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ABSTRACT

The earlier prediction of this program that metal rich diboride com-
pounds would exhibit superior oxidation resistance was investigated and
verified. Studies were made of high pressure hot pressed hafnium and
zirconium diborides, which are the most oxidation resistant diborides, at
boron/metal ratios between 1.7 and 2.1, Measurements between 1200 and
2200°K at partial pressures of 7 to 40 torr oxygen and flowrates of 100 to
200 cm”/min. were performed. At 1900°K HfBj gg has a parabolic rate
constant which is 50 times smaller than HfB, 315. The parabolic rate
constants for hafnium diboride oxidation are about ten times smaller than
the corresponding zirconium diboride rate constants. Silicon additions were
found to improve oxidation resistance below 1600°K but not at higher tempera-
tures. Additional work is in progress to investigate larger silicon and
aluminum additions. Measurements of vapor deposited ZrB; gg and Boride Z
have been performed for comparisan purposes. At present, our best '"pure"
diboride is HfB .2 which exhibits a parabolic rate constant for oxygen pickup
of 1077 gm2Z/cm? min. at 2200°K. corresponding lo a diboride/dioxide con-
version of 20 mils in one hour at this temperature. Siniering studies on
ZrB, indicate that densification proceeds by grain boundary diffusion and that
ZrBj gg can be sintered to 96% thcoretical density in four hours at 2100-2200°C
without discontinuous grain growth. Additions of zirconium to ZrBj 7 permitted
densification at 1800°C, Silicon and ZrC additions did not inhibit discontinuous
grain growth at high temperaturcs. Preliminary studies indicate that hafnium
diboride sinters at slower rates than ZrB,;. Measurements of the thermal
conductivity and emissivity of TiB,, 4rB;, HiB; and TaBjon dense polycrystalline
samples between 1200° and 2000°K are presented. Studies of the clectrical
resistivity of ZrD, and IH[B, have been extended to 1500°C and arc presented
as a function of porosity and impurity phases. Comparisons have been made
of computed Zr-Band H{-B phasc diagrams with cxperimental phase cquilibria
in thesc systems and perinit estimates to be made of the free energies of
formation of the monoborides. Theorctical mcethods for predicting the rclative
oxidation resistancce of the purc diborides, off-stoichiometric compounds and
ternavry diborides have been developed., This description predicts the corrent
sequence of oxidation resistonce and the enhanced oxidation resistance of metal
rich diboride. An additional inference is that ternary alloying clements
substituting on the boron sublattice will ecnhance oxidation properties.
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I, INTRODUCTION AND SUMMARY

Transition metal diborides offer a number of attractive features as
future high-strength, high temperature materials. The combination of
high bond strength with low relative masses of TiB,, ZrB;, HiB;, NbB;
and TaB,; leads to a unique scries of compounds which offer the possibility
of refractoriness, oxidation resistance and high strength tc weight ratios.
Realization of the full potential of borides as future high temperature
materials requires a thorough knowledge of their properties and behavior
under diverse conditions of temperature, environment and stress states,
Although application of these compounds may require alloying or composite
structures,a rational basis for such departures requires a thorough
knowledge of the properties of the pure compounds. In order to determinc
the factors which control the behavior of these materials, an integrated
research program has been designed and implemented. Phasec I of this
program was completed in September 1963 and resulted in the distribution
of RTD-TDR-63-4096 "Investigation of Boride Compounds for Very High
Temperature Applications, Part I'' {December 1963}, This document, in
addition to a number of technical publications (see Section II) provides a
good working description of the chemical, physical and thermodynamic
properties of pure diborides relevant to their behavior in high temperature
oxidizing environments. The information included in the above mentioned
reports contains the results of studies on expansion coefficient, electrical
resistivity, hot hardness, specific heat, vapor pressure, thermodynamic
stability, oxidation characteristics and methods for prcparation of pure,
high density boride compounds.

On the basis of the background data generated by the Phase I study,it
was predicted that metal-rich 11fB; and ZrBp would exhibit superior
oxidation properties and that additions of tantalum, ytirium and silicon
appeared as the most promising candidates for confering additional
increments of oxidation rcsistance. Since this latter property imposes
severe limilations on the performance of refractory compounds at elevated
temperatures, the cfforts of the Phase Il study reported here have been
dirccted toward verification of this prediction., Other activities include
studies of sintering kinetics, measurements of thermal conductivity , electrical
resistivity and phase equilibria and a thermodynamic analysis of the effccts
of ternary additions on the stability of diboride compounds,

A Summary of_g_g;sulfs

In accordance with the Phase I study, high density specimens of
ZrBj and HiB, covering a range of B/Me ratios have been prepared by high
pressure-hot pressing and characterized by X-ray, metallographic,
pycnometric and chemical analysis. Oxidation measurements on metal-rich
and boron-rich ZrB;, metal-rich and boron-rich HfB,, metal-rich HfB5 and
ZrB, with silicon additions have been performed at 40 Torr oxygen in helium up to
2200% K, In addition, oxidation measurements on pyrolytic ZrB, prepared
by Raytheon Co. and Carborundum's "Boride Z' have been carried out. The
results obtained on specimens of varying stoichiometry support the predictions
i.e., at 1900°K, HID, prepared from a powder having B/Me = 1, 88 exhibits a




paraiolic rate constant which is 50 times smaller than HfD; prepared from

a powder having B/Me = 2.12. Moreover, it has been shown that hafnium
additions to the B/Me = 2. 12 powder in quantities sufficient to reduce B/Me to
1.70 reduce the rate constant to a level comparable with the B/Me = 1,88,
Similarly, in the case of 7ZrB2, at 19000K, it was found that the rate constfant
for B/Me = 1,89 was ten times smaller than B/Me w 2,1, The results re-
ported here together with those of the Part I '"December 1963" (1%*) report indicate
that the rate constants for HfB, are approximately one order of magnitude

lower than for ZrBj which in turn is five to ten times better than TiB2 and
TaB2. Niobium diboride is the poorest of this family in that it exhibits
break-away and linear oxidation kinetics. The preliminary results with

silicon additions are encouraging since a HfBj 7Sig, 35 formulation was found

to exhibit a rate constant fifty times smaller than HfBj 7 at 1600°K. However,
this advantage vanished above 18000K presumably due to loss of silicon. On

the basis of research reported by General Telephone and Electronic Laboratories
(2, 3) which indicated that yttrium additions to zirconium and hafnium de-
graded the oxidation resistance and that Al,03 was the oxide most impervious

to oxygen diffusion at 2000°C, plans to make yttrium additions have been
postponed in favor of aluminum additions. The best material at Presint,
metal-rich Hf{B,, has a parabolic rate constant of about 10-3gmsZcm” train-!

at 2200°K corresponding to a conversion rate (diboride to dioxide) of 20 mils/hr.
Lowering the rate constant by a factor of fifty (which would result in a con-
version rate of about 3 mils/hr} by alloying would constitute a significant
advance and is our goal for the next phase of this program.

Sintering studies on high purity ZrB, provide data which support
a grain boundary diffusion model for the densification. The observed
behavior for Z1rBp differs from that obscrved for TiB; because unlike the
latter, vaporization does not effect the sintering kinetics nor control the
limiting densities, Samples of as received ZrBs with B/Zr = 1.89 werc
sintered to 96% relative density at 21007 2200°C in the absence of discon-
tinuous grain growinh; the addition of zirconium metal to adjust B/Zt to 1.70
increased the sintering rate and matcerial with 98% relative density could be
preparcd at 1800°C. Silicon and zirconium carbide additives to ZrB;
inhibited the sintering ratejin the range where investigated. None of the
selected additions inhibited discontinuous grain growth. Preliminary results
for J1fB, indicate slightly reduced sintering rates relative to ZrBp at 2100°C;
the specimens did not exhibit discontinuous grain growth,

Measurcinents of the thermal conductivity and cmissivity of TiBj,,
ZrB,, HiB, and Nbf3y have been performed on polycrystalline samples between
12009 and 2000“K. ‘L'he results show a linear increasc in thermal conductivity
with temperature for all the borides cxamined. The available data in the
literature and the characterization data for the measured samplee provide a
correlation of structurc and composition for the thermal conductivity of these
materials.

TUrdlerscored numbers in parentheses indicale References given at end of this
report.




The electrical resistivity data for ZrB;, and HifBjp have been extended
to 1400°C and 1500°C respectively for polycrystalline samples. These re-
sults confirm the previously reported linear increase of resistivity with
temperature. The variation of resistivity and the temperature coefficient of
resistivity with porosity and impurity phases are discussed,

Phasc diagrams for the Zr-B and the Hf-B systems have been cal-
culated from the available thermodynamic descriptions of the diborides and
the metal and boron; this calculation provided an estimate of the free energy
of formation of the monoborides, ZrB and HfB. The computed diagrams are
compared with the previously reported phase diagrams and with the results
obtained in the experimental program in this area. The latter program included

solidus determinations and phase boundary experiments in the range 1000° to
2200°C in both systems.

Theoretical methods for predictling the relative oxidation resistance
of the pure diborides and the off -stoichiometric compositions based on
minimizing the B>03 pressure or the boron activity gradient across the oxide
layer are presented, These idealized descriptions, together with considera-
tions of oxide stability, oxide-boride volume coherency and a thermoedynapic
treatment of ternary diborides have been performed in order to guide the
alloying program. An interesting result of the latter analysis is that elements
which substitute on the boron sublattice will depress the boron activity more
effectively than thosc which enter on the metal lattice.




IL, PROGRAM MANAGEMENT

A, Introduction

In view of the diverse nature of the present study, it is being
performed as a group effort in which ManLabs, Inc, functions as prime
confractor with Larry Kaufman serving as principal investigator and
Edward V. Clougherty as group leader. In this capacity, ManLabs
provides management responsibility in addition to performing *'in~house"

research. Several other laboratories are participating in this study and are
identified below,

During the two year period since the inception of this study three
serni-annual reports (prior to the present report) and one summary report
have beon prepared and distributed. In addition, several technical papers
are in preparation and in print,

B. Subcontracting Laboratories

Arthur D, Little, Lexington Laboratories, and the University of
Ciuncinnati are the principal subcontractors in the present study., The
research performed by these groups is reported in Sections V, VI, and
VII of this document and is identified accordingly. In addition, analytical
services have been provided by Donald Gurascy, Departinent cf Metallurgy
M,I.T., Jarrell Ash Co, of Newtonville, *l..gg, and Advarced Metals
Research Corp. of Somerville, Mass,

C. Publicaf_igggi

Technical Docurnentary Report No, RTD-TDR-63-4096
sumrnarizing the results of the first cighteen months of this study was
prepared and distributed in December 1963, At present nine papers
based largely on the results reported in our first summary report arce in
print or in various stages of preparation. We anticipate that the naturc of
our studies will continue to qualify futurc research on this program for
inclusion in the technical literature, Published papers as well as thosc
presently submitted for publication include:

L, Kaufman, "Thermodynamic Propertics of Transition Metal Diborides',
A, ILLM.E, Symposium on Compounds of Interest in Nuclear Reactor
Technology, Boulder, Colorado (1964)-Edited by J,T. Waber and P, Chiotti,
Fdwavds Drothers, Aun Arbor, Michigan,

I.. Kautman and E, V., Clougherty, "Investigation of Boride Compounds
for High Temperature Applications", Proceedings of an International
Symposium on Materials for the Space Age, Metallwerk Plansee Reutte,
Austria, (1964), (Proceedings to be published),




E. V. Clougherty and R. L., Pober, "Physical and Mechanical
Properties of Transition Metal Diborides!, A.I.M. E, Symposiumn on
Compounds of Interest in Nuclear Reactor Technology, Boulder, Colorado

(1964) ~Edited by J. T. Waber and P. Chiotti, Edwards Brothers, Ann Arbor,
Michigan,

H, Bernstein, ""Debye Temperature Measurements and Thermodynamic
Properties of HfB,, ZrB,, HfC and ZrC", A, I, M,E, Symposium on
Compounds of Interest in Nuclear Reactor Technology, Boulder, Colorado

(1964) ~Edited by J. T. Waber and P. Chiotti, Edwards Brothers, Ann Arbor,
Michigan,

J. B. Berkowitz~Mattuck, '"Oxidation Characteristics of HfB, and ZrBp"
in preparation for publication in Jnl of Electrochemical Society,

P. Blackburn, "Vaporization of NbB3'" in preparation for Inl of Physical
Chemistry,

E. F, Westrum, Jr., and G, Clay, '""NbB{ g43: The Heat Capacity and
Thermodynamic Properties from 5 to 3500K",” Jnl of Physical Chemisiry
(1963) 67 2385.

C. K. Jun and M, Iloch, "The Thermal Conductivity of TiB;, ZrB,,

HfB, and NbB; at Elevated Temperatures' submitted for inclusion in the
Proceedings of the International Conference on Thermal Conductivity held
July 1964 at the National Physical Laboratory, Teddington, Middlesex,
England,

E. F. Westrum, Jr. and G. Clay, "Specific Heat of TaB; and TiB;," in
preparation for Jnl of Chemical Engineering Data,




III, PROCUREMENT AND CHARACTERIZATION OF STARTING MATERIAT.S*

A. Introduction

Although a portion of the oxidation studies in the continuing
investigation of the diborides of hafnium and zirconium involves the deliberate
modification of pure starting material by the introduction of various additives,
the procurement of high purity, well characterized starting materials is still
rcquired for the overall objectives of this program. In particular, the
analysis of the results obtained from specimens with additives in the above
mentioncd oxidation studies is based in large part on the characterization of
the test specimens and starting materials., Hence, there is a continuing
requirement for high purity starting materials to minimize experimental
variables and to maximize probability for reproducibility in the preparation of
test specimens, In addition, fabricated samplcs of "as-received' hafnium
diboridec and zirconium diboride were prepared for other oxidation studies and
for thermal conductivity and clectrical resistivity measurements, High
purity materials including diborides, metals and boron were used for phasc
boundary experiments,

B, Characterization

Diboride powders werce characterized by quantitative chemical
analysis for metal, boron, carbon, nitrogen, oxygen and iron, by qualitative
spectrographic analysis for tracce impuritics, and by X~ray diffraction and
powder densitometry for the prescence of extrancous phases. Mectals and
clemental boron were characterized by qualitative spectrographic analysis
for minor impuritics, The evaluation of the densc mmaterial fabricated by
high pressure hot pressing and the interpretation of the results obtained in
the oxidation studics could not be performed with any degree of confidence
unlesgs the starting materials and the fabricated test specimens were well
characterized.

1. Hafnium Diboride and Zirconium Diboride

In the course of this program fiftcen pounds of halniuwm diboride
powder werce purchascd and received.,  This procurement included an initial
five pound shipment, hercafter reforred to as 1D, (1), a sccond one pound
shipment, HfB,(2A), and a final nine pound shipment, HEB5(2). All the results
pertaining Lo ‘BZ presented in RTD-TDR~63-4096 waore obtained with I—IfBz(l).
The procurcment of zirconium diboride was accomplished in the previous
investigation(1%%) The initial ten pound shipment, hercaficr referred to as
ZrB,(1) was complemented by a small quantity of up-graded malcrial, Zl‘BZ(P)
supplicd under a purification subcontract(4)by U. S, Borax Rescarch
Corporation,

A summary of the results of chemical analyscs is presented in
Table 1. In the cvaluation of samples of ZrB., and Hfb, fabricated by high
pressure hot pressing it became apparent (sce Section V) that the density of
the "as—received" hafnium diboride powdcer was less than the calculated X«-ray
density. This was particularly noticeable for the material designated as I1fB,(2).
Accordingly, pycnometric procedures were used to obtain the powder density
of HfBz(Z) and ZrBZ(l). The density was measured in several solvents; the

% f, V. Clougherty, ManLabs, Inc. . )
%% Upderscored numbers in parcntheses designate References given at end of reporf.
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TABLE 1

CHEMICAL ANALYSES OF HAFNIUM DIBORIDE AND ZiRCONIUM DIBORIDE

Averaged Quantitative Results (w/0)*

Material M B B/Me G N O Fe
ZrB,(1) 80,67 18.05 1.89 0.33 0.19 0.53 0.06
ZrB,(P)  80.46 18,82 1.97 0.16 0.05 0.47 0.03
TR, (1) 89.0 10.6 1.97 0.14 0.017 0.10 0.083
HIB,(2A) 88.4 10,07 1.88 0.28 0.02 0,10 0.07
HIB,(2) | 87.33 11.2 2.12 0,37 0,01 0,05 0,26

% Chemical analyses by D, Gurnsey, Mctallurgy Dept., ML L T, except for
ZrB;(P) for which analytical data arc summarized in Reference 4.

Material

Zrb, (1)

Z1rb,(P)

2l
HIL,(1)

113 ,(2A)

HfB 2(.&)

3 ~maald R
t Results yLailge wy o)

a (T~

(Jarrcll Ash Co., Newtonville, Mass., )

0.,01~0,10

Ca, Cr, Ti

Ti, Si

Fe¢, Zr

Al, Zr, Mn

0.001-0,01

Na, My, Go,
Ni, Mo

-t
AL, i, Mn

5i

e, Nb, Ag
Mn, Al, Cu

Cu
Cu, Mg, Cur.

Na, Mg, Al
Ti, Mn, Gu

Na, Mg, Si,
Ca, Ti



precision of the measurement was better for ZrB, than for HiB,. The
results are presented in Table 2. X-~ray techniques were used to
identify extrancous phases in the starting materials and to measure the
lattice parameters for boron rich HfB,(2), metal rich HfBz(ZA), and

for near stoichiometric ZrBZ(P). The apparatus and the procedure for
precise lattice parameter méasurements were described in a recent
report (5), Previous X~ray characterizations data and the results obtained
for the above mentioned materials are presented in Table 3,

The characterization data in Tables 1 through 3
indicate that the materials designated as HfB (ZA) and HfB (2) are quite
dissimilar, Complementary evidence obtainéd by metallographlc techniques
on dense fabricated specimens (see Section IV) confirm these findings, The
different materials werc used to advantage in the present program,

Additional characterization data was obtained from the many
chemical analyscs that were performed on these two samples of high
purity, commevcially available hafnium diboride., The analytical procedure
for the detcrmination of hafnium in hafnium diboride (6) requires the
dissolution of the sample in a solution of sulfuric acid and hydrogenr
peroxide. When HfBZ(Z) and HfB. (ZA) were treated in this manner,
insoluble residues (2.18 and 0.8 wulght percent respectively) were obtained;
HIB (1) was completely dissolved in this solution. The apparcnt low powder
d(.nsu:y of HfB,(2) indicates the prescnce of a low density impurity andthe X-ray
results bugg(,st the presenceof HEB 1y the chemical analyses indicale excess
boron and a rclatively high carbon content, A check on a sample of B4C
showed that this Low dcnuity matcrial was insoluble in the above solvent,
The effect of low density impuritics on the measured density of fabricated
specimens of moderately high density material (e.g., /1B&, p =6,09 g/u.)
and on high density material (¢, g, I-IfBz, p =11.20 gl/cc) is considered in
detail in Scetion IV,

Irurther characterization was obtained {rom the available
chemical analysis results by computing the weight percent of the matrix
diboride material for given stoichiometrics. The calculation was performed
by assuming that the boron comtent confroiled the metal composition for the
metal rich powders and vice versa for the boron rich powders. The results
presented jn Table 4 provide a mceasurce of powder purity which agrees
with the other characterization data and with the resulls oblained for densc
fabricated samples of these materials,



TABLE 2

PYCNOMETRIC DENSITY OF DIBORIDE PCWDERS

Liquid Liquid Density (g/cc) Powder Density (g/cc)*
HEB,(2) 2xB,(1).
Trichloro~
ethylene 1.451 - 6.02
Toluene 0.858 10.39(2) 5,97
Xylene 0.861 10. 27(4) 6.08(3)
M ethanol 0.784 10. 47(2) 6.09
Average Density {g/cc) 10,38 6,04
Xwray Density (g/cc) 11,20 6.09
Y% X-ray Density 92.7 99.2

The number in parentheses which follow tabulated averaged powder
downmas

density values fur a given solvent is the number of individual density
measurements for that solvent,

TABLE 3
X-RAY ANALYSIS OIF DIBORIDE POWDIRS
Lattice
Material  Atomic Ratio B/Me Extrancous Phases® DParamcters Radiationss
o]
a (B e (&)
Zrl,’)z(]) 1.89 Zr(C, B) 3.171 3,527 M- Cu
3.169 3,532 Un-Cu
ZI‘BZ(P) 1,97 ZI'OZ 3,169 3.532 Un-Cu
HfBZ(l) 1,96 11£(C, B) 3.1410 3,.4761 M-Cu
HED., (2A) 1.88 HE(C, B) 3.1401 3.4761  M-Cu
2
HfO2
HB,(2) 2,12 HIB | 3,1400 3,4758  Un-Cu
2 -
Hfu2

The phases tabulated as Me(C, B) are the monoborides or carbides with

the NuCl structure. The stabilization of the cubic monoboride by carbon
is discussed inSection VIII, The identification of these phases is based in
the assignment of one extrancous X-ray diffraction line, the known overall
composition of the powders, and the methods for preparing these materials.

#% M- Cu indicates monochromated Curadiation (cf, Ref. 3); Un-Cu, unfiltered
Cu radiation.
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2, Metals and Boro_xl

The characterization of the elemental powders used in the
additive program for oxidation studies and in the phnse boundary studies
was limited to a qualitative spectrographic analysis. The results in
Table 5 support the contention that further charactcrization is not
necessary at this time,

TABLE 5

CHARACTERIZATION OF METAL AND BORON POWDER

QUALITATIVE RESULTS (RANGE w/o)
{Jarrell Ash Co., Newtonville, Mass.)

Element 0.1-1 0.01-0,1 0.001-0.01 0,0001-0,001
Hf -- Fe, Zr Mg, Na, Si Al, B, Ca,
Co, Mn, Cu
Zr Tix Fe, Sr, B Na, Al, Cr, Mg, Ca, Mn,
Zn Ni, C;u, Ag:
Sn, Ba, Pb
Na . - e Na, Fe, Ni,
Cu, Zn
Nb - Ni I*e, Sn Na, Mg, Al
S5i, Cu, PbL
Si Al Ti, Cr, Mn, v
e, Ni, Cu
B Mnjt Si Mg, Al, I'c, Ca, Ti, Ba, Pb, Cu

Ag, Ni, Sn

#Quantitative spectrographic analyses for the clements marked with an asterisk (%)

showediy 605 o /o Ti in Zr
0.40 w/o Mn and 0,72 w/o Siin B
0.53 w/o Al in Si
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3. Attempted Purification of HfB,@

One attempt was made to up~grade the large shipment of
hafnium diboride, HfR,{(2), by an acid leaching process similar to that
successfully applied to ZrB, by the U. S, Borax Co.(4). The HfB,(2) was
leached in 6N aqueous HF at O°C for four hours, This procedure did not
effect a purification, rather most of the sample dissolved, The residue
showed X~ray evidence for B4C and HfBz.

Special purification studies on hafnium diboride are not
within the scope of the present program but the above rather simple
procedure was attempted with the hope that it might prove helpful. The
identification of B4C in the residue supplied additional characterization
data., ‘'l'he techniques discussed in Section IV and the results in Section
VI show that the HfD3(2) material can be of significant value in this
program without purification experiments, i.e., this material is boron rich HfB,.

C. Digcussion

The elaboration of details of the characterization for one material,
namely, hafnium diboride, purchased as a high purity item from one
manufacturer {on a '"best effort basis' because at the time no other
arrangements could be negotiated) demonstrates one of the many problems
encountered in carrying out careful investigations with this type of
material., In the coursc of these evaluations it was learned that the
original material HfB,{1) was prepared from HfO, and crystalline boron.
The 1fB5(2A) was also prepared similarly., The HEB,(2) was prepared by
firing a mixturc of HfO,, Bz03, and graphite. This alternate procedure
was sclected because rceliable sources of crystalline boron could not be
found at the particular time.

The combined knowledge of the manufacturing procedurcs, the
chemical analysces, the Xe-rvay diffraction results, the powder densitometry,
the attempicd purification ctadico =, and the metallographic analyscs and the
pycnometric densitics of the fabricated gpecimens lead to the following
conclusions;

(a) ZrBy(L) is A metal rich powder with B/Me = 1.89; the powder
containg a second phase which X~ray rcesults indicate is a
cubic material probably a carbon stabilized monoboride, The
powder density is 6,04 g/cc, 99.2% of the X~ray density of
ZrB,. The powder containg from 1 to 96 weight percent of
the diboride,

{b) ZrBy(P) is a metal rich powder with B/Me = 1.97; the powder
contains a sccond phase which X«-ray results indicateas Zr0;.
Metallographic results in Section IV indicate that the amount of
second phase is reduced in this material relative to ZrB,(1).
The powder contains from 98 to 100 weight percent of the
diboride.

