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ABSTRACT 

A comprehensive study of the properties of hi^h purity well characterized 
samples of TiB2, ZrB2. HfB2, NbB2, and TaB2 has been performed. Float¬ 
ing zone refining and high pressure hot pressing were used to prepare single 
crystal and polycrystalline material respectively. An investigation of the 
sintering mechanism of TiB2 was performed. Powder purification procedures 
by acid leaching and vacuum heating were examined. Properties measured 
included lattice parameter. X-ray thermal expansion, linear thermal expan¬ 
sion, electrical resistivity and microhardncss. These quantities were obtained 
for materials which satisfied the sample requirements for the various experi¬ 
ments. Measurements were generally performed between room temperature 
and 1000°C. Thermal conductivity measurements between 1000° and 2000°C 
are in progress. Thermal properties measured included specific heat, vapor 
pressure, and heat of formation. The latter is in progress. Phase boundary 
experiments were performed in Zr-B system and the current status of the phase 
diagrams of these materials was reviewed. 

Kinetic studies were performed to elucidate the mechanism of oxidation 
and to study the nature of protective coatings which arc produced by some of 
there materials in oxidizing atmospheres. An integrated thermodynamic 
analysis of the diborides was completed. 

On the basis of current vapor pressure and oxidation data, HfB2 and ZrB¿ 
are shown to be the most likely candidates for high temperature applications 
requiring oxidation resistance. The available description of the compositional 
dependence of the boron activity in these compounds indicates that metal-rich 
deviations from stoichiometry in these compounds will probably result in 
additional enhancement of the oxidation resistance. Other variations in com¬ 
position suggested by the results of the present study include additions of Ta 
and Nb or Ÿ and La. These elements might serve to impede diffusion of 
oxygen through the oxide surface layer. Additions of silicon to the pure diborides 
might also provide enhanced oxidation resistance. 

This technical documentary report has been reviewed and is approved. 

Chief, Ceramics and Graphite 
Metals and Ceramics Division 
A. F. Materials Laboratory 

Branch 
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I. . INTRODUCTION AND SUMMARY 

A. Introduction 

Interstitial compounds of the transition metals offer a number of attractive 

features as future high-strength, high-temperature materials. The advantages of 

these compounds stem from the strong atomic binding which are due to high pack¬ 

ing density of atomr, i. e., small atoms such as B,C, and N occupying the inter¬ 

stices between the metal atoms. The combination of high bond strength with the 

low relative masses of the hexagonal diborides of Ti, Zr, Hf, Nh, and Ta leads 

to a unique series of compounds which offer the possibility of refractoriness, 

oxidation resistance and high strength-to-weight ratios. 

Realization of the full potential of borides as future high temperature 

materials require a thorough knowledge of their properties and behavior under 

diverse conditions of temperature, environment and stress states. Although 

applications of these compounds may require alloying or composite structures, 

a rational basis for such departures requires a thorough knowledge of the prop¬ 

erties of the pure compounds. In order to determine the factors which control 

the behavior of these materials an integrated research program has been designed 

and implemented. The basis used in designing this program is as follows; 

Fully dense single phase materials of high purity must be available for 

this study. Measurements of the physical, thermal, and strength properties 

will be performed up to 1500°C. Before extending the temperature range of suck 

measurements it is necessary to explore the oxidation behavior and the thermo¬ 

dynamic stability of these compounds above 1500°C. The availability of the oxi¬ 

dation and thermodynamic information at high temperatures will permit the design 

of critical high temperature property measurements. Moreover, the interpretation 

Manuscript released by the authors October 19f>3 for publication as an RTD 
Technical Documentary Report. 



of high temperature physical, mechanical, and thermal data would be greatly 

facilitated. This program should provide an efficient means of generating back¬ 

up data required to initiate later studies at temperature between 1500°C and the 

melting point. In addition, it may provide some important clues which will help 

indicate the types of additives which might improve the high temperature prop¬ 

erties of these compounds. 

The current phase of this investigation includes activities in the follow¬ 

ing areas: materials preparation, determination of physical and mechanical 

properties, oxidation studies, and thermodynamic stability studies. A very brief 

account of the results obtained to date is given below. More detailed descriptions 

of each subtask are to be found in appropriate later sections of this report. In 

each case the name and affiliation of the research worker responsible for the 

subtask is indicated on the first page of the sùbtask report. 

