Wi— = 1. This reasoning implies

that AH_ = 4 18 kcal/mele and, thus, that AH*;{Ir;0, {g)] = -8 £10 kcal/mole.

In summary, therc ars apparently three and probably four gaseous oxides
of iridium: IrO, J1r;0, 120y, and IzDy; the major low temperarure species
appareatly is IrO,, and IxO; and IrO occur at a temperature mgm.fxcantly above
2000°X. The species Ir;O;{g) is apparently formed exothermally and is usually
2 minor species; however, at high O; pressures and tewrperaiures low enough
that Keq < 1, it is possible for Ir;O4{g) to be the major species.
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APPENDIX B

MASS SPECTROMETRIC STUDIES OF THE VAPORS OVER THE
REFRACTORY OXIDES CaZrOs AND H{SiOg

P. Ficalora, C, H. Williams, K. Zmbov and J. L. Margrave
T Department of Chemistry
Rice University
Houston, Texas

AN

Among the possible refractory coatings for graphite are various high
melting oxides, both binary and ternary. Clearly, their use will be limited
either by the prcduction of stable, volatiie apecies or by the attainment of a
rapid rate of reaction with the graphite layer on which they are deposited.
Since unexpectedly stable, complex molecular species have recently been
reported in the gases over refractory niolybdates, tungstates, stannates, etc. ,(1:2)
this work on CaZrOy and HISiO; was undertaken to see if these oxides, too,
volatilize appreciably in the form of ternary molecular species.

EXPERIMENTAL

The Knudsen cell sampling system for the Bendix time-of-flight mass
spectrometer was used for the CaZrO, studies to temperatures of ~ 1900°K,
limited by the LUCALOX supports; the HfSiO4 study was conducted in the mag-
netic mass spectrometer up to ~2300°K, with the Knudsen cell impaled on
W support rods, Various containers were tried (Ta, ZrO,, and ThO;); and
since the least reaction was observed for ThO, containers, they were used.

With a Ta-cell, Ca*/Ca was the only species observed over CaZrOj;; with
ZrO; and ThO;, both CaO+/Ca0 and Ca+/Ca were observed at 1325° and 1500°C,
respectively. For HfSiO4 heated in a ThO; cell, the only ions cbserved were
5i0+, SiO,*, and 5i;0,*. No gaseous species containing Zr or Hf were observed
in either set of experiments,

In the mass spectrometric experiments with CaZrO; in a ZrO; or
ThO; linear, shutterable peaks of Mg+, Ns+, SiO+, and SiC,+ were seen and
attributed to the ceramic linears in addition to the chutterable peaks for
Cat* and CaO+, The CaO ' peak was first observed at ~1326°C and was
monitored against temperature through 1550°C, The slope of log 1T
versus 1/T, the ion current times the temperature, versus 1/T plot was
linear and gave AH = 90 + 3 kcal/mole~! whereas AH, for pure CaO is ~ 139

Work performed under subcontract with the Carbon Products Division of
Union Carbide Corporation, Parma, Ohio, sponsored by the Unites States
Air Force.
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kcal/mole—!, as reported by Babehoweky( ) When the sample was heated
above 1550°C, a change in acitivity of CaO was indicated by curvature in the
IT versus 1/T plot toward lower slopes. The results were the same for
either Zr(; or ThO, liners.

The Ca* signal in both experiments was appreciable by the time the
temperativre reached 1500°C and it increased rapidly with the temperature,
but with decreasing activity as indicated. The log IT versus 1/T plot for the
Ca* signal yields AH =53 % 3 kcal/mole~! from the slope.

Appearance potentials for Ca* and Ca0* were measured using O,* and
Ag*as standards. The appearance potential of CaO* was found to be 8,7 e. v.,
whereas that of Cat was essentially the same as that of Ca-metal atoms
determined from optical spectroscopy. The Ca signal may, therefore, be
from Ca-metal produced by reduction of CaO* on the Ta heat shields. The
total absence of the CaO* peak when a Ta Knudsen cell without a liner is used
supports this viewpoint,

As HfSiO4 was heated in a ThO, Knudsen cell at temperatures up to 2300°K,
the only ionic species due to molecules effusing from the cell were SiO+,
5i0;0;%, and SiO;*. No ions containing Hf were identified in the mase spec-
trum even at low bombardment voltages.