12



(c)

-

(e)

HiB3(1) is a metal rich powder with B/Me =1,97; the
powder contains a second phase which X~ray results indicate
is a cubic material probably a carbon stabilized monoboride.
The earlier(l) metallographic results indicated that the
amount of second phase was minimal, The powder contains
from 98 to 100 weight percent of the diboride.

HfB,(2A) is a metal rich powder with B/Me = 1, 88; the
powgler contains a second phase which X~ray results indicate
is a cubic material probably a carbon stabilized monoboride,
There is also some X~ray evidence for a small amount of
HfO,. The metallographic results in Section IV indicate that
this material has more of the second phase than HfB,{1) but
less than HfBz(Z). The powder contains from 93 to 95 weight
percent of the diboride,

HfB>(2} is a boron rich powder with B/Me = 2.12; the powder
contains a phase which has a rclatively low density and
contains carbon and boron, This major contaminant is
probably B,C., There is some X«~ray c¢vidence to suggest the
presence of HfO, and HfB ;5. There is no X-ray evidence to
sugpest the cubic phase which appears in the metal rich ZrB
and HfB,. The powder density is 10.38 g/cc, 92.7% of the
Xw~ray density, The powder contains 98 weight percent of the
diboride and approximately 2 weight percent of the impurity
phase which may be B 4C.

The latticc parameter results do not show any significant
difference between the metal vich HfB,(2A) and the boron

rich HfBZ(Z); previous results(5) for I\bez which is stable

over a wide range of composition did show a significant
variation in both parameters. However, the identification of
the different sccond phases in these two materials does
support the conclusions that HfB,(2A) is mctal vich and HEB,(2)
is boron rich., It is possible that the range of stability of HfB,
is not sufficicntly wide to change the lattice paramcters, ‘The
two metal rich zirconiura diboride powders, ZrB,(1) and ZrB,(P)
have identical lattice parameters,
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IV. CHARACTERIZATION OF SPECIMENS FOR OXIDATION STUDIES*

A, Introduction

High pressure hot pressing was used to prepare dense specimens for
oxidation studies and for electrical resistance and therinal conductivity
measurements. The characterization data presentcd for specimens of TiB
ZrB, and HfB, in the summary report (1) demonstrated that high density
materlal coulc% be prepared without significant contamination. Oxidation
studies revealed that this material was at least equivalent to single crystals
in oxidation resistance. The measured density of the fabricated material
was generally at least 95% of the X=ray density. Metallographic analyses
confirmed the relatively high density.

B. Experimental Procedures

1. Fabrication by High Pressure Hot Pressing

The general characteristics of the fabricating procedure and
the experimental condition required to produce dense material were
presented in the previous report (1), ‘Temperaturc calibration studics
performed in a fundamental invesfigation (7) of the mechanism of densification
by this plocodure have revealed that the temperatures cmployed are betwecn
1800° and 2000°C. Thesc temperaturcs arc significantly lower than those
previously reported (l) Selected experimental conditions uscd to fabricate some
of the samples preparcd in the present study are collected in Table 6,

The general procedure for preparing oxidation specimens
required the fabrication of a bar 1.0 in. long by 0,40 iu, diamecter, Diamond
impregnated tools were uscd to machine right circular cylinders 0,30 in,
diametcer and to cut specimen discs 0,110 in. thick, The samples were then
polished mc,tallographcal..ly and after examination, represcentative samples
were sclected for X-ray and chemical analyscs. When the metallographic
analyses indicated a need for homogenizalion of materials fabricated from
mixtures of as=received powders and the various additives, the spocimens
were heated for 24 hours at 15007°C in argon prior to oxidation, Additional
metallographic analysces followed the homogenization,

The initial fabrications in the present program were performed
with Z.rBZ(l). A series of high density (98% of Xe-ray density) bars were
prepared, The second material selected for fabrication was HfB,(2)., In
contrast to the apparent success for ZrBy(1l), material with more¢ than 92%
of the X-ray density could not be prepared, Metallographic analysis of the
latter revealed the presence of a secrnd phase; the apparent porosity was

* K, V. Clougherty and R, L, Pober, ManLabs, Inc.
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TABLE 6

PREPARATION AND CHARACTERIZATION OF OXIDATION SPECIMENS:

Fabricating
Conditions +
Chax:acteriz- . Oxidation ' ) ‘
ation No, Material No. _I%g%)& %er Figure B/Mec
29-2 HfBz(Z) XVIill-45 2000 11 1 2.12
38-4 HfBZ(ZA) XVIII-49 2000 9 2a 1,88
Al6-3 HfBZ(Z) + Hf XXI1-11 1940 6 2b 1.70
A 4-1 HfBZ(Z) + Hf XIX-38 2000 5 3 2,0
Al9-5 HfBZ(Z) + Hf + 51 XX]I-1 1850 14 4 1.95
30-3 ZrB&(l) XVIII-28 4 5 1.89
P 545 ZrBZ(P) XX-17 1920 5 6 1.97
Alf=2 Z1',Uz(1) v Zr XX -47 1620 7 7 1.70
A22-] ZrBz(l) + B XXI1I-9 1850 15 8 2,1
A21-3 7.1'1?»2(1) + Zr + Si XXI~17 1850 15 9 1.95
- Boride Zsk -- - - 10 -
-- Pyrolytic ZrBz*‘f’ - - - 11 1.85

* Qualitative spectroscopic analyses and quantitative chemical analyses de-
tailed in Appendix I coupled with the cumiplete metallographic analyses
show no evidence of significant contamination of the starting materials
in the fabricating process,

¢ The metallographic results on Boride Z and pyrolytic ZrB, shown in
Figures 10 and 11 are applicable to the respective materials in general
and not to a specific sample, Accordingly, an Oxidation No. can not be
assigned to a specific photomicrograph.

+ The materials were heated for the indicated intervals at pressures
ranging from 170, 000 to 250,000 psi.
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minimal, Additional fabrications were performed with ZrB,(P), ZrBa(l) +
Zr, ZrB,{(1) + Zr + Si, ZrBz(l) + B, and with HfB;(2A), HIB5(2) + Hf,
HfB,(2) -(-Z Hf + Si, HfB(2) + Ta. These materials afforded specimens with
densities of 95% or more of the powder density, Metallographic analysis
revealed the definite presence of a 2nd phase in ZrB,(1) and in HfB;(2) and
a definite reduction in the amount of the second phase in ZrB3(P) and in
HfB,(2A). Considerable reduction in the amount of the 2nd phase in HfB,(2)
was also observed in material fabricated from HfB;(2) with added hafnium
metal to adjust the B/Me ratio to 2,0 and to 1,70, The samples prepared
with silicon and boron additions were two phase.

Before discussing each material, it is instructive to consider
the effect of low density impurities {e.g., C, B, B4C) on those properties of
fabricated materials which are usually measured for purposes of characteri-
zation. A calculation of several properties of ZrB; and IfB, were performed
for a given volume percentage of an impurity with a density of 3.0 g/cc., The
densities of C, B and B4C are 2.3, 2.2 and 2.5 g/cc. respectively, The
calculated quantitics are presented in Table 7. The volurne percentage of the
impurity is the same as the area percentage of the impurity. This property
is reflected in the metallographic analysis. 'The calculated density corresponds
to the measured density of the fabricated specimens and the powders, The
percentage of the X-ray density is the usually calculated quantity when the
powder density is not known., The weight percentage of the matrix is the
percentage of the powder present as ZrB; or HfBj; this quantity was calcu~-
lated from the chemical analyses for different stoichiometrics in Table 4.

The characterization data for actual oxidation specimens
tested in Section VI are presented in Table 6, Photomicrographs presented
in I"igures 1 through 11 show the principle fecatures of the basic materials
whirh were evaluated in this study; specific commments arc provided below,

C. Materials for Oxidati‘c_w_ll

1, Doron Rich Hafnium Diboride

Material fabricated from HfB,(2) as received with B/Hf = 2,12
provided dense two phase specimens, boron rich diboride and a second phasec
which comprised approximately eight percent of the surface area and two percent
by weight of the sample, Some of the fabricated materials were characterized
by large grain structures. The latter apparently formed in the presence of a
liquid phase in grain boundarics during hot pressing. A representative photo-
micrograph is shown in Figure 1.

2. Metal Rich Hafnium Diboride

Material fabricated from HfB(2A) as received with B/Hf = 1,88
provided dense two phasc specimens, metal rich diboride and a second phase
which cumprised five weight percent of the samplc. This metal rich hafnium
diboride sihiowed a speciflic etching characteristic as illustrated in Figure 2a,
Somec specimens showed significant grain growth, others did not,
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TABLE 7

EFFECT OF LOW DENSITY IMPURITIES ON THE APPARENT
CHARACTERIZATION PROPERTIES" OF FABRICATED MATERIAL

Volume % Calculated % X-ray Weight %
Matrix Impurity Density Density Matrix
{g/ccl)
HfB2 0.0 11,20 100,00 100,00
1.0 11,12 99.28 99.73
2.0 11.04 98,57 99.45
3,0 10,95 97.76 99.17
4,0 10.87 97.05 98.99
5.0 10.79 96,33 98. 60
6,0 10.71 95,62 98.31
7.0 10,63 94.91 98,02
8.0 10.55 94,19 97.13
ZrBz 0,0 6.09 100,0 100,0
1,0 6.006 99.5 99.5
2.0 6.03 99.0 99.0
3,0 6.00 98.5 98,6
4,0 5.91 98.0 98.0
5,0 5.94 97.5 97.5

* The quantitics: Calculated Density, % X-ray Density, and Weight %
Matrix were calculated for the tabulated Volume % Impurity with an
assumeced density of 3/ gee, mixed with the matrix material,

Matcrial fabricated from HIB,(2) with initial B/Hf = 2,12 and
added Hf to adjust the overall B/IIf = 1,70 provided dense two phasc specimens,
metal rich diboride and a cubic phase material, Representative photomicrographs
in Figurc 2b reveal the absence of the above etching cffect; virtually no grain
growth was obscrved,

3, Stoichiometric Hafnivm Diboride

Material fabricated from HfB,(2) with initial B/Hf = 2,12
and added Hf to adjust the overall B/Hf = 2,20 provided densc specimens of the
stoichiometric diboride, Grain growth was not vbserved, A representative
photomicrograph is shown in Figurc 3.

4, Metal Rich IHafniurn Diboride with Silicon Additive

Material fabricated from HfBZ(Z) with initial B/1If =2,12 and
added Hf and Si to adjust the overall B + Si/Hf = 1,95 (HfB 751 }» provided
dense two phase speciitnens, Xe~ray diffraction indicated thé absénce of elemental
silicon and the presence of the diboride, Several unexplained lincs were noted,

A representative photomicrograph is shown in Figure 4,
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Etched X500
Etchant: Modified Aqua Regia

Figure 1 = Boron Rich Hafnium Diboride Fabricated from HIB (2),B/Me =
2.12. Characterization No, 29-2 Oxidation No. XVIII - 45

18



X500

Etchant: Modified Aqua Regia
Note: Etching Effect Characteristic of this Metal RichH_fB?.
Figure 2a - Metal Rich Hafnium Diboride Fabricated from HIB, (2A),

B/Me = 1,88, Characterization No, 38-4 Oxidation No,

XVII - 49

As Polished X500

Figure 2b -~ Metal Rich Hafuium Diboride Fabricated From HEB (2) +
Hf, B/Hf = 1,70 Characterization No, Al6-3 Oxidation
No, XXI - 11
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X500

Etched
Etchant

Modificd Aqua Regia

3
.

2. 0. Characterization No, A4~1

38,

tion No, XIX -

(2) + Hf, B/HS
Q)

e

Stoichiometric Hafnium Diboride Fabricated From

HiB
Oxu

Figure 3 ~
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.. ' .‘“,4 %
A*ﬁ \P?*jé‘%ﬂ.sﬁ(‘? '

Etched X500
Etchaat: 10cc glycerine, 10cc HNO3,
2cc HCL, 0,lcc HF

Figure 4 - Metal Rich Hafnium Diboride With Silicon Additive Fabricated
From HEfB.(2) + Hf 4+ Si, H.fBl 7510 25
Characterization No, A19-5 ~° ° Oxidation No, XXI~1
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Etched X500
Etchant: Modified Aqua Regia

Iigure 5 = Metal Rich Zirconium Diboride Fabricated From ZrB_(1),
B/Zr = 1.89. Characterization No, 30-3 Oxddation Wo.
XVILl-28
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Etched X500
Etchant: Modified Aqua Regia

“{gure 6 - Metal Rich Zirconium Diboride Fabricated From ZrB,_(P),
B/Zr = 1,97 Characterization No, P5~5 Oxidation No, XX~17
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Etched X500
Etchant: 10cc glycerine, 10cc HNO3,
2cc HCL, 0, lcc HF

¥Figure 7 ~ Metal Rich Zirconium Diboride Fabricated From Z+B_(1) +
Zr, BfZr = 1,70, Characterization No, Al7-2 Oxidafion No,
XX~-47
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Etched X500
Etchant: 10cc glycerine, 10cc HNO
2cc HCLy, 0,1cc HIF

Figure 8 - DBoron Rich Zirconium Diboride Fabricated From ZrB, (1) + B,
B/Zr = 2,1, Characterization No, A22-1, Oxidation NG, XXII~9,
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Etched X500
Ftehaot: 10ce glycerine, 10ce HNO
2cc MICL, O,lcc HFF

Figure 9 -~ Metal Rich Zirconium Diboride With Silicon Additive
Fabricated From ZrBZ(l) + Zr + Si, ZrBl.,? SiO.ZS
Charactcrization No, A21-3 Oxidation No, XXI-17,
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Typical Area
As Polished X500

Figure 10 =~ Beride 7, Zirconium Diboride Cowmposite Supplied by
Carborundum Company,
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- : Top Layer

Initial Layer

-
]
-

- 1 DY
.’\J. / | Ay

~

Perpendicular Cross Section to Deposited Layer
X500

Etched

//
Parallel Center Section of Top Layer Parallel Center Section of Initial
to Deposited Layer Layer to Deposited Layer
Etched X200 Etched X200
Etchant: 10 glycerine, 10cc HNO3, 2cc HCL,0,1cc HF
Figure 11 - Pyrolytic Zirconium Diboride, B/Zr = 1,85 Supplied by

Raythecen Company.
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5. Metal Rich Zirconium Diboride

Material fabricated from ZrDB,{l) as received with B/Zr = 1,89
provided dense two phase specimens, metal ric% diboride and less than four
weight percent of a cubic phase material. Grain growth was not observed.

A representative photomicrograph is shown in Figure 5.

Material fabricated from ZrB,(P) as received with B/Zr = 1.97
provided dense specimens which were primarily metal rich diboride with less
than one weight percent Zr0O,. A finc grain specimen is shown in Figure 6.

Material fabricated from ZrB,(l) with initial B/Zr = 1.89 with
added Zr to adjust the overall B/ Zr = 1,70 provided dense, fine grain, two phase
specimens, metal rich diboride and a cubic phase material. A rcpresentative
photomicrograph is shown in Figure 7.

6. Boron Rich Zirconium Diboride

Material fabricated from ZrB3{1) with an initial B/ Zr = 1.88 with
added boron to adjust the overall B/Zr = 2.1 provided densc two phase specimens,
boron rich diboride and free boron in the as hot presscd condition, Considerable
difficulty was encountercd in attempting to pre-mix the powders. The resulting
structure is shown in Figure 8,

7. Metal Rich Zirconium Diboride with Silicon Additive

Material fabricated from ZrB,(1) with initial B/Zr = 1,89 and
added Zr and Si to adjust the overall B + 8i/Zr =1.95 (ZrB1 Sig ,5)s provided
densc two phasc specimens, X-ray diffraction indicated thé absenc¢ of clemcental
silicon and the presence of the diboride., Several unexplained lines were noted.
A representative photomicrograph is shown in Figure 9.

8. Boride 2

Boride Z supplied by the Carborundum Compeny is manufacturcd
as a hot pressed composite, X-ray cxamination indicated a slightly cxpanded
zirconium diboride lattice and silicon carbide, Spectroscopic analysis showed
the prescence of Zr, B, Si and a small amount of Mo, ; metallographic examination
revealed the presence of two phases, The above characterization indicate that
Boride Z (as received from Carborundwn in this shipment) is a two phase com-
posite, The major componeni is rvirconiwn diburide with a small amount of
molybdenum in solid solution and the minor component is silicon carbide,

A representative photomicrograph is shown in Figure 10,

9. Pyrolytic Zirconium Diboride

The Raythcon Company, Rescarch Division, Waltham, Mass.
supplied a shect of pyrolytically deposited ZrB;. This dense, crack-frece material
was exammined metallographically and several chemical analyses were obtained,
The averaged results showed 80.5 w/o Zr, 17.8 w/o B, B/Zr =1.85,
Representative photomicrographs are shown in Figure 11.
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V.  SINTERING CHARAGTERISTICS OF Z:B,*

A, Introduction and Summary

The initial study of the sintering behavior of szirconium diboride
followed the assumption that experimental behavior would be similar to
that observed for titanium diboride {8), The objectives of the study were
to collect suitable data for interpreting the sintering mechanism and to
examine the treatments rcquired to achieve high sintered densities. The
data show that ZrB, differs from TiBj because vaporization does not
affect the sintering kinetics nor conirol the limiting densities.

As received zirconium diboride, (ZrB) gg), was the principal
material used in the investigation; additional compositions were cxaminced.
Also, 77vBj gg samples with silicon and zirconium carbidec werc prepared
and sintered. "It was anticipated that the additives would provide (1) a liquid
phase during sintering, and (2) an incrt solid phase for inhibitinz discon-
tinuous grain growth, Hafnium diboride was sintered at Ltwo teraperatures
to determine if its behavior approximated that of zirconium diboride.

Sintering of ZrBy gg at the highest temperaturc (2300°C)
resulted in tungsten contamination in some of the specimens., The con-
tamination produced a liquid phasc which caused more rapid sintering
than would be predicted by exlrapolation of rates observed at lower
temperatures, Also, the interaction between zirconium diboride and
tungsten caused carly failure of the tungsten heating clements; short
firing times were governed by celement failure,

The highest sintered densitics in ZrBy gg were in the range
of 98% of theoretical density. The incorporation of excess zirconium to
form a liquid phasce permiticd sintering Lo densities in the range of
theoretical at temperatures lower than those required in undopoed samples.,
Silicon and sirconiwn carbide additives in zivconium diboride cffectively
inhibited 'he sinlering rate with the additions investigated. Discontinuous
grain growth was not inhibited by any of the sclected udditions. Density
was limited to 96% of theorctical in the abscence of discontinuous grain
growth,

Most of the sintered specimens of ZrB) gg contain a sccond
phasc, From cxamination of the photomicrographs, it is concluded that
the sceond phase forms a liguid at the sintering temperaturces. Thercfore,
the sinterving behavior is interpreted in terms of the grain boundary
diffusion model, which is applicable in the case where the volune [raclion
of a liquid sccond phasc is small.
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=':R. L. Coblc and H. A. Hobbs, Lexington Laboratories, Inc.
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Zirconium diboride with a boron to zirconiwm ratio of 1,96
and a higher purity than the 1,89 ratio material was found to exhibit
grain growth and densification essentially identical to ZrB, gg. The
addition of zirconinm metal to ZrB) gg to give a boron to zirconium ratio
of 1,70 increased the rate of densification. This observation is consistent
with the much lower melting point of zirconiwn than that of the other
phases suspected to be present in Zr?l gg9. Samples with excess zirconium
were sintered to high density at 1800°C’in"2 hours.

The occurrence of a boundary diffusion mechanism and the
applicability of a boundary diffusion model to the sintering data are
supported in the following discussion. The plots of rclative density on a
linear scale versus the logarithm of the sintering time for ZrBj, gg show
esscntially linear behavior, For a lattice diffusion mechanism, linear
time dependence has been observed for the sintering of aluminum oxide ( 9)
when the grain size varies with time to the 1/3 power, This explanation —
is valid if the grain size versus time to the 1/3 power curves extrapolate
back through zcoro at zero time. For the collested data, the grain size is
linear with t1/3 and extrapolates back through the initial particle size of
5 microns at zero time. However, the simple direct application of tae
1/3 power time dependcnce for a lattice diffusion process should notl lead
to the observed linear relative density versus log time plots. For the
data collected on ZrB) gg, the occurrence of a boundary diffusion mecha-
nism is supported by a'linear relation between relative density (to the 3/2
power) versus linear time over the grain size to the fourth power., The
calculated diffusion coefficients appear to be high; however, the cffective
width of the grain boundary in this material is uncertain since knowledge
about the volume fraction liquid phasc present at sintering temperatures is
minimal, Our conclusion that zirconiwn diboridec ZrB | gg sinters by boundary
diffusion model is tentative because the data are barcely sufficient te caleulate
diffusion cocfficients and independent data arc not available for comparison,

Hafniwn diboride specimens were found to undergo densification
at ZIOOOC, giving rclative densitics only slightly less than those achicved
in zirconium diboride at cguivalent times of sintering. The hafnium diboridc
contained more second phase than did the zirconium diboride, and, for
the heat treatments employed, did nut exhibit discontinuous grain growth.
The cxcess second phasc énhibits normal grain growth, as well, After
firing for 4 hours at 21007C, the average grain size of hafnium Aiboride
is approximately two-thirds the size obscrved in zivconiwn diboride,

B. Experimental

1. Powder Preparation

Samples were prepared from both as-received, A.R.,,
zirconium diboride and fluid-encrgy-milled, F,E.M., zirconium diboride.
A photomicrograph of the fluid-energy-milled powder is shown in Figure 12.
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Figure 12, Fluid Energy Milled Zirconium Diboride
Powder. 750X
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The average particle size from this dispersion is 5 microns. The analysis
of this powder is prescnted in Table 8 , where zirconium, boron, tungsten,
nitrogen, oxygen, and carbon contents are shown. After firing, the carbon
and oxygen contents are reduced although the oxygen content in the fired
fluid-energy-milled sample is three times that in fired as-received samples.
The B/Zr ratios do not change significantly after grinding or firing.

The preparation of ZrB; - was achieved by adding metallic
zirconium to ZrBj gg. For the samples containing silicon, excess zirconium
was added, giving a net formula of Zr(B, S5i)y gg. The ZrBy g7 and ZrC
were prepared by fluid-energy-milling. These powders were handled by
procedures which were found to be appropriate for ZrBj) gg. No chemical
analyses were determined since it was assumed that the containinations
would have been equivalent for 7.rB; gg, as given in Table 8. The hafnium
diboride was used as received. )

2, Pressing

Samples werce pressed with a binder of polyvinyl alcohol
in water solution; the procedure for incorporating the binder has been de-
scribed previously (8 ), Samples were pressed at 24, 000 and 70, 000 psi,
The green density of the pellets pressed at 70,000 psi varied from 3.75 to
4.03 g/cin3, giving approximate relative densitics of 62% for the initial
density of the majority of the sintering cxperiments.

3. Sintering

All samples were sintered in a vacuum furnace which
consists of a rolled tungsten sheet clamped into water-cooled clectrodes.,
The furnace has been described in a previous report (8 ), Samples werce
cither suspended through an upper opening of the tungsten sleeve or
supported on a pedestal. The temperature of the specimoen was read
through a slot in the rolled sheet with an optical pyrometer, Furnace
pressure was typically 5 x 10~5 hun of Hg at the firing tempcervatures,

C. Results

Data sheets for the sintered specimens presented in Table 9
show forming pressure, the ns-presscd density, fired density, weight
changes, firing times, firing temperaturces, grain size, and porosity
{determined by point counts and lincal analysis of photomicrographs)., The
relative density of samples of ZrB) gg sintered at femperatures from
20009 to 2300°C is plotted lincarly against logarithms of sintering time
in Figuic 13. The points include the densitics measured by displacement
in xylene as well as those determined by lineal analysis, The data scatter
can be attributed to delamination which produces erroneous measurements
in displacement densitics, and to pullouts which arc difficult o distinguish
from pores (in low density specimens) and produce crrors in the point
count measurements.
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The relative density of othu‘ samples is plotted in Figure 14.
The ZrDBy gq samples sintered at 2300°C {(Figure 13) contained tungsten,
The chemn,al analys.1s of two samples arc given in Table 8 . The relative
densities presented in Figurce 13 for specimens fired at the higher tempera-
tures are corrected for the volume fraction and density of tungsten by
assuming a contamination of 6 weight per cent tungsten., Grain size data
determined by point counting are presented in Figure 15, Polished sections
of samples containing tungsten arc shown in Figures 16a and 16b in the as-
polished and etched conditions, respectively, The etched sample reveals
the structurc of eutectic solidification. The pores occur inside the grains
and provide evidencc for discontinuous grain growth in this sintcring cycle.
Photomicrographs of sintered specimens are presented in Figures 17
through 27 for various samplcs, and for sintering temperatures and times.