B. Summary of Research Resets 

1. Procurement of Raw Materials and Specimen Preparation 

High purity powders of all the diborides of interest were obtained, 

characterized, and introduced into various subtask investigations. An unsuccess¬ 

ful attempt was made to procure sound pyrolytically deposited diboride sheet (see 

Section II). 

Purification studies on TiB^ and ZrB^ using high temperature vacuum 

treatment, non-oxidizing acid leaching, and fused salt leaching have been carried 

out. These studies produced powders containing about 99.5% m .tal plus boron 

with 0.4% oxygen as the major contaminant. Other impurities were generally 

present in quantities less than 0.1%. 

Zone melted specimens of ZrB^, HfB^, NbB^ and TaB^, have been 

prepared in single crystal or coarse grained polycrystalline form. This 



material, which is of high purity and is well characterized, is ideal for thermo- 

chemical studies. However the occurrence of microcracks limits the use of this 

material in some aspects of the program. The relatively higher vapor pressures 

of TiB, precluded specimen fabrication by this technique. High density (91-99¾ 

of theoretical), fine grained specimens of TiB^, ZrB2 and HfB2 have been fabri¬ 

cated by high pressure hot pressing in the range 2000-2500 C and 300,000 psi. 

To date, NbB2 and TaB^ samples corresponding to 83-91¾ of theoretical X-ray 

density have been prepared. Studies of the mechanism and kinetics of sintering 

of TiB, (and to a more limited extent ZrB, and NbB^) covering the range 1850 to 

2500°C have been performed. These studies indicate that the limiting density is 

primarily dependent upon sintering temperature and that temperatures in excess 

of 2400°C are required to produce 90¾ dense specimens of pure TiB^. This is 

interpreted on the basis of competing material transport by vaporization-conden¬ 

sation and diffusion. Additives increase the density limit at low temperatures but 

become less effective as the sintering temperature increases. The highest density 

achieved was 95% of theoretical in Cr doped TiB^ at 2200 C. 

2. Physical and Mechanical Property Measurements 

Lattice parameter measurements have been made on all the diborides 

between room temperature and 1500°C. These data yield expansion in the •'a" and 

"c" directions and indicate slight anisotropy, ..he "c" expansion being larger. In 

addition, measurements of the amplitude of atomic vibrations perpendicular and 

parallel to the basal plane in ZrB2 and HfB^ have been carried out yielding Debye 

temperatures for these compounds. The latter are compared favorably with suit¬ 

able specific heat data on these compounds. Linear expansion data have been 

obtained on hot pressed specimens of TiB-j and TaB^, zone melted rods of ZrB2 

and NbB,, and hot pressed as well as zone melted specimens of between 



25°C atad 1000°C. Expansion coefficients and anisotropy ratios derived from 

these measurements compare reasonably well with the X-ray expansion data. 

Specimens which are suitable for thermal conductivity and emissivity measure¬ 

ments (1000OC-2000°C) have been prepared. These measurements will be per¬ 

formed during the next six months and reported at a later date. Measurements 

of the rupture strength and modulus of bending have been similarly postponed 

until the next phase of th;s study. Measurements of the electrical resistivity 

of zone refined and hot pressed specimens of the diboride between 25°C and 

1000°C using a variety of contact and lead-wire configurations are reported. 

Measurements of the hardness as a function of load have been performed for 

zone refined and hot pressed NbB^ and HfB^ and for hot pressed TÍB2 and ZrB2 

at 25°C.- In addition, hardness vs. temperature data for zone refined and hot 

pressed Zrl^ and Hfi^ and hot pressed Til^ between 25°C and 1000°C in vacuum 

are reported. Anisotropy of the hardness on the basal plane was noted in these 

studies. 