The ion currents for SiO+ and SiO,* were recorded over the temperature
range 1600-2300°K, and plots of log IT versus 1/T gave straight lines from
which one may calculate ""heats of sublimation' for SiO, and SiO; of 94 t+ 3 and
68 + 3 kcal/mole~!, respectively. The heat of sublimation for f?rmmg SiO; (g)
from cristobalite was reported by Porter, Chupka, and Inghram as AHygg =
136 + 8 kcal/mole ™!

DISCUSSION OF RESULTS

In evaluating these experiments, one must first consider that the samples
studied were not ideal. From X-ray diffraction, for example, the CaZrO,-
sample wae shown to be mainly calcium zirconate, but there were also present
significant amounts of two uncombined oxides. The HfSiO; (s) was the only
phase detected in the HfSiO4 studied. There is no detailed information on the
stoichioiaetry of either solid, and, since both ZrO; and HfO, show homogeneity
rarges of some breadth, it is appropriate to describe the samples studied as
CaerOy, where x ® 1l and y ® 3 and as HfSinv, whereu = 1l and v = 4,

If x=1and y =3, exactly, then one could write a straightforwayd equation
for the high-temperature decomposition:

CaZrOj; (solid) == CaO (gas) + ZrO; (solid);

’
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this equation would be correctly descriptive »nless a stable CaZrGOy (g) molecule
exists . The low appearance potential of CaG* znd the non-observation of any
gaseous species containing Zr seem to eliminate the possibility of a gaseous
CaZrO; mpecies at the temperatures and pressures of this study.

_ For the exactly stoichiorefric case, assuming that CaZrO, (s) forms from
the oxides in a slightly exothermic process, one predicts that the slope of a
log IT versus 1/T plot for CaO+ ghould be equal to or greater than 139 kcal/
mole~}, i e., the energy to sublime CaO (g) from pure CaO {s).

The observations are clearly in disagreement with this expectation, since
the slope of tke plot for CaO%/CaZrO, is only 90+ 3 kcal/mole-!, This result
is apparently another example of the complex behavior of transition matal
oxides already observed in studies of binary systems (ZrO,, TiO, U,O,, etc.)
discussed recently by Kubaschewski 5). One can expect large deviations from
the behavior cof stoichiometric solids.

The process studied is more appropriately written

CiaerOy (solid) = bCaO{gas) + Cax~bZrOy_b(solid)
or {solid I) = CaO (gas) s {solid I}
and AH1300-1500.K = 90 kcalfmcle'l.

Further studies of CaZrO, samples of various known stoichiometries are
required to evaluate these data in detail and provide a complete thermodynamic
description of the sublimation process.

A similar approach is required for the HfSiO4 data. In this case, the
temperature-dependence of the SiO,* signal from HfSiO4 (s) ig 68 + 10 kcal/
mole-~? jess than the SiO,* /SiO; heat of sublimation reported ‘) Thus,

HfSi,,0y (solid) = bSiO; (gas) + HfSiy.p0,, _33 (solid);

and the energy of the volatilization process can be less than the enthalpy of
sublimation of pure SiO;, even though the ternary oxide is formed exother-
mically in oxygen deficient compounds, The S5iO+ comes from the equilibrium

Si0; (gas) = SiO (gas) + ¥ O, or O (gas)

which has a high positive heat but also a high positive entropy so that appre-
ciable dissociation occurs at temperatures of 2000°K and low oxygen pressures.
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CONCLUSIONS

Both CaZrOy and HfSiO¢ vaporize appreciably at temperatures of 1500-
2300°K by evolution of gaseous CaQ and SiO, SiO;, respactively. The tempera-
ture dependences suggest that thegse gaseous species are more easily evolved
from the ternary systems than from the respective pure binary oxides. This
result can be explained if the ternary oxides have wide homogeneity ranges,
small exothermic to fairly endothermic heats of formation from the binary oxide,
and/or positive entropies of formation from the binary systems.

No ternary gaseous oxide molecular species were detected in this study.
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