For samplces with the shortest sintering times, large grains
(25 microns) exist in a much finer grained matrix, as in Figures 17a and 17b
There is little evidence thal pores have been trapped inside grains. In the

etched sample (Figurc 17§, the grain boundaries appear to intersect the
majority of the small pores,

In ZrB01 89 samples fired at 2100 C for onc hour, 2200 C for
4 hours, and 2000 C for 16 hours, the presence of a sccond phase appears
in the as-polished photomicrographs, (18a, 2la, 22a,and 23a), Ina
sample which had been fired for 6 hours and ctched (Figure 20b), the
presence of a sccond phase is denoted by the corrugations and marked
changes in the ctching characteristics of given boundarics, The large
increasce in average grain size in this sanple and the prescence of a duplex
structure {Figure 203 show that the sample experienced discontinuous
grain gr owth.

In Kigure 15, the minimum grain size (17 microns) for the 6
hour sample was mcasured in the fine grained matrix, and the maximum
grain size for sccondary groins was of the order of 80 microns, For the
71D g9 saunple sintered two hours, the majority of pores werce intersected
hy grain boundarics, however, for the 6 hour specimen pores were entraped
in 1.11';_\01‘ scecondary grains, The behavior of bamlﬂ cs fired at 20007C was

cssentinlly identical to that obscrved at 2100 °C. T'he change in the time
at which discontinuous grain growth occurred was consistent with the
change in the kinctics duc to temperaturce, The gencral features of the
microstructurces at cquivalent densgitics remain the same and are inde-
pendent of temperature

It is concluded that a sccond phase was present at all sintering
temperatures. The grain structure shownin Figure 20b (lincar boundarics
of larger grains arc intcrsccted by boundaries of other grains without an
obscrvable deviation in the intersected boundaries) would require that a
liguid phase be present at the sintcering temperature. If no additional
phasg were prescent, the included angle of intersection must be less than
180°, Therefore, *here is evidence that a sccond phasc exists in the
structure and that the sccond phasc was present as a liquid at the sintering
temperatures.
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Figure 16a,. FEMZrB) g¢ Fired at 2300°C for 32 Minutes;
{400X, Unetched).

Figure 16b. FEMZrB1, 8y Fired at 2300°C for 32 Minutes;
' (400X, Etched 1 Hf, 1 HNOj, 3 Lactic),
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Figurc 17a, FEM ZrB|_ g9 Fired at 2100°C for 1/2 Hour,
400X, Unetched.

Figure 17b.  FEM ZrB, gq Fired at 2100°C for 1/2 Ilour,
400X, Etched 1 HF: 2 HNOg: 2H,O0,
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Figure 18a. FEM ZrB; gq Fired at 2100°C 1 Hour,
400X, Unetched.

Figure 18b, Fai Z D) 8 Fired at 2100°C 1 Hour,
d1ii

400X, Etched [HE; 2HNO,: 2 H, 0,
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Figurc 19a. FEM ZrB] gg Fired at 2100°C 2 Hours,
400X, Unetched,

Figure i9h, FEMZrD] ggFirud ai 2100°C 2 Hours,
400X, Etched 1HF: 2HNO3: 2H50,
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Figure 20a.FEMZrB gqg Fired at 2100°C 6 Hours,
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Figure 20b. FEM ZrB ggFired at 2100°C 6 Hours,
400X, Etched 1 HF: 2 HNO3:ZHZO.
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Figure 2la. FEM 2rB, g4 Fired at 2200°C for 4 hours

400X, Unetched.
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Figure 21b. FEM ZrB; oo Fired at 2200°C for 4 hours

400X, Etched 1HF: 2HNO 2H,0

3% <8y
48



L) » -
v - o me. " 0 -y
)I " N I I o
! v . ~q
DA '?f;’\; - p I
"t\‘gb » 3 't‘& - v ’.‘
Mr\h\:""‘ o "" 1", 2 "" ¥ b
YN R AT I
~% N Gl YRGS
; RPN LAY S5 A
:% » ,‘} T . » .
.D

q‘q“"'. ‘\ “ - Y b '. - .
V&7 a v @ . LT s .

. - \-‘ 4 S, ,‘ LN % -'.! :
P « ® | W : 41‘ 3.7, ‘k
COEP N NPT s SR s
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Figure 22b. FEM ZrB, oo Fired at 2000°C for 16 bhrs.

400X, Etched 1HF: 2HNO3:2H2O
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A. R. Z¥By oo Fired al 2100°C for 6 hours

Figure 23a.

400X, Unetched.

. o .
ZrB1.96 Fired at 2100°C for 6 hours

Etched

R.

A.

Figure 23b.

400X,

1HF: 2HNO3 : 2H20

50



O VIR
. -t + q
r‘ Y . \‘.. ¢ Y - & \":: g.Jf © ‘{
F A3 WY $ 3 - a t 0D ‘
HA ¥ '% r ey . ! :
h . ) . “ , . A ) ) b &pv (},4'\‘ e .
o, : ' 8, ) g . '

X Y 02 ‘A:"fo
s :.,"
v% QT Z‘%
‘ .._‘n}-(fp‘n“»gﬁ
J ;‘\;c :L . ?:
‘ [}

Figure 24a. ZxB, 4 Fired at 1800°C for 2 hours
400X, Unctched.

Figure 24b. A

Fired at 1800°C for 2 hours
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hours

- R. HfB, Fired at 2100°C for 41

-
A

25a.,

Figure

400X, Unetched.

A. R. HfB, Fired at 2100°c for 4 hours

25hL.

Figure

th:2HNO3:2H20
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Figure 26a, 2r(B, Si)l 89 Fired at 1500°C for 2 hours

400X, Unetched.

Figure 26b. zr (B, Si)l 89 Fired at 1500°C for 2 hours

400X, Etched LHF:2HNO,:2H,0
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The densities and grain sizes of ZrB with zirconium,
silicon and zirconium carbide additives, Z1By 06; and hafnium diboride
are included on the data in Figures 14 and 15. These specimens were
sintered at times and temperatures where the densities and grain sizc
for ZrBy gg were known becausea survey of their total sintering behavior
was not planned. It can be concluded that for ZrBy .9¢s HiB3, and
ZrBy gg + 1% ZrC the sintering behavior does not change significantly
from that of ZrB, 39 for samples containing more than 1% ZrG, the
sintering rate was réduced in proportion to the contenti of zirconium
carbide, Samples containing excess zirconium exhibited a sintering rate
much higher than any observed for ZrB) gg; these samples sintered to
high density at 1800 °C in 2 hours. Simultaneous additions of silicon and
zirconium inhibited the sintering ratc and rcsultcd in low densities,
Metallographic examination revealed a grossly inhomogeneous structurec
(Figure 26). Large particles were present and were separated from the
general matrix by cracks and the included second phase.

D, Discussion

The mcechanism of sintcring in ZrB) gg may be asscssed with
the data now available., The changeinrelative density as a lincar function
of log time (Figure 14 appcars to be analogous to the relation obscrved in
aluminum oxide when the grain size increases lncarly with thuce Lo the 173
power. In ZrE; gg the grain size increascs from the initial or starting
particle size as time to the 1/3 power. It was shown that the lincar change
in density with logarithm of timce can be expected only if the %;tva.lu slac
extrapolates through zero at time sero on a lincar G vs, Y, plot (9). An
expression derived from a lattice diffusion sintering mechenism during
the intermediate stage of the process is given as Eq. (1),

N DL v
dp = {——3-————— } at {1)
G” kT
where p = rclative density 3
N = constant = 1.2 x 10
Dy, = lattice diffusion cocilicient of the rate controlling species
Y = thc surface energy
Q = the volume of a molccule of ZrljZ {in the lattice)
k = Boltzmann's constant
T = Temperature
L = lime 1/3
G = the grain size = (G + Kkt )
G = initial particle sizne
klo = the growth rate constant

calculated by converting to equivalent spherical grain diameters, G
ohtained metallographically.

?
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Values of G observed from Figure 15 do not change significantly
from the value of G _ in the region where discontinuous grain growth does
not occur; therefore, the cquation cannot be simplified for integration, For
example, the grain sizes observed prior to discontinuous grain growth
increase up to approximately 20 microns, with G_ at five microns. Valucs
of kl were evaluated from Figure 15. For three femperatures, ZOOOO-ZZOOOC
an exponential relation exists with an activation energy of 154 kcal/mole.
The higher growth rates at 2300°¢C (where tungster contamination led to
rapid densification and growth) give a higher k; value than would be given
by the extrapolation of the behavior observed at lower temperatures, The

activation energy observed for growth is in a range observed for other
typical refractories.

For sintering by a liquid phasc or grain boundary diffusion

mechznism, the expression for densification during the intermediate stage
of the process is;

d<p3/2>._ 2.5x10°D), Wy s .

a
G* kT

whevre Db is the boundary diffusion coefficient and W is the boundary width,

Becausce of the dependence of the rate on grain size, temperaturce
and time data were selected at three grain sizes (Figurel5 ) and the relative
densities were taken from Figurce 13 for analysis, These data arccollected
in Table 10, In order to test the applicability of Eq. (2), rclative density
(to the 3/2 powery was plotted versus time over grain size (to the fourth
power) in Figurc 28, The obscrved lincar relation supports the boundary
diffusion nodel, Tt is noteworthy thal the grain size and density do not
vary indepeundently with temperature (Lable10), ‘This could be related to
control of grain growth by porosity, or to the fact that hoth arce controlled
by diffusion at the boundary region,

Diffusion cocefficients calculated from both models are presented
in Table 11, The calcylated lattice diffusion cocfficicnts are approximately
equal to the value (107 10 CT’TIZ/SG(') observed for most refractorics at
sintering temperatures. The calculated boundary diffusion coefficients are
dependent on the assumed value for the howndary width., The value for the
boundary width (10 R) is bascd on the results for the nickel aclivated sintering
of tungsten (19) in which a monolayer is sufficient for rapid sintering. The D
values_should refer to diffusion in the liquid at the boundaries. A magnitude
of 1077 cin“/sec is in the range for diffusion in low viscosity liquids (11), The
temperature dependence observed is difficult to interpret because the solubility
of ZrB; in the liquid changes with temperature. In addition to a change in the
diffusion coefficient in the liquid, the change in solubility would also affect
the rate variation with temperature. The Dy value is ~10! cmz/sec for
lattice diffusion and the (DbVV)Q product is a 107 c1113/sec. The Dy value for



SELECTED DATA FROM SINTERING AND GRAIN GROWTH CURVES

Temp, °c

2000

2100

2200

TABLE 10

FOR ZrBl.89

Grain Size () Time (hours)

10.2 1.74
12 4,7

15 14,7

10.2 0.39
12 0.94
15 2,58
10,2 0.125
12 0,475
15 0.714

Relative Density

0.71
0.8
0.92

0. 67
0.79
0.89

0.72
0,79
0.89

TABLY 11

DIFFUSION COLKMFICIENTS CALCULATID FROM SINTERING DATA

Temp. (70)

. 2
b fem/see.)

ON Zl‘P’l.B‘)

P‘ )Vy_ (c 11'1.3-/_5 cc.)

Dyfem’/see )

2000 1.6 x 10710
2100 9.7 x 10'10
2200 3 %1077

5.4 x 10‘14 5.4 % 10'7
3.4 % 10713 3.4 % 10”6

- -5
1.05x% 10 12 1.0s~10°°

*Calculated for W o= 10_7 cm,



68" Tqaz 107 57 0/3 "sa N\u?ﬁmmgwg samiEay) ‘g2 2INBTI
z

¥

RELY sinoy) 5 O1x v‘m.w.\:

[

5.,0022 C
J.0012 A
2.0002 V

P

0

SO

30

L0

80

60

Ci

Kisuag aayols
Z/Q( 1susg aauo|sM)

58



lattice diffusion is unreasonably high; again this mechanism is rejected. The

value for (DL,W), is also kigh, but the unknown change in solubility with
temperature would increase this quantity.

The sintering of ZrB, is tentatively concluded to occur by a
process in which the rate-controlling step is diffusion of material through a filin
of liquid at the grain boundaries. The magnitudes of either the lattice difusion
coefficients or the boundary diffusion coefficients at the sintering temperatures
are in acceptable ranges; the process could occur by transport involving both
diffusion paths. However, the time dependence for densification favors the
boundary diffusion model, and the temperature dependence leads to a D  value
for lattice diffusion which is too high for an intrinsic diffusion process.
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VI, OXIDATION CHARACTERISTICS*

A, Introduction

On the basis of the experimental work performed during Part I of
this study (1), HfB,; and ZrB; were selected as the most promising of the
diborides for more detailed investigation, Section B below reports on the
oxidation behavior of these materials as a function of stoichiometry and
temperature, In addition, limited results are presented concerning the
effect of oxygen pressure, gas composition and flow rate on the oxidation
behavior. In section C, the principals that have been applied in the past to
the selection of alloying elements for improvement of oxidation resistance
are discussed in relation to HfB,. Potential alloying elements include
metals of higher valency (Nb, Ta, Mo, W, Re), metals with exceptionally
stablc oxides {Th, Y, La), and metals which might result in ternary
oxides {Ca or Si)., In Section D, thermodynamic calculations are
presented for all of the diborides as a function of stoichiometry to
evaluate the possible formation of BZO3(g) with a vapor pressure above
one atmosphere at the diboride/oxide interface. 'I'he available results on
HfB,, 7ZrB;, and the Carborundum ZrBz~MoSi; composite are summarized
in Section E and the oxidation resistance of these materials as a function
of temperature and other variables arc compared.

B, Experimental Results

1. General Discussion

During this period previous findings (1, 12 and 13) and
calculations on the oxidation of hafnium and zirconium diboride were con~
firmed and extended. Kxperiments were designed and executed to test
(1) the applicability of the parabolic rate equation for HfB, over long time
periods, (2) the cffects of variable stoichiometry on the oxidation of both
ZrB, and HiB,, (3} the effects of alloying additions and hemogenization
treatments on oxidation, (4) the effects of gas flow rate, and (5) the effects
of water vapor on the oxidation of HIB, at relatively low temperatures. The
specimens used in most of the present cxperiments werce prepared by high
pressure hot pressing as described in Section IV, previous specimens had
been zone~melted (1, 12, 13), In addition specimens of pyrolytic ZrB, pre~
parcd by J. Pappas of Raytheon and "Boride Z' prepared by Carborundun
were studicd,

*7,B. Berkowitz~Mattuck, Arthur D. Little, Inc; E. V. Clougherty and
L. Kaufman, ManLabs, Inc.
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2. Experimental Materials and Techniques

A summary of cxperimental data is given in Tables 12 and 13,
The oxidation technique has been discussed in detail elsewhere (14 15).
In brief, cylindrical samplec pcllets, approximately 300 mils in dlameter
and 100 mils thick, are degassed in helium at a temperature 100° higher
than that planned for the oxidation run, Degassing is continued until
permanent gas evolution, as monitored by the thermai conductivity
apparatus, has ceased (usually 20«30 minutes), The degassed peliet
is inductively heated in a helium-oxygen mixture flowing at about
3 cm/sec in the neighborhood of the samples., The rate of oxygen
consumption is monitored continuously by means of a thermal conductivity
bridge that compares the oxygen concentration in the gas stream before
and after reaction, The parabolic rate constants in the last column of
Table 12 are given in terms of total oxygen consumption i, e,, the
amount of oxygen in all of the product oxides, volatile and nonevolatile,
The base line drift in experiment (1) on HfB, was traced to temperature
fluctuation in the air bath surrounding the thermal conductivity cell,
Modification of the insulation and temperature control circuit has rendered
the apparatus more stable and easicr to operate,

‘I'able 13 contains a description of the specimen fabrication
in addition to some measurements of the specimen dimensions after oxidation
treatment, These mcasurements were obtained by post mortem metallography
which will be described below., Details of the fubrication are given in Section IV,

3. Results

3.1 Long Term Oxidation of Hafnium Diboride

In experiment (2), HfB, was oxidizcd for six hours to test
the applicability of the parabolic rate law for long term cxposures. The
resuits are plotted in Figurc 29 as the square of the total vxygen consumption
vs. time, The parabolic rate law holds io a good approximation. Same
deviation is scen, in that the observed rate constant drops slightly with time.
Hence, after long exposures the actual rate of oxygen consumption may be
srnaller than the cxtragolatcd Zatt.. From Figure 29, a parabolic rate
constant of 1, 12 x 10" ‘g /cm®wmin is calculated; this is to be compared
with 1.18 x 100 g2/cm%wmin obtained previously {12) over a two~hour period,
At the same tcmp\,ratu:.c purec hafniwn displays breakawuy behavior after a
few minutes (16).

Table 13 contains information on the initial and final
diniensions of this specimen which indicate virtually no change in dimension,
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TABLE 13

IDENTIFICATION OF SPECIMENS AND SUMMARY OF DIMENSICONAL
CHANGES DURING OXIDATION

Initial Final Area Conversion™
Boride Pellet Fabrication height height  Ratio Meas, Calc,
hO(mils) hf(mi[s) 3A07Af$ (mils} (mils)
HfB2 035 XVIll-12 Zcne Refined - - - - -
HfB2'035 XVIII-16 Zone Refined 112 112 1.00 0.0 1.8(1)
HfBZ' 035 XVIII-24 Zone Refined - - - - -
ZrBl' 8_;9 XVIII-28 Hot Pressed from 111 52 1.76 29.5 14,5(4)
’ raw powder
B/Me =1.89
ZrBl 89 XVIII-33 Same as XVIII-28 - - - - -
ZrB."’ 89 XVIIi-35 SameasXVIII-28 - - - - -
HIB 5, XVIII-39 SameasXVIII-28 - - - - -
HfB;'gg XVIIi-41 SameasXVII-28 - - - - -
HfBZ' 12 XVIIi-45 SameasXVIII-28 - - - -
HfBl : 88 XVIII-49 SameasXVIII-28 110 99 1.11 5,5 2.4(4)
HfBZ’12 XIX -1 Sameas XVIII-23 110 108 1,01 1.0 3. 204)
HfBZ‘ 12 + Hf XIX-~9 Hot Pressed from - - - - -
) raw powder, Hf
added for B/Me =2.00
No Homogenization
HiB, ;> *+ Ta XIX-14 Same as XIX-9 - - - - -
Zr 1‘ 29 XIX-18 Hot Pressed from - - - - -
tT raw powder
HfBZ 035 XIX-21 Zone Refined - - - - -
HfBZ' 035 XIX-24 Zone Refined - - - - -
H£B1‘88 XIX <27 Hot Pressed 110 39 2.21 35.5 25.9{1)
HfBl'88 XIX-31 from raw powder 112 73 1.47 19.5 22.0(1)
ZrBJ' 89 XIX 34 Same as XIX~18 - - - - -
HfB.,*'O ’ XIX 38 Hot Pressed from 2.12 111 67 1,61 22.0 34,2(4
o powder with Hf added
for B/Me =2.00
Homogenized
ZrB1 89SiO 05 XIX~42 Hot Pressed from raw - - - - -
' ' powder with B/Me =
1.89 with Si added.
Homogenized
HfB, 0 XIX~47 Same as XIX-38 111 61 1.72 25,0 32.2(3)
ZrB‘l' 29 XX-1 Same as XIX-18 - - - - -
Z,rBl ‘ 9,’{ XX -4 Hot Pressed from - - - - -
) purified powder
ZrBl 97 XX -9 Same as XX-4 110 68 1,51 21,0 31,1(5)
HfBl .88 XX-13 Same as XVIII-49 102 64 1,48 19.0 20, 6(1)
ZrBl' 97 XX-17 Same as XX-4 110 59 1.71 25,5 21.8(1).

* The number in parentheses following d_ indicates the number of different conditions
the specimen was exposed to. Details are given in Table (12).
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IDENTIFICATION OF SPECIMENS AND SUMMARY OF DIMENSIONAL
CHANGES DURING OXIDATION

TABLE 13 (CONT'D.)

"
Conversion™

Calc.

3. .1.(3)"'

20, ;(4) .

0.0(3)
16, 4(1)

36. 5(4)

12, 6(2)
40, 1(4)

21.5(1)

35, 5(4)

9.5(1)

Initial Final Area
Boride Pellet Fabrication height height Ratio Meas,
ho(rnils) hf(rnils) (AOI'Af) {mils) [mils)
HfBZ 12 XX-21 Hot Pressed - - - -
HfBl' 88 XX-32 from raw powder - - - -
HfB1'70 XX -36 Hot Pressedfrom2.12 105 94 1.10 5.5
: powder, Hf added
Homogenized
HfB] 70 XX-40 Same as XX-36 - - - -
ZrBl' 75 XX-42 Hot Pressedfrom 1, 89 87 47 1.55 20,0
‘ powder, Zraddcd
Homogenized
ZrBl 75 AX=47 Same as XX -42 101 37 2.04 32,0
HfBL 7510. 25 XXI-1 Si added to XX=~36 - - - -
I-IfB1 . 7310. 25 XXI-~5 Si added to XX«36 - - - -
ZrB1 7510 25 XXI-7 Si added to XX-42 102 102 1.00 0.0
I-IfB1 70 XXi-11 Same as XX-36 106 68 1.47 19.0
I-IfBl. 78100 25 XXI-14 Same as XXI~1 - - - -
ZrR. XXI1-=19 Hot Prcsscdfrom 1,89 110 55 1.80 27.5
2,10
powder, Boron
added; Homogenized
ZrB1 7510 25 XX1-17 Samec as XIX =42 109 98 1.10 5.5
HfBZ 12 XVTII-45 Same as XVIII-28 98 49 1.71 24,5
HfBl’ a8 XVIII-41 Same as XVIII-Z8 - - - -
HfBl ) 38 XXI-34 Samec as XVill-41 104 63 1,38 20,5
Hf.T’;l' 8; XXI1-37 Same as XVIli-41 105 61 1.57 22.0
ZrBZ' 10 XXI-40 Same as XX1=19 - - - -
7.1-32‘ 10 XXI~42 Sume as XXI-19 - - - -
HfB1 .88 XXI-46 Same as XXI1-19 - - - -
7,1']’;1 7Sio 25 XXI-50 Same as XXI1~17 - - - -
HfB1 ‘70 T XXII-1 Same as XX=36 98 43 1.83 27.5
ZrB‘Z' L0 XXIT-6 Same as XXI-19 - - - -
ZrB&° 10 XX11-9 Same as X¥XI1-19 - - - -
ZrB1 85 XX1I-12 Pyrolytic Material- 87 57 1,37 15,0
: preparedby Raytheon
ZrSi XIV=-35 Zone Meltcdby ADL - - - -
ZrBl 85 XXII-16 Same as XXII~12 86 70 1,11 8.0

% Thc number in parentheses following d
the specimen was exposed to,

70
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GRAMSZ CM? OF OXYGEN CONSUMED X 10°
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3.2 The Effect of Water Vapor on the Oxidation of Diborides

As indicated in the last rcport, the effcct of water vapor
on the oxidation of borides should be to accelerate the raie of vaporization
of B,O3(s or 1) since (HBO;,)4(g) is much more volatile than ByO3(g). If the
temperatare is sufficiently high so that BpO3 vaporizes as rapidly as it
forms, then water vapor should not influence the over=-all oxidation rate,
If, on the other hand, the temperature is sufficiently low so that the rate
of vaporization of 3,03 is negligible under normal oxidizing conditions,
water vapor should enhance the vaporization of B20O3, and hence cause an
increase in the observced net rate of oxidation, Comparing the results of
pellet XVIII-24 and XIV=-21 in Table 12 shows that at 1206"K with 19,9
torr oxygen gave =1,9x 10"9g2/cm4min whereas the same material
at the same temperature and pressurc of oxygen but with added water
vapor {4.6 torr) gave Kpp = 5.0 x 10~7g4/cm*min, These results provide
direct experimental verification of the enhanced oxidation rate of HIB
in the presence of water vapor. Two additional experiments, not tabulated
herein, showed the absence of a water vapor effect in the oxidation of
HfB,at higher temperature, The rate of oxidation at 1760°K at 19 torr
oxygen and 5 torr water in helium was identical tc the rate of oxidation
at 19 torr oxygen in helium,

3.3 The Effect of Stoichiomelry un the Oxidation of HIB,

The effect of boron to metal ratio on the oxidation
characteristics of HfB, is shown graphically in Figures 30 and 31. The
full curves for lzp vs, T are based on the results obtained earlier (1)with
zone refined sp Rimens, The break occurs at about the monoclinic to
tetragonal transition temperaturc for HEO,. In the present study, specimens
were prepared by hot pressing from two batches of "raw' hafnium diboride
powders corresponding to B/Me = 1,88, batch 2A, and B/Me = 2,12, batch 2,
(scc Section IV), In addition, cpscimoeng were preparsd by adding hafnium
io batch 2 in order to adjust B/Me = 2,00, Pellets numbered XIX«38 and
XIX«47 were homogenized to insurc solution of the Hf addition by holding at
1500°C for twenty~four hours, Subsequent metallographic examination
showed no evidence for pure hafnium, Pellets XIX=9 and XIX~14 which
were not homogenized showed undissolved patches of Hf and Ta. Specimens
corresponding to B/Me = 1,70 were also prepared by hafnium additions to
B/Me =2.12 powder (seec Section IV for detaijls).