3. Oxidation Studies 

Data on the rate of oxygen pickup of all the pure diborides as well as 

a specimen of Carborundum's Zrl^-MoS^ composite are presented covering 

the temperature range 1200 to 2000°K and at pressures between 10 and 40 torr 

oxygen pressure. These data cover the behavior of high pressure hot pressed 

TÍB2 and HfB^* zone refined Zri^, NbB2» TaB2 and HfB2 an<i the conventionally 

hot pressed ZrB2~MoSÍ2 composite. The oxygen pickup data have been coupled 

with metallogvaphic and X-ray studies in order to derive some insight into the 

mechanisms controlling oxidation of the borides. The results indicate that HfB2 

is the most oxidation resistant of the pure diborides there being little difference 

in the behavior of the zone refined {single crystal or coarse grained) materials 
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and the fine grained high pressure hot pressed samples. For both HfB2 and ZrB¿. 

it was found that the temperature of the mor.oclinic tetragonal transition in the 

metal dioxide is accompanied by a sharp change in oxidation behavior and/or 

mechanism. The low temperature monocUwc form imparted greater oxidation 

resistance than the high temperature tetragonal form. Measurements on the 

Carborundum composite at 1866°K yielded a parabolic rate constant for oxygen 

pickup which was five times larger than for pure. HfB2 thus indicating that this 

material was poorer at this temperature than HfB2. At the same temperature, 

the ZrB2-MoSi2 composite was superior to pure ZrB2. However, the important 

comparison between the HfB2 and the composite remains to be made above ZOOO°K 

where the phase transition in HfC>2 takes place. 

4. Studies of Thermodynamic Stability 

Measurements of the specific heat of TiB2, NbB2 and TaB¿ are report¬ 

ed covering the range 5°K to 350°K. These data are presented along with similar 

data for ZrB2 and HfB2 obtained on a companion R. T. D. -sponsored program. The 

data have been analyzed in order to obtain a physical description of the vibrational 

and electronic specific heat contributions. The latter description has been used 

to compute the specific heats and free energy of formation functions for all the 

diborides up to their melting points. High purity specimens of all the diborides 

have been transmitted to Argonne and Los Alamos National Laboratories for 

measurements of the enthalpy of formation at room temperature. These measure¬ 

ments are to be performed using fluorine bomb and combustion calorimetry. The 

results will be reported at a later date. Currently available data on the enthalpy 

and free energy of formation of diborides have been used to develop an approxi¬ 

mate method for estimating the enthalpy of formation. This method when coupled 

with the Afef values permit calculation of the free energy of formation of all the 



diboridcs up to their melting points. A review of binary phase diagrams be twee» 

the pertinent metal components and boron is presented along with the results of 

diffusion couple and two-phase alloy studies in the Zr-B system. A quantitative 

application of the Schottky-Wagner model of compound phases to the diborides 

has been presented. This description permits calculation of the vapor pressures 

of metal and boron over the single phase diboride as a function of composition 

and temperature. Graphical illustration of the pressure-temperature-composi¬ 

tion space shows the variation in congruently vaporizing composition as a func¬ 

tion of temperature for each of the diborides. The predicted compositions for 

congruent vaporization of TiB^, ZrB2 and HfB2 compare favorably with experi¬ 

mental values. Vaporization studies on Nb, two phase Nb^B^-NbBj, mixtures and 

single phase "NbB2" covering the composition range NbBj ? to NbB2 j have been 

performed. The vaporization results can be used to compute the variation in boron 

activity across the single phase diboride field at Z150°K. Comparison of this data 

with theoretical predictions yields excellent agreement. 

c- Assessment of Research Results and Future Plans 

The results obtained thus far permit a relatively good description of the 

high temperature stability (Section XX) and oxidation behavior (Section XIV) of 

diborides. Although this description is not completely detailed at present, suffi¬ 

cient information is available to permit identification of the specific research 

directions in which additional effort will most likely provide significant advances. 

Such progress can be made by continuing the determination of fundamental data and 

applying the available background information to the practical applications for 

these materials. 

On the basis of current vapor pressure and oxidation data, HfBv and ZrB, 
to to 

appear to be the most likely candidates for high temperature applications requiring 
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oxidation resistance. The available description of the compositional dependence 

of the boron activity in these compounds indicates that metal-rich deviations 

from stoichiometry in these compounds will probably result in additional en¬ 

hancement of the oxidation resistance. Consequently, preparation and oxida¬ 

tion studies of HfB2, and ZrB^ specimens containing controlled deviations from 

stoichiometry should provide important data on the efficacy of such methods in 

improving oxidation resistance and may result in significant improvement in 

oxidation resistance. Other variations in composition which are suggested by 

the results of the present study include Ta and Nb or Sc and La which might 

serve to impede diffusion of oxygen through the oxide surface layer. Finally, 

additions of silicon to the pure diborides might provide enhanced Oxidation 

resistance. 

Preparation of fully dense specimens of doped or alloyed compounds 

exhibiting a fine grain size microstructure can be accomplished by utilization of 

the high pressure hot pressing technique (Section VI). Development of this tech¬ 

nique may provide a useful method for significantly increasing the strength of 

these materials. 

At present, the largest gap which exists in the description of the physical 

and mechanical properties of the diboridcs include data on thermai conductivity 

and mechanical strength. Measurements of thermal conductivity are presently 

underway and should become available in time for the next interim report. It 

seems appropriate to defer the modulus of rupture measurements until the most 

promising oxidation resistant compositions have been defined. Once such a defi¬ 

nition has been made, rupture strength measurements can be made on these 

candidate compositions. 



Apart from the paBsible.application.of borides in situations requiring 

refractoriness and oxidation resistance, a number of other possible applications 

exist. These include, radiation resistant materials for control rod applications 

in nuclear reactors, abrasion resistant materials and tooling, high temperature 

electrical conductors and thermionic emitters, and crucible and electrode ma¬ 

terials for liquid metals and other corrosive substances. Although the subject 

matter presented in this report hardly provides all of the information required to 

evaluate the potentialities of the diborides for the aforementioned applications, 

the information provided is necessary to each. 
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n. PROGRAM MANAGEMENT 

A. Iptrodttctio» 

In ■Aem o£ the divene nature ot the present study, it is beinj 

performed .. » group «Hort in which ManLahs. Inc. is .erring a. prim, 

contractor with Larry Kaufman serving as principal investigator and 

Edward V. Clougherty as group leader. In this capacity ManLabs provide, 

management re.ponsibility in addition to performing "in-house" research. 

Several other laboratories have participated in this study and further 

additions to the research group arc anticipated. A derailed description of 

the composition of the research group is given below. 

B, Subcontracting Laboratories 

Officiel ewerd of Contract AF)l(fc57|-86)5 was made to ManLahs 

on 15 April 1962. This contr.ci stipulated "in-housc" research at ManLahs 

in addition to r.ne.rch at the fuUow.nB subcontractor laboratories: Arthur 

D. Little. Inc. of Cambridge. ... Laboratories. Inc. .1 

Cambridge, Mae... a«d Advance Metals Research Corp. of Somerville. 

M...» 

On 29 May 1962 MauL.b, initiated a solicitation [or proposal, 

covering powd.r puri.ication .iodic, numbered AF11..6571-8635 RFP-1. Tbi. 

RFP was sen. to thirteen dilierent laboratory group, which had indicated 

interest in participating in the above men.mned study. Award of this subcon¬ 

tract ... made to U. S. Borax Research Corp. of Anaheim. California. 

The initially planned program included the procurement ot 

pyrolytlcally dcpo.ltod flat sheets of Tll>2. Z,B2. HfBg. M>Bj and T.B2 m 

m¡ch»e.sc. of ..080 .nehes and several inches .Ruare. These sheet, were 

required in fi~ grained form, fully dens, and of high purity. After receiving 



■everal bids to provide such material for this program from a number of 

qualified groups, ManLabs, Inc. contracted to purchase four Í 3/** x b" x 

0.08(/- sheets of each of the above-mentioned diborides from High Tempera¬ 

ture Materials lire, of Brighton, Massachusetts. This order was placed on 

4 October 1962 on a fixed price basis. 

At the time H.T.M. accepted the order they knew the r*wge of 

temperature, pressure, and flow rates required for the deposition process 

and counted on being able to optimize these conditions in short order so as to 

provide ManLabs with the required materials. In the initial experiments at 

H.T.M. the optimization was accomplished using TiB^ as the test material. 

Under the optimum cqnditions fine grained films of TiB^ were readily deposited 

on graphite substrates in thicknesses 0.010-0.030 inches thick. However, 

deposition of thicker sheets, without cracking presented considerable difficul¬ 

ties. After about five months of effort H.T.M. withdrew the offer to supply 

the pyrolytic sheet. They have indicated that the source of difficulty might 

be eliminated by proper matching of the expansion coefficients of boride and 

substrate. 