The effect of stoichiovmmetry on the oxidation of HfB3 is shown
quite clearly in Figures 31 and 32, Ou the average, ihe rate constants for
metal rich hafnium diboride specimens lie below the lines drawn, while the
rate constants for boron rich specimens lie above the lines, For example,
at 1550°K, 1800°K, 1900°K, and 2000°9K the value of kg for B/Me =2.12
is larger than that for the B/Mc = 1,88 specimens, M lr)c:over, additions
of hafnium to the 2,12 material are seen to lower the value of k
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The relation between oxygen consumption and conversion
of the diboride to oxides has been discussed previously (1). Briefly, if
the diborides of interest oxidize stoichiometrically according to a relatione
ship of the form:

5
MeB, + 5 O, —~ McO, + B,O, (1)

Where2 Me = Zr, Hf, the parabolic rate constant for oxygen consumption,

ki g /em4emin is rclated to the parabolic rate constant for alloy consumption,
Ko cm&/min by the equation:

. sté
k= (k )(Pyop ) T42 (2)
PP px MCBZ MM BZ
where pMeBZ is the density of the metal diboride and MMeBz is the molecular
weight of MeB, and MO is the molecular weight of oxygen. Thus, for both HfBZanc‘. Zr}’x&
k (gmsZ/c1n4min) = 20 k (cmz/min) (3)
pp px

based on the volumetric data given in Section IX, Thus Egs, {l«3) imply that

d“ = k__t (4)

where d is the average depth of boride converted to oxide in a time t. If d is
in cm and t in minutes, then

dZ (cmz) = P“

{gin /rm4m1n) ¢ (min) 5
5 (min (5)

If, on thc other hand, d is in mils and t in hours, then

d.2 (milsz) = 4,8 x 105 kpp (gnmz/c1n411-1111) t (hr) (6)

Eq. (6) has been used to compute the k. levels corresponding to various
conversion depths based on one hour p? abolic oxidation shown on the

ordinates of Figures 30 and 31, It is apparent that at the highest temperatures
sufficient conversion to alter the area of the specimen will occur in onc hour
which corresponds to the time used in many experiments. In order to verify
this fact and assess its influence on the k;f valaes shown in Table 12 (which
were computed on the basis of initial are B the specimen disks were measured
by macrophotographic techniques aftcr oxidation exposure,
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Figure 32 shows a cross section of pellet XXII=1, The
initial thickness (see Table 13) was 98 mils the thickness after oxidation
43 mils,corresponding to a total depth of diboride conversion of 27,5 mils
on each surface, This conversion may bec compared with a compuled depth
of conversion of 35.5 rnils which is obtained by using Eq, (6) and the
values of kp and time given in Table 12, The computation has been
performed for approximately twenty different experiments shown in
Table 13 with good agreement between measured conversion depths and
depths computed on the basis of as tabulated., In some cases, it
was possible to measure the change in height and the change in diameter.
This is illustrated in Figures 33 and 34 showing pellet XXII~16 which was
first ground to display the final height of 70 mils corresponding to an
eight mil conversion, and then ground to display the final diameter of
275 mils corresponding to au 8,5 mil radial conversion depth., As
anticipated, both radial and height conversions are equal, The measurcd
initial and final height given in Table 13 yield values of which in turn
can be used to compute the ratio of final area Af to initial area Ap. As
expeccted, experiments performed at temperatures below ZOOOOK, where

is less than 10=3 produce little or no changce in area. At higher
temperatures and higher values of IE » Significant changes in area occur,
For example, for a pellet having a Ia:’.meter Dg and a height cqual to ho,
the final area A; is given by Eq. (7) as a function of time as

1/2

Ag = A =21 (2D_+h) (kpxt) +Om kLt (7
For Do = 300 mils and ho = 100 mils, this yields
1/2
AJA =1~13(k t +40k_t 8
el Ay ( pp) op (8)

2
Eq. (8) yields arca ratios of 1.04, 1,14 and 1,56 at k.o =107, 107% and 10”7
respectively after one hour, On this basis, the "arecd Correction' to kE is
negligible for values of kpp less than or equal to 10"4’gm’3/cm4min. ror
valucs of | equal to 10=7 the correction might correspond to a factor of
two at thcz?ost. Examination of the individual oxygen consumption vs, time
curves recognizing the changes in area,docs not indicate departures from
parakolic behavior at levels of 103,

Figurcs 30 and 31 show a transition in }—) at about 2000°K
which was previously associated (1) with the phase transfgr%mtion temperature
ubserved in HfO,, While the slopc of the high temperature log l? vs, 1/T
curve shown in Figurc 30 is probablx too large there seems to b B definite
change in behavior on crossing 2000 K. This change is also cvident in the
post-mortem metallographic appearance of the oxide. Figure 32 shows a
specimen oxidized above the transition which exhibits a distinctly columnar
oxide, Figure 35 shows an oxidc layer formed on pellet XX -~36 which is
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Asg polished x50

Figure 32 - Pellet XXII - 1, HfB . 702 After Oxidation for 133 Minutes
at 2020”K and 111 Minutes at 2120°K, Initial Height= 98 Mils,
Final Height= 43 Mils, Depth of Conversion 27,5 Mils,
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As polished X50

Figure 33 - Pellet XXII - 16, Pyrolytic ZrBj g5, After Oxidation at
18979K, Initial Height 86 Mils, inal Height 70 Mils,
Depth of Conversion= 8 Mils,
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As polished (polarized light) X20

Figure 34 -Pellet XXII - 16, Pyrolytic ZrB; g5, After Oxidation at
1897°K, Initial Diameter 292 Mals, final Diameter 275 Mils,
Depth of Conversion = 8,5 Mils,
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Etched X200

Ktchant: 10cc glycerine,10cc HNO

2cc HCl, 0,lcc HF 3

Figure 35 - Pellet XX - 36, H{B, ., After Oxidation at 1900°K,
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As polished Kiz.,hH

Figurc 36 -Pellet XXI - 11, HIB 70 After Oxidation at 2178°K,

1.
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Etched X100

Etchant: 10cc pglycerine, 10 cc¢ [INO

2cc HCL, 0. 1ce HE 7

Figure 37 ~Pellet XXI ~ 11, 1B, . After Oxidation at 2178°K,

1.7
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As polished

Figure 38 - Pellel RiX
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HiB; 70 as was XXII-1 shown in Figure 32. However, this specimen was
not oxidized above 1900°K, It shows a non-columnar oxide. Another
illustration is shown in Figures 36 and 37 which are photomicrographs of
pellet XXI~11 which was oxidized at 2178°K for 45 minutes. The oxide
surrounding the sample is distinctly columnar except for one region in
which a reaction occurred between the iridium finger holding the specimen
and the diboride. KExamination of Figure 37 shows a transition in the oxide
from columnar to non=-columnar., Figure 38 is particularly intercsting
since it shows the result of oxidizing a specimen (pellet XIX-38) at
temperatures below the transition and subsequently above the transition,
This sample shows a columnar ''outer oxide' on a non-colwnnar inner
oxide, This may imply formation of the non~columnar oxide by outward
diffusion of hafnium,

Figurces 39-45 show mectallographic comparisons of the
matrix areas of HfB) specimens before and after oxidation. Figures 39
and 40 show pellet XX1~11, HfB 70 beiore and after oxidation at 2178 "K.
Pellet XX =36 which was oxidizcé'at 1900°K exhibits a microstructurc similar
to Figure 40 which illustrates non-uniform grain growth and no porosity.
The microstructural changes which occurred in the HfB] gg specimens are
shown in Figures 41-44, Pellet XVII-49, HfB] gg, is shown before and
after oxidation at 1850 K. Little change in microstructure occurs at this
temperature. However, heating HEfB) gg to higher temperatures was found
to result in grain growth and void formation or porosity in sume cascs.,
For cxample, Figures 43 and 44 show the microstructure of pellet XIX~31
before and after oxidation at 2179 K, This sample had a fincr grain sizc
than did pellet XVIII-49, The microstructure resulting {rom high temperature
oxidation exhibits grain growth and void formation, Figure 45 on the other
hand which reveals the microstructurce of pellet XX1-37 after oxidation at
2164 'K does not indicate cxtensive void formation., The initial microstructurc
(prior to oxidation) was similar to Figure 43, Conscquently this specimen
also cxhibited grain growth, The microstructural changes which occurred
in the boron rich material are illustrated in Figurces 46 and 47 which show a
pellet XVIII«45 before and after oxidation at 2118 7K, No gross changes in
grain size or porosity appear to be cvident,

3.4 The Effcct of Steichiometry on the Oxidation of ZrB2

The effect of boron to mectal ratio on the oxidation charac-
teristics of ZrB, is shown graphically in Figurcs 47 and 48, The full curve
is basced on results obtained earlicr with zone refined material (1), The
break in the parabolic rate constant occurs at about 1450°K where the mono=
clinic/tetragonal transition occurs in ZrO,, In addition, the rate of
vaporization of 3,05 changes rapidly with temperaturce in this range {scc
discussion below), The specimens of ZrB, werc prepared from raw dowder
with o boron/metal ratio of 1,8Y. Additions of zirconium to form B/Mc = 1.75
or boron to form 2.10 were also tested {sec Scction IV for details), In addition
Lo the raw 1.89 powder, a purified batch of ZrB, powder with B/Me =1,97
was also employed for fabricating specimens, The results are shown in Table 12

and 13 and in Figures 47 and 48. With Z:P,, a5 digcuseed ahove for HIB,,
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Etched X500
Etchant;10cc glycerine, 10cc I—INO3
2cc HC1.0,1cc T—H«“

FRad

Figure 39 - Pellet XXI - 11, HfBl 70° Matrix Structure,

Etched X500
Etchant:10ce glycerine, 10cc HNO

2¢c HCL, 0. Lcc HE 3
Figure 40 - Pecllet XXI - 11, HLB » Matrix Structure, After Oxidation
[6) 1,70
at 21787K.
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It il e
Etched

Etchant: Modified Aqua Regia

"

Figurc 41 -~  Pellet XVIO ~ 49, HfBl

88 s Matrix Structure,

iched
Etchant:10cc glycerine, 10cc HNQO,
2cc HC1,0,1cc HF »

Figure 42 - Pellet XVIII ~ 491) HiB

_ ; 1,887 Matriz Structurg After
Oxidation at 18527K.,
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Etched X500
Etchant: Modified Aqua Regia

Figure 43 - Pellet XIX - 31, IIfB1 38 Matrix Structure,

Etched X500
Etchant:10cc glycerine, 10cc IINO,
Zce FHOL Uolce miy N

Figure 44 - Pellet XIX - 31, HIB » Matrix Structure After Oxidation
at 2179°K 1.88
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Etched
Etchant: Modified Aqua Regia

Figure 46 -  Pellet XVIII - 45, HI{B Matrix Structure,

2,10’
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Etched X500
Etchant:10cc glycerine, 10cc HNO,
2cc HCL, 0,1cc HF i

Figurc 47 - Pellet XVII - 45beB2 10 s Matrix Structure After
Oxidation at 2118 K, °°
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the rates of oxidation are lower on the metal rich side than on the boron rich
side of stoichiometry, However, ZrB, is generally less resistant to oxidation
over the temperaturc range cxplored than is HfB,. The metallographic
examination of the oxide formed on ZrB, specimens above 1450 K indicated
a columnar oxide as expected (i, 12, 1%).

Figures 50~56 show matrix structures of ZrB, before and
after oxidation. Figure 50 is characteristic of the metal rich diboride
ZrB; 45 which is skown in Figure 51 (pellet XX~42)Oa£ter oxidation at 1898°K
and Figure 52 (peliei XX~47) after oxidation at 2176°K. Surprisingly, the
former specimen shows some non-uniform grain growth, while the latter does
not, No porosity or void formation is indicated in either Figure 51 or Figure 52.
Figures 53-56 show matrix arcas of the ZrB} g7 and ZrB, ;g material before

and after oxidation, In both cases grain growth and void formation is not
evident,

3.5 Gas Phase Diffusion Limited Oxidation and Effects
of I'low Rate on Oxidation of HfBz and ZrB,

the oxidationis controlled by the rateat whichoxygen molecules arrive at the surface.
Undcer these conditions every oxygen molecule striking the surface reacts with
the diboride, Pellcts XX=17 and XX=~47 which are ZrB} g7 and ZrBj 75 re=-
spectively were observed to recact with cssentially all of the oxygen supplied

in the gas flow, In addition, pellet XXII-g, ZrBjz, 1, was also observed to
exhibit diffusion limited oxidation at 22337K, ‘I'hus in the temperature range
between 2100°K and 2200°K, ZrB, appears to show diffusion limited oxidation.
By contorast, H{:'B2 does not, Pellet XXIi~1 shows that doubling the flow rate

at 21007K produces no appreciable effect on kpp'

When the valuc of the rate of oxide bhecomes sufficiently fast,

3.6 Effect of Silicon Additions on the Oxidation of ZrDZ and HID

2

Since silicon fermms a glass on oxidation and is likely to
substitute on the boron sublattice in the diboride: (sce Scction IX) an investigation
of the cllccts of silicon on the oxidalion of ZrB, and HfB, has been initiated.
Samples of HEB], 70510, 25 were prepared by hot pressing raw HiB2, 12 powder
with suitable additions of hafnivm and silicon. Similarly samples of ZrBl. 70510, 25
were prepared by alloying raw ZrBj, g9 powder. Homogenization treatmoents
were performed after hot pressing. The preliminary results of this stwly arc
shown in Tables 12 and 13 and in Figures 30, 31, 48 and 49, These res s
indicate that at low temperatures (below 1550°K) rather pronounced
improvement is afforded by silicon additions. Tor example, the HfB 70510 25
specimen exhibited a value of k__ which was more than 50 times sm;,LIll'ur ’
than the rate constant of the raWPB/Me =2.12 powder from which it was preparcd,
At higher temperatures i.e., 18007K and 1900 K, thc beneficial effect appears
to be lost. At present, it is not clear if this is due to loss of silicon via
evaporation of some other factor. Additional experiments with specimens
containing highcr levels of silicon are presently in process. As an additional
comparison, ligures 48 and 49 show k__ for ZrSi which is comparable to
ZrBj 59Sig, 25 at about 1650°K. Figut¥s 57-60 show some photomicrographs
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Etched X500
Etchant: 10cc glycerine, 10ce HNO3
2cc HC1,0,1cc HF

Figure 50 = Pellet XX ~ 42, ZrB Matrix Structure,

1.752
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Figure 53 -

Figure 54 ~
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2cc HCL,0, 1cc LT 3

Pellet XX - 17, ZorBl. 974 Matrix Structure After

Oxidation at 2118 K.
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Figure 55 -

Figure 56 -

Etched X500
Etchant: Modified Aqua Regia

Pellet XXI ~ 19, ZxB , Matrix Structure,
2,109

Etched X500
Etchant: 10cc glycerine,10cc HNC)3
2cc HC1,0, 1ce HF

Pellet XXT - 19, c%rB2 10 2 Matrix Structure After
Oxidation at 1898° K, “*
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Etched X20

Etichant: Modified Aqua Regia
Polaroized Light

Figure 57 =  Pellet XXI - 17, ZrB; ,Si; .., After Oxidation at 1899°K,

Etched X100
Etchant: 10cc glycerine, 10cc HN03
2cc HCl,041lce HF
Figure 58 - Pellet XXI - 17, ZrB1 7Sio 25 After Oxidation at 189901{.
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Etchant: Modified Aqua Regia

Figure 59 -  Pellet XXI - 17, ZrBl',?SiO- 25 9 Matrix Structure,

Etched
Etchant: 10cc glycerine, 10cc I-INO3
2cc HCL,0,1cc HF

Figure 60 -  Pellet XXI - 17, ZrB1 7 0 255 Matrix Structure After
Oxidation at 1899"K,
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of ZrB, 79510 o5 pellet XX1-17 before and after oxidation at 1899°K. The
low maghnification’ photographs i,e., Figurcs 57 and 58 show a fairly

adherent oxide layer, while the matrix photomicrographs do not show
any radical changes.

3.7 Oxidation of Boride Z and Pyrolytic ZrB, ¢

Several specimens of "Boride Z', a ZrB,-MoSicomposite
material prepared by Carborundum were studied in addition to two specimens
of ZrB 8 prepared at Raytheon Co. by J. Pappas by means of vapor
depositién. The results are shown in Tables 12 and 13 and in Figu.cs 23,
34, 48 and 49. At temperatures up to 1900°K both materials compare with
metal rich ZrB1 o preparcd by high pressure hot pressing. However,
at higher temper'a—{ures, both "Boride Z" and the vapor deposited material
are more oxidation resistant than the hot pressed specimens. Additional
work on both "Boride Z' and pyrolytically deposited material is in progress.

C. The Effecls of Alloying Additions on Oxidation Behavior

In a comprehensive talk entitled "Alloying for Oxidation
Protection', Stringer (L{)summarized the principals which have been
applied in the past to the sclection of alloying elements for oxidation
protection, These are:

(1) Wagner-Hauffe theory.

(2) Preferential formation of the oxide of the alloying elemznt,

(3) Formation of a compound oxide,

(4) Stabilization of o more protective oxide.

(5) Formation of a metal or internal oxide barrvicr,

A discussion of each of these principals, with particular emphasis
on potential applications for improving the oxidation resistance of HiB, follows.

1. Applications of the Wagner-Hauffe Theory

1.1 The Parabolic Rate Law

In cases where o parabolic rate law is observed in the
oxidation of metals and alloys, the Wagner mcchanism is frequently
applicable, and the rate of oxide growth (dx/dt) can be written as follows in
terms of the specific conductivity (K ) of the oxide film at an oxygen
pressurc of 1 atm., the transport numbers of cations, anions, and electrons
(T~, T,, T) in thc oxide, and the oxygen pressures p, and p_ at the

Al e . . s X o}
oxide/gas and oxide/metal interfaces respectively:



dx _ QRT
xX

= = T
dt (

1/n 1/n
At T T K o, = p, )

o

(9

In (1), x is the oxide film thickness at timc t, 2 and n are constants for
any given system and R is the gas constant,

The conductivity of most oxides is predominantly
electronic, Hence, T_# 1, and the ionic conductivity of the oxide
('TA + 'Tc) K determifes the oxidation rate. Since ions migrate via
vacanclies or interstitials, it should be possible to reduce the oxidation
rate by reducing the defcct concentration in the growing oxide film, In
p-type oxides, this means reducing the number of negatively charged
defecis, cation vacancies or anion interstitials. In n-type oxides, it
means reducing the number of positively charged defects, anion
vacancies or cation interstitials. Thus where p~type oxides are formed,
the substitution of cations of lower valency or anions of higher valency
should improve oxidation resistance. Where n-type oxidcs are formed,

the substitution of higher valent cations or lower valent anions should
prove beneficial,

1.2 Wagner-llauffe Mechanism ~ General Considerations

In summary, to improve the oxidation resistance of a
metal, Me, which oxidizes parabolically to an oxide, Me0 , choose an
alloying clemoent, Mt, of higher valence than Me, if Me0 1s an n~type
semi-conductor;and of lower valence than Me, if MeO id p-type. Similar
arguments can be applied to additions to the anlon lattice,

In many cascs (18)’the alloy Mc-Mt, choscn as above, will
indced oxidize less rapidly than purc Me. In other cases, there will be
cither no improvemoent or an adverse cifecet. Even in instances where
oxidation resistance has been improved by application of the Wagner-Hauffe
principals, the extent of the improvemcent is often not given quantitatively
by the thcory(lﬁ}_).'l‘hc rceasons for possible failurc az. :oonifold Tn order
tofulfill the Wagner-flauffc conditions, Mt ions must be substituted for Me
ions in the oxide  1F one simnly preparces an alloy Me~Mt, and oxidises i,
there is no guarantece that the oxide which forms will have the desired
structurc, Mt ions may not be soluble in the oxide MeO_ . They might for
example be too lurge to substitule for Me lons. The staX)ility of the two
oxides might be so differcent that one or the other metal could be oxidized
preferentially,  Furthermore, it is conceivable that a homogeneous alloy
Me~Mt will not form in the first phase,

A particular reason for possible failure of the Wagner~Hauffe
theory in high temperature systems is that the intrinsic defect
concentration of the oxide may already be so high that the addition of a
small concentration of ions of different valency will make very little
difference,

1.3 Wagner~Hauffe Mechanism - Derivation of Equations

If the principal diffusing specics in a growing oxide film of
MeOy is an ion defect IX%, then the addition of a cation Mt™ to the oxide
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should change the oxidation rate approximately as follows., The bulk of
the oxide must be electrically neutral, thus

cle® =m1c (1) o - v} c Mt™) (10)

where C(e:F) is the concentration of free electrons or positive holes in
the oxide, and v is the valcnce of Me™ ions in the oxide. If equilibrium
is established at the oxide/metal and ox1de/gas ghase boundaries, then
throughout the oxide, the product e :F)] C (IX3 is a constant Kat a
given oxygen pressure:

ce™y1 e o) =x 1)

If the subscript o is used to refer to the pure matal Me,

—

K = [Co(e¥)] oerO(Iiz) - [CO(IiZ)] (1 +lzl)('zllZl) (12)

Substituting (10) into (11) affords:

N Z .

L) + (0 - vyt n'"e (19 =k (13)
Equating(12) and (13), provides an expression that defines C(IiZ in

1z
C (I
terms of measurable paramezters °
17 (i z1) tz
[‘lzlc(l ) 4 (- V)C(ML ct’ )] ci) =0
C (%) C () J c ()

The ratio of, the ion defects in the alloy oxide and in the purc oxide,

C(H?2)/C (17%) is equal to the ratioc of the parabolic rate constants for
oxidation of alloy and pure metal, k/ko. Therefore, from (14)

k - Z

o]

1 +(1/ 12) I 1/ 12
(L\( 7')-1$ (w = v) [CMt )(11% (/1) (15)

C (19

where the negative sign is associated with I+z( z > 0) and the positive
sign with I"%(z < 0),
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Equation (15) can be solved approximately for the ratio
(k /ko) under given experimental conditions. In general, the
concentration of added ions C(Mt ™) will be very large compared to
the equilibrium defect concentration in the pure oxide Co(Iiﬁ, i.e.

+w
E@A&T)_ > 1 (16)
co(l—“)

Two cases will be considercd: (1) the addition of ions of lower valence
{w < v) to oxides with cation interstitials or anion vacancies (z >0) or
the addition of ions of higher valency (» > v) to oxides with cation
vacancies or anion interstitials {(z < 0) and (2) the addition of ions of
higher valency (w > v) to oxides with cation interstitials or anion
vacancies (z > 0) or the addition of ions of lower valency (w < v) to
oxides with cation vacancies or anion interstitials {z < 0),

Case(1): (w =v)< Oandz~>0or(w -~=vj>Uandz< 0

For case (1), equation(l5) becomes:

(%..)(l +(l/lzm= : +('&0 - vl\/C(Mt}w)) (k ( 1//‘?“)

; = (17)
ter o 1™ ) VK,
Making use of the inequality in(16) generates

+w

k = (lw - VI)C(MT. )
. : 18)
ko 121 CO(IiZ) (

Physically, then the addition of cations of lower valency than the lattice
cations to n~type oxides or the addition of cations of higher valency to
p~type oxides will result in an increasc in the rate of oxidation. The
ratio of the parabolic rate constant for the alloy to the parabolic rate
constant for the pure base metal will be proportional to the ratio of the
concentration of additive cations in the oxide to the equilibrium defect
concentration in the pure oxide,

Case (2): (w - v)>0andz »0or{w -~ v)< 0Dandz< 0

For case (2), equation (15) becomes:

1+ 1/ 1z) +w 1/ ya1)
X lo = v\ C(Mt )(k \
=1 - 19
(Eo (7 )CO(IfZ> ko 1 4
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)(1 +Q7 yal)

o s k
Dividing by (-k——- » (11) can be rewritten in the form:
° (1+07 1 20)

) S () ()

Again using the inequality {8), the ratio k/ko becomes

K z( 1z 12! )Co(liz) ! (21)
k0 (lv - vi) 1 C(Mt-m)

Case (2) is then characterized by k < ky; i.e. case (2) alloy additions
result in a decreased oxidation rate, The magnitude of the decrease is
given by (14) and again depends on the ratio of added metal ions to the
equilibrium defect conccntration in the pure oxide, If C(Mt+w) cannot

be made very much larger than Co(Ii ), then very little change in
oxidation rate can be anticipated,

1.4 Wagner-Hauffe Mechanism Applied to HfB,

If the Wagner theory applies to the oxidation of HfB
under conditions where I—TEOZ is the only condensed oxide formed, and if
the growing oxide film is anion d(.flclgnt, }éen the addition of ions with
valence greater than +4, such as Ta , should improve the oxidation
resmtance, thlle addition of ions w1th valence less than +4, such as
A1T3 or Bet4, should have a deleterions effect, If the experimental
results fail to confirm the theoretical conclusions, several reasons might
be sought, As discussed above, the intrinsic defect concentration in the
oxide could be so high as to be influenced only negligibly by addition of
foreign cations. Furthcrmore, the growing Hf0,(c) {ilm might not be
anion deficit, On the basis of recent work on thc, conductwu,y of Zr0;,(c)

(13, 19)itmight be surmized that the conduction mechanism is a great deul
more complicataed,

2. Preferential Formation of the Oxide of the Alloying Klement

If the free cnergy of formation of the oxide of the alloying
element is very much smaller (more negative) than the free energy of
formation of the oxide of the basis metal, then it is possible that the oxide
of the alloying element will form exclusively, If in addition, the defect
concentration of the alloying clement oxide is less than that of the basis

metal oxide, the alloy may oxidize to a smaller extent than thc pure basis
mectal,

Here it is difficult to predict the results that might be

expected in any given case, because kinetic factors may override thermo-
dynamic stability, and because defect concentrations are largely unknown,
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Furthermore, even if the oxide of the alloying element is formead
preferentially, it will be saturated with ions of the basis metal and the
defect structure might be very different from that of the pure oxide in
aquilibrium with a pure metal. In addition, the alloy oxide might be
mechanically incompatible with the substrate,

To apply the above considerations to improving the oxidation
resistance of HfB,, it is necessary to find an oxide with a lower free
energy of formation than Hf0,(c) in the temperature range of interest.

Tt c i . : " — 180
Hafnium dioxide is a highly stable oxide with AFf’ Hf0,, 20000K 180,1

keal/mole of 0,. Oxides with greater stability are ThO, with AF £, ThO,,

2000°K = =203, 2 kcal/mole of 02, Y. 0. with AF

2°3 £, Y03, 2000°K " -206.6

2 1 ..'. = .-
kcal/mole of 0,, and La,0, with AFf' La,05, 20000K = 191, 3 kecal/mole

of 02. The question of the defect concentraticn in the oxide which

actually forms must defer to experiment.

The elements Y and La, on the basis of the Wagner theory,
would increase the rate of oxidation of HfB,. However, on the basis of
thermodynamic stabilities, a decrease in oxidation rate becomes possible.
This should have no effect on the rate of oxidation of HfB,, if the Wagner
mechanism is valid for the system, but might be beneficial if a
continuous coherent layer of ThO, should form,

3, Formation of a Ternary Oxide

The oxidation ot an alloy may produce two single phase
oxides, or a ternary oxide which confers greater oxidation resistance
than the oxiue of either the basis metal or the alloying element. This
principal is difficult to apply to the protcction of HfB,, since virtually no
information is available on mixcd oxides of hafnium. A Ca0,Hf0, phase
melting at about 2470°C has been reported (20) and might form on oxidation
of HfB7 with calcium additions, A hafnium silicate analogous to zircon
might be formed from a HfB,«Si alloy.

4, Stabilization of a More Protective Oxide

Frequently an alloying element may serve to improve the
plasticity of an oxide film so that any stresces created by a mismatceh
between the oxide and alloy lattice may be more easily accommeodated,
the oxidation of HfB,, a large inerease in oxidation rate occurs at the
monoclinic to tetragonal transition temperature of Hf0,. It seems unlikely

that any alloying element will serve to stabilize the monoclinic oxide at
higher temperatures,

In

104



5, Formation of a Metal or Internal Oxide Barrier

In the oxidation of molybdenum silicides, the preferential
oxidation of silicon eventually results in the formation of a terminal
solid solution of silicon in molybdenum at the alloy=-oxidc interface. The
low silicon activity in this region contributes to the oxidation resistance
of the silicides. A comparable mechanism does not apply to the
oxidation of I—HBZ.

Rapp (21),by careful temperature~time programming was
able to deposit a very narrow protective band of In,0.(c) at a pre~
determined depth in Ag~In alloys. Since oxygen dissbdlves in silver, and
silver oxide is unstable, Ag=In alloys undergo internal oxidation. Again,
this method of protection is not obviously applicable to HfB,.

D. Thermodynamics of Oxidation

1. The Influence of 3293 Volatility on Diboride Oxidation

The appreciable volatility of B,0, in the tempcrature range of
the present oxidation experiments has been discussed previously (1), On
the assumptions (1) that the metal diborides MeDB., oxidize non-prefer=
entialiy and parabolically to solid Me0,(c) and liguid BZO (1), and (2) that
BZOS(D vaporizes lincarly at 0,01 the equilibrium rate of vaporization into
vacium, G, as long as liquid is present; we werc able to define an experi-
mental time t after which boron oxide would vaporize as rapidly as it
formed. The%ime t was given by the equation:

k

t, = 0.1894 x 104 L_JgP- (22)

Wec showed in a previous report, that for HfB, above 1488°K,
essentially no condensed phasc boron oxide should be present after about
the first five minutcs of oxidation. In the current program, measurements
were made on HfB, at a temperature of 1330°K where rate constants of
1.32 x 10”7 g2/cin*-min for HfB, |, and 1.31 x 108 for HfB, , were obtained.
For the boron rich material, we Wouad have :

4

-7 .. .
. 0.1894 x 10 }ii._.231 x 10 = 3700 min (23)

(2.6 x 10 7)

t
o

For the metal rich material A = 370 min. Hence, at the luowest temperature
for the hour long experimental runs described here, the rate of formation

of liquid B,0,(1) should be much greater than the rate of loss B,0 {(g).

That is, csséntially all of the boron oxide formed will remain in the

surface, For ZrBZ, the situation would of course be similar,
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2. Calculation of the Pressure of 5293 at the Oxide/Boride Interface

In the final report (l_), the problem of whether the meotal
oxide Me0_{c) would be thermodynamically stable in contact with the
boride Mey_x B, with respect to decomposition to B;04(g) and the metal
was considercd, Results were given for x = 2/3, Here the calculation
is extended to the metal and boron rich side of stoichiometry x = 0. 660

and 0. 674 and the results are compared to those obtained previously. The

results for cach metal ars given in Table 14, The pressure of B203(g)
was e¢aleulated for the equilibrium:

N 2y oML Y g n
MpOY {c) + 7= B(aB) % Bous(g) + NIe(a.Me) (24)

where a) and arc the activities of boron and metal respectively in
the boride Meq ¢ PBx. The standard frec cnergy of reaction (14) may be

written in terms of the froe energy of formation of the oxides:

o - 7 AT
AF (14) ~ ?AFf,I’)Z()?’(g) AII,McOY(c) (25)

C D ,0, and the activities of metal and boron:

1 v/3
Mo P205(g)
~O = P < 3
AFP1gy = -RT In I (206)
B
From (25 and (26), one can calculite the pressure of BZO.,(g) in
cquilibrium with M¢O_(¢) and Me, B (c): 7
y lex "'x
. AF , AT
. 3 n [,13205(p) 3 £, McOy{c)
In 1)13.,0,,; =2 1n a, 3 In g o= _R.T—J_E_ + 5 e

(27)

Activitics of boron rllild metal were caleculated from the formulas given
in the final report;'e free encrgics of formation were taken from the

JANAT Tables and the AVCO Tables.
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If the calculated log pp,q, # 0, then a coherent metal oxide
film is not thermodynamically stable on the surface of the metal
diboride. The film would be ruptured by evolution of B 03(g). If this
mechanism is a significant cause of material failure during oxidation,
then it would be advantageous to remain on the metal-rich side of the
range of homogeneity of the diboride, For the stoichiometric compounds,
the equilibrium pressure of 1':’:203 at the boride/oxide interface exceeds an
atmosphere at 2000°K for Ti05 én TiB,, Nb0, on NbB,, and Ta0g on
TaB,, at 1500°K for NbO, on &lez and for Ta205 on TaB,, and at 10000K
for Nb0, on NbB, and Ta.205 on TaB,, On the metal-rich side of
stoichiometry, tﬁe vapor pressure ozi B304 remains below an atmosphere
for all of the diborides., Thus, the relative order of oxidation
resistance based on B,0, pressure is HfB, (best) followed by ZrB,, TiB,,
TaB2 and NbB} for stoic"fliometric diborides, In addition, metal rich
diborides are more resistant to oxidation than boron rich diborides. Thesc
conclusions are similar to those reached in Section IX based on "boron
activity gradient" computations,

Table 14 indicates that for zirconium diboride the equilibrium
pressure of BZOA(g) calculated from Eq. (1) at 2000°K is about 10=14 atm
over ZrB1 94’ 0-% atm over steichiometric ZrB,, and almost 10 atm
over ZrB,* g: This means that a protective film of Zr0, formed on a
metal ric%‘QrB should be stable over any pressures encOuntered in
practice. Stoiczhiometric ZrB., might exhibit low pressurc oxidative failure
at 20007K at ambicnt pressures necar 0,1 tory, Boron rich ZrB., might
not exhibit protective oxidation at all at 2000 7K, eyen at oxygen pressures
of an atmosphere, For hafnium diborides at 20007K, the calculated
pressures of B, 0, (g) in equilibrium with Hf0,(c) and HfB, + xare
respectively lO; ) atm for HfBl 40 10-5 athh for HfB , and 10-1 atm for
HﬂE’:2 08* Thus, at ambient preégures of the order of U.1 atm, a protecctive
laye?t o8 Hf0,(c) might fail to form on the surfacc of a boron rich hafnium
diboride, while in equilibrium with a metal rich Hflsz, the dioxide should be
perfcctly stable.

One therefore predicts on thermodynainic grounds that, other things
heing equal, the range of temperature and pressure over which HfB, and
ZrB, can be used in an oxidative environment should be grealcr on €'he
metal rich side of Lthe region of homogencity than on the boron rich side,
Factors that might override the thermodynamic conclusions are (1) an effect
of stoichiometry on the adherence between oxide and substrate, and (2)
failure to achieve the equilibrium described by Eq, (1) at the interface,
cither for kinetic reasons or because the oxide formed in immediate contact with
the alloy is not the dioxide, but the monoxide or a ternary Me-R~-0 mixture,

Thus from a thermodynamic point of view, the minimum rate of
oxidation of refractory diborides at low pressures and temperatures above
20007K should be achieved on the metal rich side of the single phase diboride
region. On the basis of the experimental results of Section B, and the
earlier results of this study (1), the metal rich diborides arc superior in
oxidation resistance at pregsures of an atmospherc and temperatures up to
20007K, Since no unexpected adverse effects are introduced on the metal
rich side of the homogeneity range, it should be advantageous for most
practical applications to use metal rich material,
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TABLE 14

PRESSURES OF B203(g) IN EQUILIBRIUM WITH Meoy(c) AND Mel_ B

T = 2000°K

x Ti Zr HE Nb Ta
0. 660 -7.20 -14,29 -15.0 ~ 0,10 - 3.12
0.666 1.15 - 4,23 - 5,16 T.25 + 4,58
0,674 +5,3 0.96 - 0.13 10.58 g
T = 1500°K
0. 660 -15.11 % % - 6,14 - 6.50
0.666 - 1,00 -~ 8.28 - 8.58 7.81 3.64
0 . 6 74 £ e ¢ N e
T = 1000°K
0,660 % % % -17.2 ~18.0
0,666 - 1.99 ~17.25 -18.9 6.11 1.28
0.674 % £ "

* Outside of the single phase diboride region
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E, Conclusions

The following conclusions can be drawn from these results:

(2)

(b)

(c)

(d)

(e)

(£)

In the lower temperature range where B 03(1) is present, the
effect of varying the stoichiometry of Hf% “from metal rich to
boron rich and the comparison of the magnitude of k__ for HfB

vs, ZrB, are masked by the oxidation resistance enBEBncement
conferred by the protective layer of B,0,(1), The apparent
decreased oxidation resistance of ZrB., dt temperatures above the
monoclinic to tetragonal transition in ZrO, is also masked by the
rapidly decreasing oxidation resistance of B,0,(l) {as a

consequence of its own vaporization) in the sanie temperature
range.

Measurements of the effect of oxygen pressure on zone melted
specimens of ZrB, and HfB, performed earlier (12) and in the
present study (seé Table 12f indicate that the k__ for HfB, varies
directly as the square root of the oxygen partialippressure
between 0.4 and 700 torr at about 1700°K. These results and
the calculations presented above do not indicate catastrophic low
pressure failure for HfB,, The k__ for ZrB, was found {12) to
vary directly with oxygen partial SPessure at about 13000%—and
to be independent of oxygen partial pressure at about 1800 K.
Consequcently, the cxperiments and above calculations do not
indicate catastrophic low pressure failure of ZrB,.

The addition of water vapor to the oxidizing gas enhances the rate
of oxidation at low temperatures where liquid B, 0, would normally
be present. This effect is probably due to incrcased vaporization
of B. O3 which would protect the diboride., At higher temperatures
addifions of water vapor appear to have no effect,

The gxidation of ZrB, is gas diffusion limited at temperatures near
21007 K at an oxygcei partial pressure of 37 torr and a gas flow rate
of about 100 cm3/min (linear velocity of 3 em/sec.), Hafnium
diboride does not exhibit gas diffusion limited oxidation at 2200°K
and flow rates of about 100 cm3/min, Doubling the flow rate at

2100"K did not result in higher values of k__ at 40 torr oxygen
pregsure. PP

Oxidation studies on HfB, at 1760°K for six hours indicates that the
rate remains parabolic over this time period,

The mechanism of oxidation of HfB., changes at about 1950°K. This
change is probably caused by the p}‘z.ase change in HfO, which takes
place at this temperature. The oxide which forms below this
temperature appears non-colymnar while the high temperature
oxide appears columnar., The rate constant increases more

rapidly with increasing temperature above 2000 K than at low
temperatures.
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{g) Studies of the effect of stoichiometry on the oxidation resistance
of HfB, and ZrB2 indicate that metal rich samples exhibit
superibr oxidatidn properties at temperatures up to 2000°K,

{h) Silicon additions have been found to confer added oxidation re=

sistance below 1600°K, However, at higher temperatures
this advantage is lost,

{i} Hafnium diboride is more oxidation resistant than ZrB, at
o 2
temperatures up to 2200 K,

(3) Metal rich HfB, appears superior to Boride Z over the
temperaturc range investigated.

(k) The total depth of diboride conversion computed from the
measurcd rate constants is in reasonable agreement with
that observed metallographically, indicating that the reaction
is probably stoichiometric.

Reference to Figures 30, 31, 47 and 48 as well as to Table 13 indicate
that the best results chtained thus far correspond tc a conversion depth of about
20 mils in one hour at 2200°K. If the diborides are to be seriously considered
in this temperature range, one hour conversion depths of 1-10 mils must be
achieved., This would require depression of the present k__ values by a factor
of 5 to 500, The silicon additions at low temperatures havd produced a
depression in k. of about 50 times., Consequently our future efforts will be

directed towaré’spvarying the silicon levels in order to retain this advantage
to higher temperatures,

Additions of Y and Ta have been previously considered as a means
of slowing oxygen diffusion through the oxides. However, recent studies at
General Telephone (2, 3) have shown that additions of Y to hafnium and
zirconium actuslly increase the oxidation rate, These studies indicate that
the diffusion of oxygen through Al,O, proceeds more slowly than the diffusion
through ZrO, or HfO,. During thé¢ next phasc of this study Al additions to the
diborides will be investigated,

The preliminary results obtained with vapor deposited Zrk ars
s : . . .. 1,85
quite interesting and will be pursued during the next phase of our study,
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VII. PHYSICAL PROPERTIES™

A, Introduction

In accordance with the principal objectives of the present
program, physical and mechanical property data are of interest for all the
diborides up tc 1000 °C and for ZrB., and HEBZ up to 1500 °C and possibly to
higher temperatures where fea51b1e. The prévious report (1) contains
lmear thermal expansion data (Z:) -1000 C), X-ra.y therma.l expansion data
(800 -1500 C), electrical resistivity data (25 ©.1050 C), and hot hardness
data (25 ~1050 C), these results were obtained on the then available well
characterized specimens. The present report contains new ex%ernnenta.l
results or the electrical re51st1v1ty of polycrystalline ZrB, (25°-1400°C)
and polycrystalline H(B (25°=1500°C). In addition, thernial conductivity
and emissivity recgults thalned on polycrystalline materials prepared and
characterized in this program are presented; thwof’ mecasurements were
performed in the temperaturc range from 1173° to 2242°K for dense
specimons of T1B2, ZrBz, HEBZ, and N‘DB2

B. Thermal Conductiv ity**

One of the problems associated with measuring high temperature
thermal conductivity is that it is difficult to obtain specimens which do not
crack and break apart during thc thermal trecatment associated with the
experimental procedure, During this phase of the investigation densec,
homogcnous materials were fabricated; these materials provided test
specimens which remained intact throughout the experimental procedure,

The experimental procedure described below provides data from
which the thermal conductivity can be calculated. In practice this technique
requires an independent measurce of the total emissivity of the sample
material. In this investigation, the latter was obtained [rom the experi-
mentally determined time-temperature cooling data and the high temperaturc
heat capacity data prescented in the previous compilation (1).

1, Experimental Procedure

Short, cylindrical specimens of the diborides were induction
heated in a vacuum furnace. The cquipment was opcerated so as to confine
the heating to the cylindrical surface of the specimen,

During steady state conditions, asswning that the cylindrical
surface is isothermal, hcat flows radially inward by conduction and then
radiates away from the ends of the specimen, By setting the conductive heat
flow cqual to the radiative heat loss, Hoch, et, al,(23) developed Eg, (1) which
relates the thermal conductivity, K, and -

€ 0"1‘0401 L
K= 57 LR T2k, asT (1)

“E. V. Clougherty and R, L., Pober, ManLabs, Inc,, Cambridge, Mass.

*#**Taken in part from a report submitted by M, Hoch, University of Cincinnati
and presented at a recent symposium (22).
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¢, the total emissivity; 0, the Stefan~Boltzman radiation constant; T _, the
iemperature (°K) at the center of the end surface; @, the radius (cm) of the
specimen at the end surface; L, half the height {cm) of the specimen; & T,

the temperature difference {OK) between the center and the edge of the end
surface; and K_and K', constants defined by the length to diameter ratio

of the specimen, Temperatures were measured with an optical pyrometer

and dimensions were measured by conventional methods. Total emissivity
was determined by another experimental technique in which the specimen

was heated in vacuum to the maximum desired temperature and then: allowed to
cool by radiation. During cooling, the time-temperature relationship was
automatically recorded. By equating the radiative heat loss to the enthalpy
change of the specimen and solving for total emissivity, ¢, Hoch and
Narasimhamurty (24) derived Eq. (2) which relates the differential cooling term,

d(T-S); Cp» the specific heat (cal/gram °K) at T°K,
dt

Cp T3 304 @)
€ “at T m

¢, the total emissivity; t, time (sec.); A, area (cmz) of the specimen; and m,
thc mass (gram) of the sample. Thc area and mass of the specimen were
measured by conventional methods, Temperature and time were obtained

from the cooling data, Specific heat was obtained from previously reported
results (1).

2. Characterization of Specimens

All the thermal conductivity measurements reported herein
were performed on polycrystalline specimens fabricated by high pressure
hot pressing, The available singlc crystal material {NLB.,, ZrB,, and HfBZ)
did not remain intact during the measurement. ‘'Che characterization data
provided for the specimens in Table 15 and Figures 61 through 64 include:

(1) The pycnometric density measured on the fabricatcd bars and percentage
of the powder density obtained directly from the measured powder densities
of HfBZ(Z) and Z2rB,(1) as given in Section III and TiB, as measured in
anothe?f study (7) and Nsz as estimated from Figure 64, (2) The metallo~
grapliic analyses before and after thermal conductivity measurement,

The former were obtained on samples of the same bar from which the test
specimens were prepared; the latter were obtained directly from the test
specimens, The percentage porosity and the amount of the second phase
were determined by point counting techniques for TiB;, ZrB,, and HfB, and
by visual estimation for NbB,. The fine grain structure of the NbB,
specimen and the extremely %ine porosity significantly reduce the accuracy
of the point counting techniques, The grain size data were obtained by

lineul analysis. (3) The chemical analyses tabulated under "before” were
obtainedon the starting powders; the detailed results are presented in
Section III and in a previous report (1). The analyses tabulated under "after"
were obtained on the test specimens, Additional analytical results comparing
as received powders and fabricated bars are presented in the Appendix,
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TABLE 15

CHARACTERIZATION* OF THERMAL CONDUCTIVITY SPECIMENS

Material

Characterization No.

Geometric

Mass (gram)
Radius {cm)
Height (cm)
Area (cmz)

Densitometry

Density (g/cc.)
% Powder Density

Metallographic

% Porosity
o Sccecound Phase

Grain Size ()

Figure No,

TiB

3> _Z.rBZ HfB2 NbB2
75 7 28 5
0,5G10 0,5552 1.1094 0.5735
0, 4521 0.4480 0.4276 0.4360
0.1905 0.1480 0.1852 0,158
1.8245 1,7098 1.6456 1,6359
4,30 5,92 10.4 6.47
95 99 100 (99)
Beforce After Before After Before After Before After
5.5 5.4 0.5 0.5 0.5 (1) (1)
none none 2 2 7 10 (9) (9N
13 19 6 15 25 50 fine fing
61 62 63 64
31.0 30. 6 18,1 17.5 11,2 - 18,6 18,1
68.7 67.5 80.7 79.9 87.3 86.7 80,7 81.5
1,98 2,00 1.89 1,84 2.12 - 1.98 1.90

%*Qualitative spectroscopic analyses for metallic impurities of all materials after
completion of the measurements showed no significant contamination.
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Etched X500
Etchant: Modified Aqua Regia
High Pressure Hot Pressed, R-75
Fabricated from U.S. Borax TiBz(l).
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Figure 61 - Titanium Diboride Thermal Conductivity Material,
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Etchant: Modificd Aqgua Regia
High Pressure Hot Pressed, R-28
Fabricatcd from Wah Chang HfBZ(Z).
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Figure 63 - Hafnium Diboride Thermal Conductivity Material,
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Inspection of the specimens after completion of the measure-
ments revealed crack~free surfaces on the TiB, and the HiBj; small

circumferential cracks were observed on the surface of the ZrBj near the
outer edges; and radial cracks were observedon the face of the NbB,.

3. Results

The measured quantities were converted to total emissivity
and thermal conductivity; the results are expressed as a linear function of
temperature in Table 16. The slopes and intercepts were determined by the
method of least squares; the report limits are probable errors,

TABLE 16

THERMAL CONDUCTIVITY%* AND TOTAL EMISSIVITY*
OF POLYCRYSTALLINE TiB., ZtB

55 ,» HiB,, AND NbB,
Material TempRange Thermal Conductivity Total Emissivity Rangel
(VK (cal/sec.cm,CK)
TiB, 1268-1886 ((8.34 + 0.77) 107°T 0.461-0.495
ZrB, 1173-1905 (-1.15 + 0.11) 10";
+( 8.24 ¥ 0,53) 10" T 0.533-0,588
HIB, 1375-1896 (=2.32 + 0,07) 10_5
+( 7.73 ¥ 0.38) 107°T 0.328-0.349
NbB, 1263-2242 ( 1.51 + 0,08) 1072
+( 2,00 ¥ 0.33)107°T 0.179-0.226

. Raw data uncorrected for pox Uaxty aud/ or sceond pham,.