Further efforts in the direction of procuring suitable pyrolytically 

deposited sheet material are presently under consideration. 

On 15 January 1963, ManLabs initiated request for proposai 

AF33(657)-8635 (RFP-Z) concerning "Measurements of the Bending Strength 

and Modulus" of the diborides. Eight organizations were solicited and six 

proposals were received. At the time this RFP was initiated, it was anticipated 

that single crystal material suitable for these measurements would be available 

from the zone-refining subtask. However, as indicated in Section V , problems 
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concerning the mechanical integrity of the single crystal bars have arisen. 

Regretfully, the procurement of additional subcontracting services to 

cover this task was postponed until a later date. 

On IS August 1963 a subcontracting agreement between the 

University of Cincinnati and ManLabs, Inc. was reached for measure¬ 

ments of thermal conductivity and emissivity on the diborides. These 

measurements will be performed by Professor Michael Hoch of the 

Department of Materials Science. 

C. Dissemination of Program Information 

In addition to many informal meetings and technical discussions of 

"research in progress", two formal meetings of all subcontractors were held 

at ManLabs. Inc. on 7 September 1962 and 8 March 1963. These meetings 

were held prior to issuance of serni-aimual reports on 1 October 1962 and 1 

April 1963. These reports, which received limited distribution, provided 

interim information on the present study. The results and conclusions of 

the earlier reports have been subject to alteration with time aad are superceded 

by the present summary report. 

In January 23 and 29, 1962. Arthur D. Little. Inc. and ManLabs 

held a jointly sponsored conference on "The Preparation.' Characterization, 

and Thermodynamics of Group IV~A Diborides" at Acorn Park, Cambridge. 

This meeting which was attended by seventy research personnel from industry, 

university, and government was quite successful in defining the current status 

of information on boride compounds. 

A number of papers based on the current program have been presented 

orally and are in preparation for future publication. 

- 11 



DI, PROCOREMENT OF STARTING MATERIALS* 

A. IntroductioM 

The procurement of high purity, well characterized starting material 

is an important part of the present investigation, because the scope of this pro* 

gram focuses attention on the fundamental properties of the compounds. 

The diboride powders and in addition crystalline boron powder are used 

without further purification for the performance of the sintering (VII) single 

crystal growth (V), high pressure hot pressing (VI), X-ray measurements of 

lattice parameters, thermal expansion, and Debye temperature (VIII) subtasks. 

In addition, powder samples are also used for specific heat measurements on 

TiBg (XV) and heat of formation measurements (XVII), The remaining subtasks 

necessitate fabricated material which must be machinable to the required specimen 

geometries. Many of the subtasks can not be carried out unless crack-free speci¬ 

mens can be delivered. High purity samples of metals are also required for high 

pressure hot pressing (VI} and phase boundary studies (XVIII), Many property 

measurements will be made on material fabricated by either zone-refining or high 

pressure hot pressing. The sample requirements for the two fabricating techniques 

differ. The former effects purification as well as fabrication; the latter provides 

fabricated material without effecting purification. Appropriate measurements will 

be performed to determine the effect of fabricating procedure on properties such as 

oxidation behavior, hardness, resistivity, etc. 

A detailed list of various diboride suppliers whose materials were used 

in this investigation Is presented in Appendix A. It should be emphasized that 

E. V. Clougherty, ManLabs, Inc. 
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commercial specifications are generally listed for 'typical' materials and that 

there are no guarantees as to the availability of such materials at any given time. 

B» Chemical Analysis 

The future developments and uses of ceramic refractory materials will 

depend in part on an integrated evaluation of the measurements of their chemical, 

physical, thermal, and mechanical properties. The results of the chemical 

analyses of these materials will play an important role in this evaluation. 

Several of the properties which make these materials attractive for applied 

purposes also render accurate and precise chemical analysis a difficult task.' 