1 Emissivity range increascs lincarly from the lower temperature to the higher,

A caunparison of the present results with data available in
the literature must take into account the variation of thermal conductivity
with the physical state of aggregation of the matrix material and the prescence
of cxtrancous phases, The thermal conductivity decreases approximately
linearly with porosity as long as the solid phase is continuous., Thus, for a
first approximation, data can be corrected for porosily by assuming that heat
transfer by radiation across pore volumes is negligible compared to heat
transfer through the solid matrix by conduction. The correction for the
amount and the distribution of the second phase material is a morc difficult
task but since heat transfer will proceed by conduction across the second
phase, this correction is sccond order and can be neglected, The cffect of
grain size has not been thoroughly investigated for ceramic type materials;
virtually no data of this type are available for the diborides,

118



The thermal conductivity of TiB,, ZrB 2 and HfB, was
measured at elevated temperatures at Southern Research Institute (%5)
The measurements were made with an absolute radial heat flow device;
the specimens werc heated in carbon tube furnace., Some characterization
data are presented for typical sample material; examination after measure-
ments showed numerous cracks in all specimens. Additional data for T1r32
were reported by Mandorf (26) in the range 800 ©.1400°C. Other results
have been reported (27 28) “at much lower temperatures. The results of

the present investigation are shown graphically in Figure 65 along with
the above high temperature data,

In order to discuss the significance of the combined
results in Figure 65 it is important to note that hlgher purity starting
materials were used in the prasent investipat’~» than in either of the above
studies and that the specimens were essentially unchanged physically and
chemically after completion of the measurements, Accordingly the data
reported herein as measured by Professor Hoch at the University of

Cincinnati are considercd represcentative of the pure dense diborides.
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Thermal Conductivity (cal/em °C sec)

%
Material  Porosity

TiBZ 5
(TiBZ) 5

{ TiB, ] 3.7

ZrBz <0.5

(ZrBz) >10

HfB2 <0.5
(HfBz) 2
NbB2 1

Second pf ZSOC]

Phase ({uQcm) Reference
0 12 Table 15
- 1z 25
- - 26
2 10 Table 15
- 30 25

7-10 9 Table 15
- 15 25
9 PAY Table 15

0.16 — —
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- —

0.12 p~— -
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figure 65. Variation of Thermal Condu

Diborides with T

£mperature,
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C. Electrical Resistivity

The primary purpose of the present investigation was to obtain
rellable data on the variation of the resistivity of HfB, and ZrB, up to
1500°C. The previous report (1) contains a discussion of the technique
for measuring resistivity as a function of temperature for brittle, metallic
alloys and compounds, The variation of the room temperature resistivity
of all the diborides of interest with porosity and the variation of the
resistivity of TiBZ, ZrBZ, and HfB2 with temperature to 1050°C were
mecasured and Toplalo Be i Lhis investigation the re91st1v1ty measurements
were extended to 1400°C for ZrB, and to 1500°C for HfB The
experimental procedure is very similar to that prevmusly used except
that (1) the housing material in the specimen holder was changed from
boron nitride to tantalum and (2) alumina discs werc cmployed to insulate
the leads from the metallic housing, In the course of the development of
the techmques which lead to the extension of the upper temperature limit
to 1500°C, several sets of measurements were performed on specimens of
ZrB, and HfB with different characteristics. These data combined with
re.,u?l;.s in the %1terature provide a reasonably complete description of the
variation of the resistivity of ZrB, and HfB, and to a lesser extent of
TiBZ with temperature and physical structufe,

1. Experimental Procedures

The development of a technique suitable for measuring the
resistivity of brittle intermetallic compounds with electrical properties
similar to metals was presented in the first technical report (l) In this
investigation the components of the measureing apparatus were changed to
provide higher temperature capability, In particular, the boron nitride
housing (see Figure 51 in Reference 1) which supports the specimen was
replaced by a tantalum housing and alumina discs were used to insulate
the specimen from the housing., The sample was heated in a platinum tube
furnace in a gas tight alumina tube under & positive pressurc of dry argon.
Contact resistance commenced in the vicinity of 15007C and prohibited
measurements at higher temperatures,

2. Sample Characterization

The available characterization data pertaining to specimens
for which the resistivity has been measured at elevated temperatures is
summarized in Table 17 along with the mcecasured temperature coefficients
of resistivity. The density of cach bar was measurcd and percentage porosity
was calculated from the known powder density, Since it was known that the
fabricating conditions do not introduce significant contamination (see Section IV
and VI, and the Appendix) only selected samples were examined metallo~
graphically (Figurcs 66 and 67) and a limited number of chemical and
spectroscopic analyses were obtained, The room temperature resistivity is
a sensitive measure of porosity of a specimen which is known to be
principally single phase material,
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Etched X500
Etchant: Modified Aqua Regia
High Pressure Hot Pressed

Fabricated from ZrB,(1), B/Zr = 1.89
Run 3}, d=6.01 g/cc., pl259C] =7.9u8 cm

Figure 66. Zirconium Diboride Resistivity Specimen
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Etched
Etchant: Modified Aqua Regia

High Pressure Hot Pressed
Fabricated {from HfB,(2A), B/H! = 1,88
Run 47, d = 10,70 g/cc., p[25°C] = 10.3 p S cm

Figure 67. Hafnium Diboride Resistivity Specimen
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3. Besults

The resistivity for several different samples of ZrB
and HfB, is shown graphically as a function of temperature in Figures 68
and 69, “The new high temperature results arc shown explicitly, The
ZrB, data in Figure 68 are representative of dense zone refined, dense
polycrystalline and porous polycrystalline specimens. The data for HfB
in Figure 69 are representative of dense and porous polycrystalline
specimens. All measurements indicate that the resistivity is a linear
function of temperature. This type of data is generally expressed by a
linear coefficient of resistivity defined as

2

a:mpl T_mrﬁp (3)

In addition the differential quantity & p/A I’ was also tabulated. The latter
is less sensitive to the physical state of aggregation, i,e.,, porosity, grain
boundary precipitates, cracks, etc.,, and should be more characteristic of
the matrix material, Available data from the literature also indicate linear
behavior; thede linear coefficients are also provided in Table 17. The
combined results for the dense materials i.e., with five per cent or less
porosity, indicate that both & and A p/A T are the same within experimental
error for TiBz, ZrBz, and HfB?.
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VIII. PHASE EQUILIBRIA%

A. Introduction

The original purpose of the phase equilibria irvestigation was to
determine the range of stability of the single phase diboridcs of titaniuwm,
zirconium, hafnium, niobium, and tantalum. Zone refined diborides were
considered as ideal specimen materials because it was anticipated that phase
equilibria data obtained from such high purity material would be truly
representative of the binary system. Satisfactory samples of TiB, and TaB,
could not however be produced by the zone refining technique. Diffusion
couples were prepared with a metal/diboride interface to examine the metal
rich side of stoichiometry for ZrB,; the poor mechanical properties of NbB,
and the non-availability of zirconium-~free hafnium metal prohibited the study
of phase boundaries in the Hf~B and Nb-B systems by this technique. An early
attempt to circumvent the raaterials problem as regards the diboride involved
the preparation of a metal/boron diffusion couple. High purity Ti, Zr
(Hf-free), Nb, and Ta and zone refined B were available and it was anticipated
that this technique would provide additional information about these metal-boron
systems, Unfortunately, the rclatively high vapor pressure of elemental boron
lead to the development of a vapor deposited metal diboridec on the surface of the
metal, The intermediate phases did not form., Quantitative data were obtained
for Zr/ZrB, diffusion couples at 1000° and 1400°C; the metal rich boundaries
at these temiperatures are at a B/Me = 1,99 and 1. 97 respectively. The zone
refining subtask also provided some high purity two phase materiai with B/Me
ratios slightly less than, and slightly greater than, 2.00. Quantitative data in
the boron rich boundary of ZrB,, was obtzined by equilibration of two phase
boron rich ZrB2 at 1730°C; thi§ boundary is at a B/Me = 2,02,

This report contains caleulated phase diagrams for the Hf~B and
the Zr-B systems, These calculated diagrams are based on the thermodynamic
description of the diboride phase(l, 29) and thepreviously doveloped techniques (30)
which have proved satisfactory for the Ti-C, Zr-C, and Ta-C systems. The
limits of the diboride phase calculated herein are based on a more realistic
model than those previously rceported,

Experimental techniques have been employed to define the metal
rich and the boron rich boundaries of ZrB, and HfB, and to provide new data
on the solidities of the metal - "metal rich boride'" and the "metal rich boride''-
metal rich diboride in the Zr-B and Hf-B systems. The materials used for
equilibration experiments included (1) Arc~melted mixtures with B/Me = 1.5
and 6.0, (2) Cold pressed compacts of Me + B with compositions of
B/Me <1.0, (3) Two phase zone refined alloys in the Zz~B system and
(4) High pressure hot pressed specimens fabricated from as-received powder,
ZrBz(l) with Zr added to adjust the B/Me = 1,5,

% K. V. Clougherty, R, L. Pober, and IL., Kaufman, ManLabs, Inc.,
Carmbridge, Mass,
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B. Calculation of Phase Diagrams

Binary Zr -B and Hf - B phase diagrams have been computed using
the thermodynamic description of the diboride phases generated previously {1, 29)
and the techniques previously utilized in computing binary Ti-C, Zr-C, and
Ta-C phase diagrams (30), As in the latter cases, the computations are not
intended as a replacement for experimental observation but rather as a guide
for meaningful experimentation and a vehicle for correlating thermodynamic
information with phase equilibria. The results of the computations are given
in Figures 70 through 73. Details of thc calculation are given below.

1, Computation of Diboride/Ligquid Equilibria

In line with the carbide calculations{30), it is assumed that the
diboride phase melts congruently at stoichiometTry and that the liquid phase
can be afproximated by a regular solution., Thus the free energy of the liguid
phase F~ is approximated by '

L

L_ . L,
F7={1 x)FMe-i xFB

+ ]‘__,x(l-x)+RT[xln.x+(l->c)ln(l-x)] (1

Since the free energy of the diboride phase at stoichiometry is defined as

2 Lo 200 M7 2 g :
F[35,7T] =3 Fpe T TR + AT (5,1l (2)
and the liquid forms of metal and horon are stable at the melting point of the
diboride phasze,

L=4.5(AF“[%,"1"”] +%R’I‘ n 6.175) (3)

2
where T 1 is the welting point and ARV [ 3, T"] iy the free energy of forma-
tion (per gram atom) of the stoichiometric diboride,

2
Values of AF" | 3, T] are given in Table 61 of reference 1 thus
= -51.8k cal/gedtfor Zr-B and -47,0 k cal/g. at. for Hf-B, Thus the frce energy
of the liquid phase can be specified as an explicit function of temperature and
composition {subject to the errors introduced by the regular solution approximation),

The next step is the location of the I./(L +7) boundary, an,in
equilibrium with metal rich diboride at the {L+n)/n boundary (i, e. X'nL)’
Similarly, the boron rich boundary x,i, and the corresponding liquid com-~
position X 1, must be computed, ™ This procedure is performed by equi-
librating partial molar frec energies as follows:

* The symbolism X n, ;L’fl’ xyL and ¥nL, is used(30)merely to distinguish
between metal rich ?withont bars) and boron rich {(with bars) compositions
inn/L equilibrium,
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=l
=

im ~ FMe | 1L (4)

g’“ﬂ
o

and

7L _“ﬂl
B| “Lq * FR[ L (5)

Since the partial molar free energies of Me and B in the liquid phase are
defined by Eq, (1) and the corresponding diboride partials have been defined
ecarlier (}_» Q) Egs. (4) and (5) yield

L 2 o 2..-1 -3 -2
- - - F -3x V%> -
FMe+LXLn+RT In {1 an) FMe bMe++RT In{2 33\“1_‘, 27T T T an)
(6)
and
FY 4 Lii-x. )2+ RT 1 =FC -F, 4+’TInx_ (2-3< ) ' (4]
B " ( *Im n *In "B B+ nL “nL ()
where F and refer to the free energies of metal and boron vacancies

in the di%?‘lde phases. Since all of the quantities in Egs. (6) and {7) are known, (1,29)
with the exception of X1m and x , these phase boundary compositions can be
computed by solving Egs. (6) anHL(T) as o function of temperature, Repeating

the cquilibration on the boruin rich side yields Eqs. (8) and (9)

L 2

o = 1

-- . - -1,.— -
. ’ - =T -k o N 2 -
FMe~I Lan+l{I‘ In (1 an) = Fve " Fumett RT In 2(1 an) (3XT]L 3 " (8)
and
L N =  _ 0 -1 - oy opcl= m1 =3
Fp, + L(l—qu) + RT In Rim © Fo-Tp, +2 RT 1n4(3“nL 2) 27 (an) a
(9)

Eqs. (8)and (9)yield the ’_‘:Ln[T] and x [T] curves shown as functions of

temperature in Figures 70 and 71, b

2. Computation of the Pure Metal/Liquid and Pure Boron/Liquid
Equilibria

In line with the Me-C calculationg, the assumption of no soluhility
of B in Mc¢ or Me in B was made. This restriction is imposed in order to
simplify the calculations and can be lifted if relaxation is required., Equilibrat-
ing the partial molar free energy of Me in the liquid phase with that of pure
Me vields the XL [ T] ana X0 [ T] curves which derive from Eqgs, (10) and(11)




L~>¢ - - . 2 M
AF O {T] = RT 1n (1 xLﬁ) tLoxg (10)
for T > To® _‘-B, and
L~ gp..1 _ _ -
AF, o [T] =RT 1n (1 xLa)+LxLa (11)

for T < To O!”ﬁ.

Similarly, the equilibration vl partial {ree energies of boron in the liquid
phase with pure boron yiclds the x | Tl curve which is calculated directly
{rom Eq, {12), LB

L—S 2

AFB = RT In X R + L(1~XLB) (12}

3. Location of the Diboride/Boron and (Metastable) Diboride/
Metal Eutectics

_ The diboride-boron eutectic is located at the interscction of the
XxLm [T] and XLB_[ T] curves, These interscctions resuit in valucs of

Tg = 2170°K and xi = 0,955 for the Zr-B system and 2200°K and 0,965 in the
Hf{-B case. These results ncglect the possible cxistence of intecrmediate
boride compounds between MeB, und boron, If such phases are stable

(i. e. dodecaborides) at high temperatures, then Ty would be clevated and

;E shifted to higher boron concentrations.

The motal rich cutectics result in sinjlar fashion firom the
intcrsection of the xp, [T] curve with the x [T] curve (Zr-13), 'These
cutcctics arc metastable since the monoborié’cgphase displaces the stable
cutcctics to higher temperatures and lower concentrations,

4, Computation of Monobo ride/Liquid Equilipria

Monoborides of hafnium and zirconium have been reported to
exist as stable phases in the Hi-B ond Zr-B systems. Although virtually
no thermodynamic data for either com}sound is available, the compilation
of phase diagrames presented cavlier (1) suggrsts that both monoborides decomposc
peritectically to liquid and diboride at high temperatures, These '"suggested”
decomposition temperaturestd) are approximately 2700°K for ZrB aud 3200°K
for HEIB.

Schissel and Trulson(_'ﬁ_l_l_)deterrnined the free energy of formation
of TiB at 2340°K to be -17 k cal/g. at., by means of mass spectrometric
vapor pressure studies, Krikorian(32) estimated the enthalpy of formation
of 1IfD to be - 24 k cal/g, at. at 2989K,

% This value was originally reported as an enthalpy of formation assuming
ACL= 0
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i The free energy of formation of the stoichionietric monobozride
phase, 0, can be represented 1) by Eqe. (13) at high temperatures

G _ 0, o . 0 . 0 ,-1, -1 0.2
AF 10,5, T] =AH [0,5, 0 K] +1.5 RT In 050 %% Oye OB 0.5 T

Q (o]
“0.5¢ 0 - 0456 o cal/g. at. (13)
3 (l) AT 0‘ (o} e h : s
Where' ' AH [0.5, 0 K] is the enthalpyof formation of the

stoichiometric monoboride phase at 00K, ¥ VY is tne electronic specific

heat coefficient, a.id ¢ Iv?e and ¢ g are the non-vibrational, temperature-

dependent free energies terms for the pure metals(1) (the latter include

electronic specific heat free energies, free energies of transformation and

fusion, etc.), The second Lerm on the right of Eq. (13) is the high temper-

ature approximation to the Debye frec energy of formation, thus Ope and

OB are the Debye temperatures of pure metal and boron while QMg and O

correspond to the value for the compouents in the monoboride phase. Eq, 13

contains three unknown terms, A HY[ 0,5, ¢°K], OMg, and Gg. Analysis |
of the low femperainge (%K - 3509K) specilic heat of the diborides on the |
basis of the Twou-Debye Temperature method(®) indicated {page 270 ref 1)
that a Lindemann type relation could be written for the Debye temperatures
of TiBp, Z1rBj, HfBj, NbB, and TaB,, Writing a similar relation for the ‘
monoborides yiclds

f=

LAJ|)—-
o=

0 3 = 3
Upgo = 130V (T 9 (M) (14)

where T 0 is the melting point of the Ophase, V is the volume of the Ophase
in em® /g. ot and My, is the atomic weight of the metallic component. In
addition, the Dcehyce temipgratures of the metal and boron components of the 0
phase can be inte rrelated(‘ as follows

0.2 _ g 2
Mc) MMe_ (OB) MB (15)

Thia applicatinn of Kas, (l-%vand (15), reduce the number ol
unknowns to two,AH %[ 0.5, 0°K] and T Y,

If the melting of the rnonoboridc phase is consi_d%red (as a first
approximation) as the temperature at which %y, = 0.5,then T *is defined as
being equal to 3000°K for the Zr~-D case and 3265 for the HI-D case’, Under
these circumstances OMGe and (")ga.re fixcd by Eqs. {14)and (I5) and since

Relaxing this assumption will not result in large differences in this cal-
culated value of AHG[O. 5, 9°K] and the 6 values. For example if the HfBU |
phase is assumed to decompose at 3000°K into liguid (.x]_,11 J.43) and diboride |
phase, then the computed AHO-[ 0.5,0°K] turns out to be -21,5 k cal/g. at,
rather than the present value of -22,8 k cal/g. at,
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FUlo.5, T = FO 0.5, T then AH'[ 0.5, 0°K] is specificd. The results
of this calculation, yielding AFY[T] for the 7Z»B and HfR phases are given
in Table 18.

Equilibrating the metal and boron partial molar free energies
across the liquid plus Ofields yields (30)

L — . 2 _ o _ _ 2,0
Fpro + RT ln(l-xp ) + Ly o= Fyp o =Fpo o+ RT In(1-2x,) /4a”(1 xqp) (15)

L, 2 o}
Fp' +RT Inxp o Ll-x; ) = Fg - Fp + RT Inxg /(1-2x

B+ (16)

O‘L)

where

ZAFU[

0.5, T] = - Fy; T, - 2RTIn 2@ (17)

in Egs, (16) and (17) the free encrgy of metal and boren vacancies,
Fpyes and F 4 and the vacancy parameter, @, refer to the monoboride phasc
and are not presently known, Conscquently both x1, gand x which are specified

by Egs. (16) and {17) camnot be computed. However if Eqs, (16) and (17) are
added, the sum,

- - A o _ L
RT In sy glloxg g + L (-2x o+ 2 % ) = 2arfo.5,T) HEC - Fp o)

o -FX 4 RT Inx -1

{1-x (18)

J1, (TL)

£q,.(18) exhibits two unknowns, X7, O-ancﬁl XL~ Howaover, if the solubility of
metal in the monoboride is neglected as a first approximation, then

xgp, ® (1-x .fTL) and Eq, (18) can be solved for X1, 0—{ T]. The results are
shown in Figurcs 70 and 72,

5. Location of the Monoboride/Mctal Eutectics

Intersection of the xLp [ T] and x 0-[’1‘] curves at xp and T
defines the monoboride - metal eutectu.s. f;‘(,be invariant temperatures
are computed to be 1710°K in the Zr-B system and 1880°K in the Hf-B
System Relaxation of the idealizations involved in the calculations of the

[ T] (no solubility of boron in Me) and x XL, 0—[ Tl (x oL * (1-xg) ). curves
would both tend to raise the calculated value of Tp.

6. Localion of the Congruently Vaporizing Composition within
Diboride Phase Field

The composition at which congruent vaporization occurs (1), X
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TABLE 18

SUMMARY OF COMPUTED THERMODYNAMIC PROPERTIES OF
HfB® AND ZrB

=0 . . o a 0 4 Y 0 . O
) < 5 ) / ’'q
T [ou.a] 3v Mo OMe o5 (()B A1l 0,5, 0°K]
g cm”/g.at K K K K k cal/g. at
ZrBG 3000 7.57 320 260 930 1270 -20.1
e 3265 7.43 285 200 1155 1270 -22. 8
0. )
AT 0.5, T] k cal/g.at.

Z1rB HIB
T K
1400 -20,0 -21.5
1600 -19.9 21,2
1800 -19,8 -20.9
2000 -19.7 -20,6
2200 -19,4 -20.3
2400 -18.9 -19.9
2600 -16,3 ~19.1
2800 -17.7 ~-18.2
3000 -17.1 -17.4
3200 -16.5 -16,4

Note: The electronic specific heat coefficients of the monoborides are
assuimed (o be less than 1 x 10-4 cal/g.at.oK_ as in the case of
the diborides and ZrC(d), Consequently, the correspg_ndi‘ng con-
tribution to the f{ree energy of formation (i.e., -0.57 ¥V T* in Eq, 13)
is neglected.
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is defined by Eq. (19).

-1 o o,- n -1
-3 2 _ - on
3 1n(2-3x) = 0.51a My M.+ Inpl, () '+ 3me)) ot 0 (o)
(59,000+4, 5aH" 0°K] -6 3 +6 3, 157" T?)
_ (19)

Applying this expression to the 7ZrBp and HfB, cases yields xc[ T] curves which
cross the xuy, [ 1] curve at 2800°K for the ZrB; case and at 2400°K in the HfB;
case. Unfortunately, these computations do not provide a clear definition of
the temperature at which x_ lcaves the single phase 1 field, The reason for

the present lack of definition is that », 1, [ T] is a metastable boundary, The
pertinent equilibrium boundar TtT_l caunnot be calculated at present and
will lie to ithe right of x L Ti, cur ve suggesting exiling of x. from the single
phase field at lower tcmperatureb liowever, the comparison of observed and
compnted values of % at 2400°K for ZrB;, and HIB, indicated that the com-
puted values were lower than those observed (1, 92°vs 1.97 for ZrB2 and 1,89
vs 1.96 for HfBp). This factor would counteract the effect of the x gy displace-
ment and raise the exit temperature.®

C. Experimental

Nurncrous experimental difficultics have hamperced the phase
boundary program from its inception. HMHowever, the results of the
scveral different types of experiments completed in the present
investigation of the Zr-B and the Hf-B systems combined with the
calculated phasc equilibria and the previously described (1)diffusion
couple data fur the Zr=-B system provide sufficient information to re-
define certain aspects of the previously reported (1) phase diagrams for
these systems,

In order to provide adequate background information, the
principal features of different types of cxperiments are reviewed and ihe
advantages and limitations of each as applicd to the systems of intcrest are
stated.

1, Diffusion Couples

The previous report contains a complete description of
the experimental techniques, The diffusion couple materials were high
purosny Zr metal and zone refined ZrB’. The experiments were carried
cut inside a molybdenum sample holder in the carbon tube furnace with an
argon atmosphere. The initial temperatures for equilibration were selected

" The computed valucs for ZrD; arc in goud agreement with the results
indicated in Table 8 and with a value of B/Me = 1,93 + 0,02 obtained by
G.M. Kibler, T.F. Lyon and M. J, Linevsky, G.E., GCincinnati and
reported in W.ADD-TR-()O=-646, Part 4, August 1954,
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from the phase diagrams reporied by (‘hkfr and 'Pnst (34) and by Schedler (35).
The attempted experiments at 1850°, 1770°, 1750°, and1650°C failed
because a liquid phase formed; the reported g__ 35, 1) solidus yas 1780 C
Successful couples were heat treated at 1500 1400°; and 1000 °C; no
evidence of an interinediate phase between Zr and ZrB, was found. Thus,
these experiments indicated that the solidus temperature for the metal

plus metal rich boride phase field is less than 1650°C but higher than
1500°C. The phase diagram proposed by Glaser and Post (34) indicated

a cubic monobgride stable from 800° to 1250°C; the results of the diffusion
couple at 1000°C show no evidence of an 1ntermed1ate phase. In addition

the apparent unsuccessful couples above 1650 °c did produce a solid
intermediate compound, ZrB (cubic) at the diboride interface. Again, the
diagram of Glase and Post (34) shows no phase at these temperatures but the
diagram of Schedler (35) does show a monoboride (orthorhombic, B=27) above
the solidus between the metal and the diborides, In the diffusion couple
experiments, the presence of a small amount of carbon could have stabilized
the cubic monoboride relative to the orthorhombic structure.

2. Equilibration Kxperiments

In the original planning of the phase boundary program it
was anticipated that equilibration of two phase alloys would complement the
data ohtained from the diffusion couples. The zone refining subtask (1) was
considered an ideal source of high purity samples because many attempts to
prepare single phase material produced two phase samples., Metalorlch a.nd
boron rich specunens were equilibrated at temperatures frorn 1000° to 1850°C.
In practice it is better to have a larger amount of the second phasc in such
samples; thus these high purity materials have some disadvantages, In
comparing the two types of experiments the two phase alloys can provide
phase boundary data on the diborides to much higher temperatures because
the metal/diboride couple cannot be used above the metal-solidus. In
practice (1) diffusion couples between boron and the diboride where not.
feasible as the relatively higher vapor pressure of boron, lead to vaporization
and a diffusion bind was formed, 'Lhe characteristics of thc various typces
of specimens used for equilibration experiments are provided below,

2.1 Zone ’Refinud Specimens

The zone refining subtask in Part I of this investigation (1)
provided several high purity bars which were either metal rich or boron rich
and which contained ZrB, as the major component and a small amount of a
second phase., The relatively small amount and the difficulty in the
identification of the second phase impose a limitation on the usefulness of
this material. The amount of the second phasc in the metal rich matcrial
is considarably less than in the boron rich material, A metal rich sample
was equilibrated at 1850 C and boron rich samples were equilibrated at
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1730°, 1400°, and 1000°C. The phases in the sample equilibrated at 1730°C
were analyzed by the electron microprobe; the results gave B/Me =2.02

for the boron rich boundary of ZrB,, and since the second phase contained
<0.1 per cent Zr, it was concludcdzthat the reported (34, 35) ZriBl2 wWas

not stable at, or below, this temperature. -

2.2 High Pressure Hot Pressed Specimens

Since the high pressure hot pressing procedure had
proven capable of fabricating dense samples of the diboride powders, an
attempt was made to prepare two phase alloys by fabricating a mixture of Zr
metal and ZrB_{1) powder starting material; the powders were mixed with an
overall compoSition of B/Zr = 1.5. The hot pressing was performed at
1750°C for 5 minutes at 200 kpsi. One limitation on the conclusions drawn
from data on specimens prepared from this mixture is the uncertainty of
effects from impurity materials in the original ZrB,(l) powder. For
example, it is known that the cubic monoboride is stabilized by carbon;
ZrB,(1) gowder has 0,33 weight per cent carbon, Equilibrations at 1500°
and f550 C produced a mixture of the cubic monoboride and ZrBa.

2,3 Cold Pressed Compacts of Zirconium and Boron

Mixtures of metallic zirconivm powder and
crystalline boron were prepared with B/Me in the region of the reported
metal=-'metal rich boride! eutectic compositions for the Zr-B and Hf-B
systems and other compositions with increasing amounts of boron up to
B/Me =1,5. The mixtures were pressed at 100 ksi at room temperature,
This procedure produced compacts which were mechanically sound but
quite porous, The excessive porosity in some of these specimens
complicatcs the metallographic analyses, However, these specimens
were successfully equilibrated at elevated temperatures and the solidus
tempecrature of the metal-metal rich boride was determined for the Zr-B
and the 1If-B systems, In additiou, spccirens with B/Me = 0,67 to 1,50
were used to show the prescence of a metal rich boride between the metal
and the diboride which is stable above the metal cutectic temperature.

2.4 Arc Melted Specimens

Mixtures of zirconium plus boron and hafnium plus
boron werce successfully arc melted into dense buttons. The arc melting
was carried out in argon with thoriated-tungsten electrodes; the specimen
was contained in a water coolced copper hearth, Spectroscopic analysis did
reveal metallic contamination. Specimens were prepared with B/Mc = 1.5
to investigate the metal vich diboride boundary and with B/Me = 6.0 to
investigate the boron rich diboride boundary. These specimens contain from
50 to 75 per cent diboride. Accordingly, the additional phase(s) can be o
easily identified and aralyzcd. Iquilibrations wcre performed up to 22007°C;
the analyses of the heat trecated specimens provided qualitative and quantitative
results on the equilibrium structures at elevated temperatures,
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3. Heating Procedures

The diffusion couples were hcated in a molybdenum sampic
holder which was designed to provide sufficient pressure between the couple
components to insure interdiffusion without cracking the diboride. The
holder was heated in argon inside & carbon tube furnace, The completed
details were provided in the previous report (1).

Two phase alloys provided from the zone refining program
in Part I and those prepared by high pressure hot pressing from ZrB,{1)
powder and Zr metal were equilibrated in an argon atmosphere in either a
resistance wound furnacc or a Glo-Bar typc tube furnace., Alloys equilibrated

in this way could be quenched to ambicent temperatures in a relatively short
time,

The compacted mixtures of metal and boron powgle1 s
(O 40 in. diamcter by 0.20 in. long) were heated in vacuo {1 x 10 ~ torr)
in a resistance furnace. Two furnaces were used; one consisted of a BeO
muffle with Ta wire windings and ZrO,, powde: insulation; the other was a
Ta resistance furnacc of vertical split'tube design with Ta radiation shields,
The pellets were set on pressed and sintered ZrO, discs., The furnace was
cnclosed in a watcer cooled jacket and the entire asscembly was contained in a
metal vacuum bell jar, Temperatures werc measurced with calibrated W=-3% Re
vs. W-25% Rec thermocouples and with an optical pyrometer. Cooling was
accomplished by backfilling the vacuum system with He to about 75 mm Hg
pressure. The latter furnace was also used for the arc melted specimens,

4, Heating Conditions and Evaluatior.s

The experimental conditions for the diffusion couples and
the equilibration experiments and the cvaluations obtained {or these spocimens
arc collected in Table 19, Representative photomicrographs of cach Llype
of speciinen are provided in Figurces 74 through 79.

5. Results and Discussion

The results prescented in Pable 19 are summarized and com=-
parced with the puvmusly reported (35, 36) phasc diagrams and the calculated
phasc diangrams in Figurves 80 and 8T,

The salient featurcs of the present investigation are:

{2} The ruetal-"metal ru h bor1d(,“ solidus temperatares
for the Zr-B and Hi-B systems are 1660° and 1960°C respectively,

(b) There is a solid phase stable at elevated temperatures in
the composition rcgion near 50 a/o B, This is presurna.bly the previously
repoy ted monoboride, For the Zr-B system, this phasc is not stablc below
1500°C as evidenced by the diffusion couple experiments. The e‘.peumcnt%
with B/Zr =1,0 and 1,5 show this phase to be stable from 1625° up to 2360°C,
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Figure 77 -

Etched
Etchant: 10 cc Glycerme, 10 cc [—INO3,
2 cc HCL, 0,1 cc HF

Etched X500

Etchant: 10 cc Glycerine, 10 cc INO3, 2 cc HCL, 0.1 cc HF

o Exp. No, VHT-18
2015 C 1 Hour Vacuum

Arc Melted Specimen: Zr 14Bo__86
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Figure 79 -

o

Etched X500
Etchant: 10 cc Glycerine, 10 ce HNO3,
2 ¢cc HCL, 0.1 c¢ I
] Exp., No, VHT~19
2330°C 1 Hour Vacuum

Arc Melted Specimen: 21.0.4130.6
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The monoboride could not be quenched to ambicnt temperatures unless a
carbon impurity was present to stabilize the "cubic" monoboride, No X-~ray
evidence for an orthorhombic monoboride was found in this investigation for
the Zr-B system., For the Hf-B system, the reported orthorhoimbic moncboride
was formed and retained in cold compacted powder mixtures of Hf and B
heated at 16250, 16507, and 1850°C for times from 30 to 45 minutes. Similar
mixtures heated to 2000°-2250°C for shorter times showed only Hf and HiB,
in the heat treated specimens. Arc melted specimens heated at 2000°C for
1,2 hours did show the orthorhombic monoboride in the heat treated specimen.
The results of Exp, Nos, VHT-10, -13, and -16 show that the so-called
monoboride or the metal-rich boride in the Hf-B system is stable at a compoe-
sition of 40 a/o B. There has bcen no previous evidence of a significant range
of composition for the stability of hafnium monoboride. The subject of the
effect of carbon on the relative stabilities of the monoborides of zirconium
and hafnium has been reviewed by Nowotny, Rudy, and Benesovsky (37).

o {c}) The sulidusotcrnpcrature for metal rich ZrBZ and I—IfBZ
are above 23607 C and above 2250 C respectively.

(d) The solidus temperatures for boronorich ZrB, and HfB,
are both above the melting point of elemental boron (2030°C), In the Hf-B
system, equilibration of a composition If, 148 at 20157°C for 1 hour did
not produce a liquid phase but only HIB, wds 1denitificd in the sample abfter
cooling. Inthe Zr-B system, equilibrations were carried out at 20157 and
2170°C, The dodecaboride, ZrB.,, was identified by X-ray diffraction in a
sample after heating, The previodsly reported (1) clectron probg analysis of
a boron rich ZrB, two phasc alloy specimen cquilibrated at 1730 C showed
<0,1 a/o Zr in th¢ sccond phase, Thus, both systems have solid phases
present at clevated temperaturcs, The phases probably have the MeB, 5
composition,

(e) Several samples werce selected for electron microprobe
analysis of hoth moetlal rich and borvon rich compositions in the Zr-13 and Hf-B3
systems, The results of these analyses and the previcusly reported data (1) are
summarized along with calculated phasce boundaries in Table 20. The
metallographic analyses of some of ithe heat treated arc melted specimens
indicated cvidence that a phasce decomporition had occurred during cooling, In
gsome of the latter specimens the overall composition of the apparent two phase
region was scauncd for average composition of the equilibrium phase at elevated
temperature, The clectron probe results confirm the very narrow range of
the single phasce fieldd; the composgition limits of HfB., are undistinguishablc by
this technique. The composition of the dodecaboride indicates a boron deficiency,
that is, ZrB;5 5. The dark grey phase in the boron rich Zr-B alloys at high
temperatures has a congiderable amount of Zr, The average composition of
94, 2 W Hi for the 2nd phase in VHT -6 wgrevs wilhh ihe composition catculated
for the monoboride,
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TABLE 20

COMPARISON OF OBSLRVED AND CALCULATED PHASE BOUNDARIES
IN THE Zr«B AND Hf~-B SYSTEMS

Calculated ZrBp Boundaries Calculated HfB2 Boundaries
Atom Fraction Metal Atom Fraction Metal
Temp. Metal Rich Boron Rich Metal Rich Boron Rich
1400 0.659 0. 665 0.663 0,669
1600 0.657 0,667 0.659 C.671
1700 0. 655 0.669 0,658 0.675
1800 0.654 0.672 0.657 0.677
2000 0,653 0.675 0,655 0.679
2100 0,652 0.671 0,655 0.680
2200 0,652 0.678 0. 655 0. 681
2300 0,652 0.679 0.655 0,681
2400 0. 652 0. 680 0. 655 0.682
Results of Electron Probe Analyses
Material Experimental Conditions ] Results
Zone refined Loron 1730 C-12 hrs. -argon Matrix: 80, 8%Wo “r H/’/'.'r
rich two phasc alloy 2.02
2nd Phase:<0,1 “70 Zir
Zr/ZrB2 Diffusion 1400° C-24 hrs. -argon gilmridc Phase: 81. 1“70 Zr,
Couple /7 - 1,97
Zrl/ZrBZ Diffusion ]0[)()0 C-116 hrs, ~argon Diboride Phase: 80.9 \7() Z,
Couple B/zy = 1.99
Arc melted 2015° G-1 Lir. -vacuum ZrBy + ZrB, 5 by X-ray
Zr B (VHT -18) Diffraction
0.1470.86 White Phasc: 80,3 v% Z.r;
By Z 2.08 Purple Phasc:
44,8 o Ziry Of7r =, 10.5
grey Phase: 16,5 /o Zr;
WA E)
Axrc melted Hig, 4By ¢ VHT -6 Compugiticn of diboride phase
_ ’ ) VHT -18 indistinguishable from
Arcmelted Hig 1 ,Bg g B/ue = 2.0
Arc melted Hfo 4B0 6 VHT - 16 Grey Phasc repjon of VHT -6

showed 94, 2 w/oHf, B/HE = 1.0
155



IX THERMODYNAMICS OF STABILITY*

A, Introduction

The description of the thermodynamic and oxidation properties
of the transition metal diborides generated during the past two years,
"indicates that metal-rich deviations from stoichiometry in these compounds
will probably result in additional enhancement of the oxidation resistance',
(ref 1 p iii and p 7). Present efforts in the preparation and oxidation
characterization of HfBj and ZrBj reported in Section IV and VI of this
report have provided substantial support for this prediction. Since the
purpose of the stability study is to provide a rational basis for guiding the
development of oxidation resistant diboride compounds, current interest has
been centered on the description of a model which cau predict the relative
oxidation resistance of the pure stoichiometric diborides and the effects of
composition on the oxidation resistance. In addition, a description of the
effects of ternary additions on the thermodynamic properties of the dihorides
has becen generated in order lo gain same insight in selecting candidate
third conponent additions. Iinally, avnilabic volumetric data en oxide,/
diboride have been collecled in order to present a graphical description of
the degree of coherencybetween the oxide and diboride,

It should be emphasized that the general problem is quite complex
and that the consideration presented helow arc idealized and not necessarily

unique, However, on the basis of present information, these areas appear
most fruitful,

B. Consideration of the Boron Activity Gradient Across the Mectal
Oxide Formed During Diboride Oxidation

On the basis of the observed oxidation behavior of the diborides,
we congider a gystem described by Eq, (1)

1 2
n (Diboride [ x, T 1 | T (Oxide) l by (3203) (1

Ag a first approximation we consider a case where the activity of
metal atoms in the diboride phase (n), which has a composition x, is cqual
to the activity of mctal atoms in the oxide phasc {T). Secondly we assume
that the activity of oxygen in the oxide is equal to the activity of oxygen in
the (N) B03 phase. These assumptions are gross idealizations since no
gradicents in composition are considered within the 7 or A pliases nor are
Me and O gradients considered between the n/7T interface, 1, or the T/\
interface at point 2, Thus, no diffusion lirnitation is considered,

We can now compute the ratic of the activity of boron in the n
phasc to that in the oxide.

—

% L, Kaufman, Manlabs, Inc.
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The calculation is illustrated schematically in Figure 82 which
starts with a metal rich diboride and graphically illustraces metal activity
equilibration across interface 1, oxygen equilibration across interface 2
and compuatation of the boron activity gradient. The activity composition
curves drawn in Figure 82 are schematic but it can be shown that the cross-
over point is assuciated with the minimum in the {ree energy-composition
curve which is taken to be close to stoichiometry,

In order to compute the boron activity gradient between points 1
and 2, the following procedure is utilized, The free energy of formation
(per gram atom) of diboride phase is given by

AF[x,T] = (1-2) RT In aMen[x,T] + x RT 1n aB“ [%,T] (2)

where x is the atom fraction of boron, Similarly, we approximate the free
cnergy of furmailon of the T phase (HIiO LrO T1O{ and NEO.) by

5
AET[T] = () RT Inay | +(2)RT 1n ag (3)
while the frec ercrgy of the ]320,5 (M) phasc is
arM 7] = () RT nay’ + (2) RT Inag) (4)

Tn the Il /J w505 calculations the coefficients (1/3) and (2/3) in

g, (3) arc simply 1oplau,d by (2/7) and (/7). Equating the metal activilies
across interface 1 yields

n oL
Mo L X l“ N dI\/.l.eﬂr (5)
Substitution into (2) and {3} yiclds
AF %, T] = (1-%) (3.5AF 2,5 RT lu ay) + =BT 1 a ] [ o] (6a)
for the TaBZ/l a.205 case, and
AF [ %,1] = (1-%) (3AF - 2RTIn ag) + xRT1na " [« (6b)
for the other diborides, Equating
a = al (7)
O O

across the interface at point 2 and substituting Eqs, {7) and (1) into Eqs, (62)
and (6b) yields
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RT lna.Bn[x]/a.B)\ - 2. 18T - 2.58F M- 0.6 (1-x) aF [ x,T]

$0.1 (10-4%) (1-x) ' RTIn ap"[x,T] (8a)
for the TaBZ/TaLZO5 case, and

by
RT In aB“[x] /ii.Bk = Z.ZBAFT- 2.5AF" -0 75 (1-x)&F [ x, T] (8b)
+0.25(4-x)(1-%) LRT 1n ap " [ x,T]

for the other diborides, Thus Eqe, (8a) and (8b) specify the boron activity
gradient as a function of x, and T, The calculation ncglcects the change in
stoichiometry of the T and N phases as a second order cffect.

Substitution of the appropriate values for LFT LAFN (Table 21},
oF ] x, TI(, 29 and RTin a [ x, T]{1, 29) into Egs. {8a) and (8b) for the case
x = 2/3 yields '« Figure 83. The activity gradlent temperature curves of Fig=-
ure 83 indicate that onthe basis of this model HfB, and ZrD, are superior to
TiD, which is superior Lo TaD and NbB ;. The compositional dependence of
the activity gradients prn,dlcted by lkqgs, (83.% and (8b) indicate that the dominant
compositional dependent term is RT ln ap™| x,T] which decreases with de-
creasing x. Thus the boron activity gradient will become more negalive as the
activity of boron in the 1) is decreased or as x is decreased, Hence metal rich
diborides, x < 2/3,should yicld more ncgative boron activity gradients and
better oxidation resistance than boron rich diborides, This is the same con-

clusion as that rcached in Scction VI on the hasis of minimizing the pressurce
of B?O3 .

C. Calculation of the Effccts of Ternary Additions on the Thermodynamic
Properties of Diborides

In addition to the conclusion (L) that motal rich Ui, and 7D, would
afford superior oxidation hehavior, it was suggested that ternary alloying ad-
ditions such as tantalum, yttrium and silicon might also provide beneficial
results(, The former two clements might diffuse into the oxide and, i the
Wagner mechanism were opevative, impede diffusion of oxygen, Morcover,
these clements are known to stabilize the cubic and tetragonal forms of the
oxide, Silicon wus chosen because of its glags forming tendency and ability
to substitute for boron on the buron sublattice within the  phase, Presently,
additions of Ta, Y, and 5i arc being made to metal rich HER and ZrBj in
small quantitics, The following thermodynamic analysis which is designed
Lo deliniate the thermodynamic effects of these additions is an extension of the
Schottky - Wagner model of non-stoichiometric binary phases developed carlicr (30)
to the ternary casc, ‘Thus two situations arc treated, the first considers ad-
ditions of a third element which substitutes on the metal LLLtu,c In the second

case, an elemcent which gubst! tntoq on the boron Lj.ttu,e in the n phasc is
considered,
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TABLE 21

TABULATION OF FREE ENERGIES OF FORMATION
REQUIRED IN MODEL CALCULATIONS

TOK (-aF ™M) (-AF )
(B,0.) (:£0.)° (zro.)T  (Tioyt  (Ta.0)™  (Nb0.)°°
B,0; 0, 2 2 25 2
k cal/g, at. k cal/g. at.
1400 44.8 68. 3 66. 1 53. 9 49,1 43.5
1600 42,8 65.5 63.2 52. 4 46,4 41,0
1800 40,8 h2.7 60, 3 49.6 43,8 18,5
2000 38,8 60.0 57,5 46,8 41,0 36.0
2200 36,8 57. 4 54, 6 44,0 38. 4 33,5
2400 34,8 54,8 51,6 41,6 36. 4 31,3
2600 33,4 52, 1 48,6 39,2 34,3 29,3
2800 32,4 49. 4 45.7 36,7 32.3 27.3
3000 31,4 46,8 42.8 34,3 30,2 25,1
P ooe  xTe2 L T2 T 2 15 T2
a o~ 3 o 3 % =3 “o 7 % 73
Notes

% JANAY Thermochemical Tables (March 1961) Dow Chemical Co.
Midland, Michigan

o Schick, H.L., Anthrop, D,F,, Dreikorn, R,E,, Hanat, P L. and Panish.M,B.
"Thermodynamics of Certain Refractory Compounds'" Quarterly Progress

Report #4,15 June 1963 Contract AF 33(657)-8223 AVCO RAD Wilmington,
Mass,, p 171

Ibid QPR #5, 15 Sept. 1963 p 233
Ibid p 221
Tbid p 241
oo Ibid p 193

;:.—++

B
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1. Ternary {Me, Mé)_B2 Diborides

In order to extend the treatment of binary diborides(1,29,30) to
the ternary case where two of the elemental components occupy the metal
lattice, we consider a system A-B-C containing a ternary compound having
the n crystal structure, The composition is specified by setting (1-x-y)
equal to the atom fraction of A, x equal to the atom fraction of B, and y
equal to the atom fraction of C. We consider a case where two sublattices
exist, the A and B atoms occupying one sublatitice, while the C atoms oc-
cupy the other {i.e. A = hafnium, B = tantalum, C = boron), If stoichiom-

etry corresponds to y = y, and the total number of sites, filled and unfilled,
is Ng then,

NgA = Number of A sites

-1
(1-x-y) (1-yo) {1-y) Ng
x(l*vo)(lw)_le
N, = Number of C sites = YoNg

Ngp = Number of B sites

1]

while
Np = Numher of A atoms = (1-x-yIN
Np = Number of B atoms = xN
N = Number of C atoms = yN

where N is Avogardro's number,

If the ratio of A atoms on A sites, Npaj, to A atoms on B sites,
NAQ, is equal to the ralio of A sites to B aites (ditto for the B atoms) then

Npg = Number of A atoms on B sites = x(l-x-y) N(1-y)

Naj = Number of A atoms oun A sitcs = l\l-)\*_-y')Z'N(l-y)_1
and

Npo = Number of B atoms on A sites = :((l-x-y)N(l-y)-l

Ng; = Number of B atoms on B sites = le\l(l-y)~1

3-5
In line with the standard stale convestion adopted earlier,( )
the frec-energy per grarn atom FOis given by Eq, (9)

N N, F, N, F_ N_F
] + YFCO + (‘::_) A.Fn-}- A4 /\'|-+ L:‘ .Pr|+ Ci1
N N N N

Fl2 (1-x-y)F,© + 1" el

R

N, F N_ F
+~1:IA-9 A°+_%0_ BO _xT 1n Wp (9)

InEy, 1, FAO, FBQ, and F_." are the free energies of pure

A, B, and C at the température in question, where
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F; [0°K] = F; [0°k] = Fg [0°K] =~ 0 at one atmosphcre (10)

is the reference state, Moreovcr,A.Fﬁ is the free energy of formation of
the ternary compound for a given value of x and yg., The frec energies of A
atoms on B sites and B atoms on A sites are given by Fpg and Fyj,, while
Fasr Fas and Fg, are the free energies of formation for A, B,and C
vacancies, The numbers of A, B, and C vacancies, which appear in Eq, (9)
are given as follows;

Npy = Number of vacant A sites = (1-x-y){1 -yo)Ns(l-y)-l-(l-x—y)N

N}3+ = Number of vacant B sites = x(l—yo)Ns(l-y) ~xN

NC+ = Number of vacant C sites = y,Ng - yN

i

The final term to be evaluated in Eq.(9) is the thermodynamic
probability factor Wp which is given by,

k4 ]
Wp = N+ N . ,NSB! (11)
- T 1 ki [ T 4 g1
Ng,f Nt Nps? Nap*Npgt Npyd Ny 8 Nyge

Making the appropriate substitutions for the Ng and applying
Stirling®s formula and substitution into Eq, (9) yields for the case yg = 2/3

(o]

o 4a (AL 4 xll-y) HAFLY -AF,L )

T o]
F=(1 “x=y)F ng + yF ac, BC, AC,

WA 4y-1) (1o o) Fy  +xF g )+ (5 -)F g bx(Loxmy) (1) W

, 3
+RT(-§‘- In f}% +y Iny+x lnx +{1l-x-y) In {1~x-y)
ta-pinEa-ythaty-DinGaty-1)) (12)

where z = ratio of sites to atoms = NS/N, W= F% + Fpq, and the free

energy of formation of the ternary compound AF 'Px, vo! has been approximated
by a linear combination of the free energies of formation of stoichiometric AC)
and BC2 which might represent TaB2 and HfB2, Under these conditions Eq, (12)
reduces to

Fls (1-0F, +xFp +3 (AF, L 4 x(AFp 1 - AF, 2 D+ 2F o+ W x(1-%)
2 2 2
RT {x Inx + (1-x) In {(1-x%) ) (13)



for the case where y = 0 and NS/N = 3 which corresponds to a substitutional
solid solution of A in B with the C sublattice empty, Egq.(13)is recognizable
as being the regular solution approximation for substitutional solid solutions,
In the other limits where x = 0 or !-x-y = 0 (i.e, no B or A atoms are
present), Eq,(12) reduces to the equatian for the binary compound identical
with the expression derived earlier (1,29, 30).