Thus, high melting point and chemical inertness at high temperature arc 
i- 

characteristics of materials which are difficult to dissolve in acids and bases j 

at convenient temperatures without contamination. The preliminary grinding of j 
} 

these materials in order to obtain a representative sample for analysis is j 
I 
I 

complicated by their extreme hardness. ) 

The analytical problems arc further complicated for the refractory j 

metal diborides by the absence of certified standards. The results of the analyses j 
- 

must be evaluated on the basis of the summation of the analyses of all the con- 
t 

stituents and on the precision of the individual methods as far as this has been j 

determined in recognized laboratories. In addition, it will be possible in the J 

progress of the present investigation to compare the analytical results of different j 
laboratories and different techniques on the same sample. ¿ 

i 

A recent compilation^ contains the methods of analysis for a large { 

variety of refractory materials and an evaluation of the accuracy and the precision 

of these techniques. Chemical analyses arc obtained for the following 
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elements: Refractory Metal, Boron, Carbon, Nitrogen, Oxygen, and Iron. It 

should be noted that analytical procedures for boron afford a measure of the total 

boron present. As yet no method is available which will provide an analysis for 

free and combined boron. 

C. Procurement 

1. Diboride Powders 

Appropriate quantities of each of the five diborides have been 

obtained from commercial sources. Each material has been characterized by a 

qualitative emission spectrographic analysis and quantitative chemical analysis 

for metal, boron, carbon, nitrogen, oxygen, and iron. Average results of 

analyses are precented in Table 1; results of individual analyses are presented 

in detail in Appendix A. The averaged compositions of metal, boron, and the 

atomic ratio of boron to metal are compared with the calculated compositions 

for the stoichiometric compounds in Table 2. These experimental results 

represent total percentage of a given material; no distinction as to free and com¬ 

bined elements can be made at this time. 

2. Boron 

Crystalline boron was purchased from U.S. Borax. The results of 

the qualitative spectrographic analysis of this material are presented in Table 3. 

Single crystal rods of zone refined boron were purchased from 

The Eagle-Picher Company for the phase boundary determinations using diffusion 

couples. 

3. Metals 

High purity metals were obtained from various sources of supply 

including the ManLabs inventory stock. These materials were routinely analyzed 

qualitatively by emission spectrographic analysis. The results of the latter were 

used to select pertinent quantitative analyses where required. The analytical 

results are summarized in Table 3. 
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TiB2 (#1) 

TiB2 (#2) 

ZrB2 (#1) 

HfB2 (#1) 

NbB2 (#2) 

TaB2 (#1) 

Material 

TiB2 (#1) 

TiB2 (#2) 

ZrB2 (#1) 

HfB2 (#1) 

NbB2 (#2) 

TaB2 (#1) 

Table 1 

Characterizatiotfof Metal Diboride Powder» 

Averaged Quantitative Reeelte (w/o) 

Material_Supplier_M_ N Fe 

U.S. 
Borax 

68.68 30.97 0.101 0.065 0.44 0.09 

Millmaster 68.85 30.48 0.10 0.18 0.06 0.06 

18.05 0.33 0.19 Ò.53 0.046 

10.6 0.14 0.017 0.10 0.083 

18.6 0.09 0.05 0.11 0.10 

y. S. 80.67 
Borax 

Wah Chang 89.0 

U.S. 80.75 
Borax 

Kawecki 88.80 10.37 0.38 0.0098 0.68 0.11 

Qualitative Results (Range w/o) 

Supplier 0.1 0.01-0.10_0.001-0.01_O»00* 

U.S. 
Borax 

Co 

Millmaster Cr,Co Si, Ni 

U.S. ' 
Borax 

Wah Chang 

U.S. 
Borax 

Kawecki 

Ti 

Ca,Cr,Ti 

Al, Si,Cr, 
Ni, Mg 

Al, Ni, Zr 

Al, Ca, Cu.Si, 
Mn, V 

Mg, Al, Mo 

Na, Mg, Co, 
Ni, Mo 

Al, Ti, Mn 

Sn, Ag.Cu 

Mg, Si, Ca, Ti, 
Mn, Zr, Cu, Cr, 
Mo, Ti 

Na, h4g, C r, 
Ni, Zr. K 

Cu, Gc, Sn, 
Mn, Ag, Cd 

Fe, Nb, Ag, 
Mn, Al, Cu, 
V 

Cu, Mg, Cr 

Ge, Mn 

Na. V. K 

^Detailed analytical results and supplier information are presented in Appendix A. 
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Table 2 