The next step in the derivation is te fix the composition and
minimize the free energy at constant temperature and pressure by letting
the volume (i, e. the total number of sites} vary, This procedure is perform -
ed by setting the derivative of FN {Eq, 12} with respect to z at constant x, vy,
and T equal to 0. The result is

P ST B . -1 .
3(AI«AC2 Fx(1-y) (AFBCZ AFACZ) )+ (g xlly) THE L - F L D)4,
= ~3RT 1n 3 a4”1/3 (14)
where
3RT In3 @4 /% 2 RT 1n (423277} (% z-y) (32 +y-7! (15)

when y = yo = 2/3, a= 4 Y/3(z2-1)/32 = 0.4/ 3(Ng -N)/3N,. Thus, as in the
binary case,H) o is the fraclional number of vacan! sites at stoichiometry,
Substitution of Eq, 14 and 15 into Eq. (12),i.e. minimization of the free

ecnergy with respect to volume, at constant composition, temperature, and
pressure, yields

o N o _ ! Lo . ‘ . -
Uz mxey) (Fp = g )+ x(Fp - Fp ) +y(Fe bc*z) 1 x(L-x-y) (L-y)"'w
+RT(x Inx + y lny + (L-x-v) In (1-x-y} -y 1n (_%_Z -y)
1 K
-(L-y) In {32 +y-1}) (16)

Eqs, 14, 15 and 16 completely define the temperature and com-
positional dependence of the free energy in terms of the parameters Fpy,
Fp4 Fou aand W,

The final step in the present analysis is the derivation of the
partial molar free energies, For the case of a binary system (i.e. if y
were cqual to zero) these relations are well kuown,

= - - 17
FA F -x Epe (17)
and
- oF ]
bB = F +{l-x% 5w (18)
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where FA and FB are the partial molar free energies of A and B and x is
the atom fraction of B and (1-x} is the atom fraction of A, The analogous
expressions for the ternary case are:

= oF oF

Fa = Foxdgdy my eyl (19)
Foo- s Q) .y 2E

FB =F 4+ (i-x) (Bx v y(ay)x (20)
Fo = F-x (), + Uy G, (21)

Since Eqgs,, 14, 15 and 16 yield:

oF, o _ o _ o ! RS
(Bxy— (FA FA+)+(FB FB+)+W(1 2x-y) (1-y) "+ RT Inx(l-x-vy)

1 -1 n n
+‘§ z(1l-y) (FB+-FA++3(AFBCZ—AFAC ) ) (22)

and

0F, _ _ w0 _ o_ ) 2,0 -2 1 Y P

(Byx_ (FA l'A+)+(FC Fc+) Wx"(1-y) +3'ax(l V) (I‘B-é- FA+
o 1 -1 2 -1

+3 (A.Fgcz- A}&CZ) ) #RT lny (Fz +v = 1) (1-x-y) (5 2-y)

3
(23)

Substitution into Eqs,, 19, 20 and 21 yields the expression
for the partial molar free energies as follows:

=M _ 0 2, 472 _ 1 oy 2 - | “ATN
Fp ~Fp=-Fy +Wx"(l-y) 3 x2(l-y) “(Fg, FA++3(AFBCZ AFACJZ))
+RT ln (1-x-y) (—;»z+y-l)'l (24)
o Q 2 "2 l —2
Fé -Fp = - Fp,t WLox=9)“ (1-y) "+ S (l-x-y) z (1-y) “(F, -F,,
+3(&F ). -AFJ. )) +RT Inx (32 +y-1)7} (25)
2 2
=n _ o _ 2 _4=1
FC FC-.—FC++RT 1ny(—3-z v) (26)
Since —1 o n o
F[\I—FA:RT lnpA[x,y]/PA (27)
= e o
Fg -EB= RT In pg[x,y]/pB (28)
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and

T - Pg= BT 1np] Lxyl /o 9

where p U[ X, y] R pBU[ x,y] , and pcol_x,yl are fae pressures of A, 1, and
C respectively over the alloys and pg , pBO ,» and pet’ ace fae curre sponding
vapor pressures of the pure elements, Eqgs, 25 through 29 can be uscd to
compute the vapor pressures of the elemenis over the alloys,

In particular when y = Vo = 2/3

=N _ w0 _ Z ; _ . N oA
FA FA" IA++9WX 3x(bB+ FA++3 (AFBCZ LrACZ))
1 - -
+RT ln(g -x) (1-3 @4 1/3) 41/3(1 1 {30)
FN.pOo. . 2 _ 42 - N, S
FB FB = FB++9W( 3 %)+ 2(0,5-%x) (EB+ IA++Z {(AY BC £} AC))

+RT lnx(1-3 4™ /3413471 (313
and
(0]

1. = -
Fo ~Fo=-Fg

L+ RT In 41/3(1-3 wa /3371yt (32)

where z can be approximated by unity,

When y is less than 2/3, z 2 3(l-y) and { i, + y 1} is approxi-
mately equal to 2708 (1-y)3(2-3y) "¢, Under these conditions Eqgs, 24 through
26 reduce to

‘Tf-n ) -0 _ o= 1r...21 - -?-.,, - -t ol - I 43 'rn - «‘n
Fpo  Fa= mFppmWaniloyt Tosdlog) U7 Ty (AL‘“‘*Cp AlAczn
...l - - N
FRT 1o (1-x-y) (2-39)227 La 2972 (33)
TNowO . RIS B 200 AT I 5 LI
JRT Lnx(2-3y)% 2774 o 219 7° (34)
and
-‘n - ‘0 - T 4\ - -1 -
FC TC = FC+ + RT 1lny(2-3y) (35)

Whexj; “é is_greatcr_{.han /3, z = % Yy, and ( % PARS y)2 is approximatcly
270°y? 4 " (3y-2)"* and
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=N gm0 o 2,0 =2 1 _a"2 _ M . 0
Fp -FQ = -F, +Wx(l-y) "= 5 ay(l-y) “(F,"F, , +3(AF he, AFACZ))
-1
4RT In(l-x-y) 2{3y-2) (36)

=N .m0 o2 L 2 e N A
Fp FB— FB++W(1 x-y) " (1-y) T+ > (1-x-y)y(i-y) (FB-l- }:A_l_l-.?v(AI' A}'A

BC
FRT lnx2(3y-2) "' (37)

)

=1 _ 0__ ;1‘ - "l -1 -3
Fo-Fg= Fc++2RT1n4(3y 2)27 'y o (38)

1t should be noted that equations {30-38) reduce exactly to those
derived previously for binary diborides (1,29,30) when x =0,

2. Ternary Me (BLX)Z Diborides

In the case where two of the elemental components occupy the
boron lattice (i.e. additions of Si or Al to the metal diboride are possible
exwinples), the development is similar to Section C-1 with the following changes.
We consider a system A-D-C containing a ternary compound having the n crys-
tal structure with (l-x-y) atom fractions of A, x atom fractions of B, and y
atom fractions of C, Here A and B atoms occupy the "boron' lattice and C
is the metal atom {i,e. A = silicon, P = boron, and C = hafnium), In this casc
yo = 1/3 since y is the atom fraction of metal and y¢ is the value of y at stoi-
chiometry. Thus the development of Section C-1 through Eq.(11) is directly
applicable, However, in the present case the value yo = 1/3 must be used
(rather than y, = 2/3) in order to obtain the analogue of Eq. (12).

Making the appropriate substitutions for the Ny and applying
Stirling?s formula and substitution into Eq, (11) yields for the casc N 1/3

AN e © g et @ N . oy LA o A
F —(lxy)lA-lxlfB+ylc'|ll(AFCA2+X(l y) (LTCBZ MCAZ))

1, o e (Lo
p) T T2 = NF Aoy ()T W

HEuty-1)(1oy) T ((Lexmy) By 4P
3
+ RT(-~ —;— In -4—2&—7—-+ ylny+xlnx +(l-x-yv) In (L-x-y)

5 2
Hyz =y dngoen) 4 (Gt y -0 anGety - ) o9

where z = ratio of sites to atorns = Ng/N, W= & Ao T Fro, and the free encayy
of formation of the ternary compound A¥M [ x, Vof has been approximated by a
linear combination of the {ree energics of formation of stoichiometric CB; and

2
CA2 which might represent HHfB; and a HfSi,"n type'' compound, Under these
conditions Eq, (39) reduces to
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- - o C i n Yl - n Y+ -'-1- Y+ w owll-)
= (1-F 2 +F 0+ 2(AFGA2+ (AF CBZA_ oA é, T o) w{1-x)
+RT (x In x + (1-%) In (1-x) ) (40)
for the case where y=0and N /N = Whmh corresponds to a substitutional

solid solution of A in B with thé C qu%lattme empty. Eq, (40) is recognizable
as being the regular solution approximation for substitutional solid solutions,
In the other limits where x= 0 or 1-x-y = 0 {i.c. no D or A atoms are present),
Eq, {39) reduces to the eguation ior the bisary compound identical with the ex-
pression derived earlier {1,29,30}.

Fixing the comyposition and minimizing the free energy at con-
stant temperature and pressure by letting the volume (i,e. the total number
of sites) vary as before yields:

il s o yl ey 1 . !
3(AFCA2+ x{1-y) (L\FCB2 AFCAZ))+2(FA++x(1 y) (FB+ FA+))-!F0+
s
< - 3RT In 304 ° (41)
where 1
- 3 . )
-3RT In 34 ° = RT In 2Lty -1 %(La-9) (42)
L 1
3

when y = y_ %-, o= 4° (z-1)/3z = 4 (N N)/3N + Thus, as in the binary
cast, is tlu, fractional number of vaca.nt sites at stoichiometry, Substitution
of Eqs. 41 and42 into Eq. (39), i.e. minimization of the frce energy with
regpect to volume, at cunstani curnposition, temperature, and pressure, yields

i} ) ) ) -1
1 o= (T-x-y){Fy - Fp )+ x(l‘g “Fp )+ y(}!g " Fe )+ x{l-x-y{1-y)" "W
FRT(x ln x+ylny +(l-x-y) In {1-x-y) -y In (%z—y)-(l-y)1n(-§—z+y-1» (43)

Eqgs. 41, 42 and 43 define the temperature and compositional
dependence of the free energy in terms of the parameters FA-H FB+3 FC+» a
and W,

Eqs,, 41-43 yield
(ﬁ)y = -(FX B FA+) +(F B FB+) 1+ W(l-2x-y}{1-y) "+RT lnx{l-x-y)
sz (- A +3 (AFLg - AT, ) ) (44)
3 ¥ B+ C

B,
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and

) ) 2, -2, L -2 i
(dx v (I‘ SFL)HES -Fo) - Wxt(l-y) "+ g2xll-y) “@2Fg,-F, )
‘ 2 - -
3 (AF(.,B- AF L)) F RT Iny {5z + y=1{1-x-y) li“i“ z-y) 1 (45)
2 <2 3

Substitution of 43-45 into Eqs,, 19, 20 and 21 yields the follow-
ing expressions for the partial molar free energies:

- . . 2 -2 1 =2
oy SFR = cF, b Wx” (1oy) 7 - 3 xz (l-y) 2Fg, - )+3(AFCB£AFT]A))
+ RT 1In (l-x-y}) { %Z + Y'l)-l (46)
FL-FO = o F 4 W(l-x-7)° (1-y) 2+ L (1-x-y) = (1~ )“'Z(Z(F “Fp)
B "B~ "B+ 7 Y FAVTETYI B A B+ T At
+3 (ArcF - AF" )) +RT In x { §z +y-17t (47)
— fo) 1 -1
FE-FC=-FC++R,T1ny(§z-y) (48)
Since
= o y
1-R-FAﬂllT1np2[>:,y]/p;& (49)
_f% F O 2 RT In pB [ %,v] /pg (50)
and
— 4 U ' T 8]
FT(‘;—lrc:R'l In p(ll[x,y]/pc (51)

where Pp ][x y] { [*{ y] , and p %, y]o are the prcssurcs of A, B, and C

re spcc‘tnoly over the alloys and PA y Py and pal are the LOI‘ILB})undlh&
vapor pressurces of the pure clements, %qs. guo'lqh 51 can be usded to

cornpute the vapor pressures of the elements over the alloys,

In particular when y = Y, ® %-
=N .50 9 2 _ 3 . ow ]_ . “
FR-FQ=¥, + 7Wx 4x(Z(FB+1FA+)+%(AF AFca) )
- . _1 2 =
*RT]“%"‘)("‘&“ 3yel2™3 (52)

169



=N .0 - 9wl 92 32 ¥ ; N _ApN
FB FB— FB-‘r+ 4\V(3 x) -{4(3 X)(Z(FB-i- 1A+)T3(AFCB2 AFcAZ))
-3 -1 -1/3
RTmx0-3a4 3t 27 (53)
and
_ -/ - i
F%-FO__F +RT11141/3\1-3a'4l’3)3 ot (54)
= Ct+

where = can be approxirnaled by unity.
1
Whenyislessthan 3, 2= 1,5 (1-y) and (2z3~1+y - 1)2 is ap-
proximately equul to 4 o’ (l-y)2 {1-2y) " ". Under these conditions Iigs, 27
through 29 reduce to

Fp -Fpm ~Fy,tw 41y 27k Y)_-l(z(Fm TE ) 3(AFTc‘:B2 _AF%AZ))
F2 L RT In (1xop® (13 4 0 2o 0 277! (55)
T - FOa - B 4 Wexoy) 2(1-y) 78 2" (1oxoy) 1oy AR - T, )
3(1.\1:‘(‘_)1112 - AL«‘“’CA?)) 427 RT I P (L-3y) 4 <:f3(1-y)'32'?'l (56)
and
T.r’g; - 1(1 = - ¥ P RT In2y (1~3y)~l (57)

When y ig greater than L , z2n 3y, and (3-lz-y) is approximately 27 03y3(3y-l)—.&

1'hus, 5
I I sz(1-y)-2-~xy(l-y)-2(2(1"1“‘ -t ) 4-5(/.\1'«"211,’2 -AFT(LIAZ))
FRT In(L-x-vy) (3y-1)"" (58)
FL-F e -F ), +W(L %oy 2 (1-y) TPk oy y(1y) HRAT T, JH3AFL, A L))
B ) ] 5B, 2
FRT In x (3y-1) " (59)
T«”(‘: - F‘(’: = - F +RTIn (33/-1)227"l o’ y "2 (60)

These cquations are explicit if W is known or approximated by zero.
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3,  Evaluation of the Calculatcd Thermedynamic Effect of T
Additions oa the Boron Activit

It is now appropriate to consider the results of the formal
calculations for the metal rich case where the third element enters the 7
phase on the metal lattice (Egs. 33-35) and for the metal rich case where
the third element enters the n phase on the boron lattice {Egs. 58-60).
Taking the former case first. Eq, 35 gives the activity of boron as

RTInaj = -Fy +RTIn B (2-38) "t (61)

where FB-? is the free energy of formation of boron vacancies in the ternary
(Hf, Me) B, or (Zr, Me) Bj diboride which is metal rich., In this equation,

B represents the atomic fraction of boron in the tcrnar?r compound, The

free energy of formation of boron vacancies is known 3,4) for the case where
the atomn fraction of metal is zero {i.e. for the purc diboride). If the (raction
of Me is small, onc can assumec that the change in FB+n duc to Mc additions
might be small. The corresponding cxpression for metal rich Hf {(B,X)2 or
7r{B,X); is given by Eq. 59, Approximating W = 0 and the atoru fraction of
K = A small {i,e. 1-x-y small) yields

; n . ) -1 .
RT luay = - FB+“ +RT1n B (2-3B-3X) (62)

where X is the atom fraction of element X, Thus if we neglect the offects of
Me and X on gy, we find that for metal-rich ternary diborides

u.l? [Hf(B,X)Z]/aé‘[(Hf, Me)B,) = 1-(3X)/(2-313) (6:3)

where D+ X must be less than 2/3 to preserve the metal rich condition
(hence 3X < 2-3B), Reference to Fg, (63) indicates that

a)  additions of a third element which enters the boron
sublattice to motal rich diborides is likely to produce
a greater lowering of the boron activity than the ad-
dition of a third clement which enters the inetal sub-
lattice in metal-rich diborides

b) as the atomic fraction of X increases the activity of
DBoron decreascs,

The total quantity of X which can be substituted into the n phase will be
limited by the tcrnary phase relations (i, ¢, how much X can be gabstitnted
into the n phase before an alternate Me-X. B-X or ternary Me-B-X com-
pound precipitates)and by the vaporization of ¥. Thus, according to Fq, 58,



_ . _l
RTInpg/ py” = = Fy " + RTIn X (2-3B-3X) (64)

where Fxf is the free energy of formation of X vacancies in the n phase.
This quantity is usually a positive number, Since the vapor pressure of
pure silicon is of the order of 102 atm, at 2500°K, then if X is silicon,
reduction of the silicon pressure oyex the n phase to 10-6 (comparable to
boron in metal rich HfB5 or ZrB, ' ™) at this temperature would require
the right side of Eq. (64) to be -46 k cal/z at, At 2500°K, Fpl is about
44 k cal/g.at, Thus, if FSi-TlJ was eaual to Fygl, values of ps-l1§s equal to or
less than 107° atmospheres could be obtained if

i (oo (-1
Si (2-3B-3S1) <

Wity

(65)

Defining the ratio of B+ Si to Hf by R (where R is less than 2)

3 R Hf = 3(B+ Si) (66)
or
___Si_ <2 ‘
Z-3nhg 3 \67)
with Hi ncar % yiclds
S (68)
(2 -y 735

Thuwu, i the boron 4 silicon to metal ratio ig about 1, 9 then silicon additions
up to 0,066 atomic fraction or 6, 6% should not produce vapor pressures of
silicon in excess of 1070 atmospheres at 2500%K, Reference to Eqe (63) shows
that the addition of the maximuin anount of 81 allowed by T, (68) would lower
the boron activity by a factor of three,

D, Comparison of the Yolumes ol JU DB, ve. IO, and Zr By~ Zr Oy

In order to compare the volumetriceonstraings at the oxide/ diboride
inteeface, the volumes of 11£02, ZrOg, Ti0)y, NbO2 and Tay05 were com-
puted at 25°9C(38). These volumes are compared with corresponding valucs
fur the diborides (29) in Tabls Z4. The results indicate that the "matching
order' corresponds to the order of uxidation registance except that ZrDy, and
HfD2 arc interchanged. It ig difficult to make this comparison at high tem-
peraturcs due to the lack of accurate data on the volume of the oxides. How-
ever, the following computations were performed for the 11f 2/ HfO, and

'/.rBZ/ ZrOZ. ¥or ZrBZ and HfBZ, the results of this study (1, 40) yield
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TABLE 22

COMPARISON OF DIBORIDE AND OXIDE VOLUMES AT 25°C

Volume(g) MeOp Volume(s)
Diboride cm3/g. at cm3/g. at Percentage Difference

?_',rB2 6,17 7.05 13,3
I—IfB2 5,97 6.86 13.9
'I'iB2 5,15 6.26 19.5
NbB2 5,48 7.03 24,8

Ta.ZO5 Veolume
’i'a.BZ 5,32 7.35 32.0
('?/())'I‘.:).z(.)5 Volume 46,7

8.57

# One gm, atom of LaB, containg (1/3) N tantalum atomis, One gm, atom
of TupOy contains (2/7) N tantalum atons, Hence (7/6) gm.atoms of Ta,04
containg the same number of tantalum atoms as one gm, atom of Tabp,
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V[ ZB,,T1 = 6.17 + 1. 18x10 * T(°C} em”/g.at (69)

and

P
3

V"[HfBz,'r] 205,97 4 1.22x10 ~ 1T(°C) c1‘r13/g.at (70)

for 25°C < T < 1600°C.

For the oxides, the following procedure was used. The cxpansion
coellicient of monoclinic ZrO, was taken from dilatometric measurements{41)
yielding

V”[Zroz,T] = 7.05 +1,70x10" % T(°C) cm3/g. at (71)

for T < 1100°C. The volume of the tetragonal form of ZrQ; (1) was com~
puted from X-ray measurcments at about 1200°C1{42,43) and the assumplion
that the expansion coefficient of the p and T phase« were ecual, Thus

VT['/.rOZ,'I‘] ~ 6.80 + 1.70x10"" 1(°C) cxnj/g. at (72)

for T > 1200°C

The volumectric caleulations for HIOp were performed using Int-
tice parameter data at 25 (42, 44), 1640 (_4_4_fzmd 1920°C{44) , assuming
that the expansion cocllicients of the Tand p phasces are equal, Thus

v 111‘02,'1‘] 2 6,80 4 2,29%00 T TG e/t (73)
for ' < 17()()“('}. and
T, . . T -4 0 3 )
vilieo,, Tl z 6,524 2,29x10° 7 1(7C) em”/p. at (7-1)

for 1T > 18007 C, Figure 84 shows the volumine temperature relations for

the '/u']?.g/}.’.l'()/; and IIf]’w&/lIfOZ cases a8 functiony of temperature, Re-

ference to Figure84and Egs, (69-74) indicates that at 1800°C, Vil zvB,l =

.38 vm?‘/g. ot and VT[ '/,1*02] 7.1 em j/g. at, while V{152l = 6, 19 cm 3/1_;. it
and v ZrOZ} z 6.93, Thus at 1800%C the percentage volume differcnces arc
about 11, 4% fer both cases,

On the bagis of these considerations, stabilization of a cubic 2r02 or

HfO, with a gramn atomiec volume nearer the diboride might provide enhanced
oxidation resistance,
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APPENDIX

CHEMICAL AND SPECTROSCOPIC ANALYSES OF SAMPLES
FABRICATED BY HIGH PRESSURE HO'l' PRESSING

Spectroscopicis

Quantitative Chemical 1

Powder Sample
Material* No, Qualitative Quantitative
(Range w/o) (w/0)
HEB, (1) R1 N. D.
HfBz(ZA) R38-3 Mn: ,01~0.1
Fe: ,01-0.1 . 007
R45 N. D,
R51 Neg.
11{B, (2) R32 Neg.
R21 Si: 0,1 «1,0 0. 38
Al ,01-0,1 0,023
BR29 w4 Al: L01.0,1 N, 04e
Mn: ,01-0,1 0,018
R28-0 Al 0,1 «1.0 0, 0%
8i: 0.1 «1.0 0,18
Mun: ,01«0.1 0,013
20 N. D,
149 Nup‘,
RHZ N, D,
ZrB, (1) R1 N, D,
R26 N. D.
R28 Neg.,
R30 Neg.
R453 N.D,

179

Me B
wlo) (wio)y
88.3 10.5
9.3 10.0
87.6 10,
87.0 10,2
N.D, N.D.
N.D., N.D.
N.D, N.D,
7.5 10.5
N. D, N.,D
87.72 N.D,
N., N,D
N D Nt
80,6 17.55
8O LT.6
N.D. N.D.
N.D. N.D.
N.D. N.D,

B/Meo

Cther

1096

1.85

N: 0.06



APPENDIX {({CONT.,)

CHEMICAL AND SPECTROSCOPIC ANALYSES OF SAMPLES
FABRICATED BY HIGII PRESSURE HOT PRESSING

SpectroscopiciE Quantitative Chemical |
Powder Sample
Material* No. Qualitative  Quantitative Me B B/Mec Other
{Range w/o) (w0} {wlo) (wlo)
ZI‘BZ(P) R5 Si: 0,1 ~1.0 N.D. N.D.
‘Ti: 0,01-0,1
Mo: 0,01«0,1
ZrBf1)+ Zr48i 120 N.D. N.D. 16.5
VA Si
(ZrB 75529
IIfBZ)(Z) + Hf A5 N.D, 89.2 -
(1B )
HiB(2)+ H{+Si Al9 N.D. 87.4 9.8 S5i:3,7
(FiiB

1,79 29

* I'he powder materials are identificd and describoed in Scction IT1,

% The Spectrogcopic analyses were performed by the Jarrcell Ash Co,,
Newton, Mass, The letters NL D, signify "not determinedy; Neg.,
negligible amounts of metallic impuaritics found,

I' I'he chemical analyses which are not underscored were performeoed by
the methods recommended by the Los Alames Laboratory (sce Reference)
by Mr., Donald Gurnscy, Metallurgy Department, M. 1. T. The under-
scorced analyses were performed at ManLabs by the pyrohydroelysis
method as described in the reports by Union Carbide Research Institute,
Tarrytown, N,Y,., on the program cutitled "Research on Physical and
Chamical Principles Affecting High Temperature Materials for Rucket
Nozzles", Progress Reports from June 30, 1963 through Dec. 31, 1964,
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