Í 

Summary of Averaged Results for Metal and Boron Analyse» 

Composition 

Experimental * 

w/oM w/o B £ M + B Material Supplier 

TiB J Ü.S. Borax 

ZrB2 U.S. Borax 

TaB^ Kawecki 

HfB^ Wah Chang 

NbB^ U,S.Borax 

TiB^ Millmaster 

Calculated 

w/o M w/o B B/Me 

68.88 31.12 2.00 

80.83 19.17 2.00 

89.32 10.68. 2.00 

89.19 10.81 2.00 

81.11 18.89 2.00 

68.88 31.12 2.00 

68.68 30.97 98.97 

80.67 18.05 98.72 

88.80 10.37 99.17 

89.0 10.6 99.6 

80.75 18.6 99.35 

68.85 30.48 99.33 

B/Me 

1.99 

1.89 

1.95 

1.97 

1.93 

1.98 

Detailed analytical resnlts are presented in . ppendix A. 
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Table 3 

Characterization of Boron and Metals 

Qualitative Results (Range w/o)** 

Element_Supplier 0.1-1_0.01-0.1 0.001-0.01 0.001 

B (crystalline) U. S. 
Borax 

Zr (powder) ManLabs* 

Mn, Si Mg,Al,Fe,Cu Ca.Ti.Ni 

Ti, B 

Zr (rod) 

Mb (rod) 

Ta (rod) 

ManLabs 

ManLabs* 

ManLabs 

Na, Al, Cr, 
Zn, Sr, 

Co 

Cu, Zn, Ga, 
Ge, As, Rb 

Mg, Si, Ca, 
Mn, Ni, Cu, 
Ag, Sn, Ba, 
Pb 

Al, Cu. Pb 

Mo 

Fe 

Element 

B (crystalline) 

Zr (powder) 

Quantitative Results (w/o)*** 

Supplier 

Zr (rod) 

Nb (rod) 

Ta (rod) 

Ü.S. 
Borax 

* 

ManLabs 

ManLabs 

ManLabs 

ManLabs 

0.005N 

15 ppmH; < 2ppmN; 0.01% O 

' Laboratory stock inventory 
es 

Results obtained from emission spcctrographic analysis by Jarrell Ash Co., 
Newtonville, Mass. 

Results obtained by D. Gurnsey. Metallurgy Department, M.I.T. 
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IV. PURIFICATION OF DIBORIDE POWDERS 

A, Introduction 

In the determination of the fundamental properties of the refractory 

metal diborides, it is most important to obtain starting material with sufficiently 

high purity so that the measured quantities will be representative of the pure 

materials. This subcontract was assigned to study the methods for reducing the 

impurity levels in presently available refractory diboride powders. The overall 

program includes an investigation of TiB-,, ZrB^, HfB^, and Tal^; the 

work which has been completed covers only the initial investigations of TiB^ and 

ZrB2* 
An investigation has been made into methods for the purification of 

TiB and ZrB, powders which were prepared by the carbothermic reduction of 

the mixed oxides. The principal contaminants in inese materials were C, N, O, 

and Fe. Three purification procedures have been studied: high-temperature 

vacuum treatment, non-oxidizing acid leaching, and fused salt leaching. In the 

study of the TiB2 the fused salt leach, provided few advantages over aqueous acid 

leaching and was much more difficult and expensive to perform. Therefore, most 

of the work has centered around high-temperature vacuum treatment and acid 

leaching. A combination of these t vo procedures applied to the highest grade of 

TiB, available (Sample #392-2l-A, see Table 7) gave a product (Sample #392-v- 

see Table 9) which contained 0.031^ C, 0.045% N, 0.31% O, and 0.08% Fe. 

Spcctrographic analysis indicated no other significant contamination. 

Hydrofluoric acid leaching alone appeared to give the best sana. 

ZrB^. A hafnium-free material (Sample ,V392-15-A, see Table 12) treat«. 

*j~L. Boõne andG. W. Campbell. Jr.. U. S. Borax Research Corp. 
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j 
this manner gave a product (Sample Í386—68-E, see Table 15) which contained 

0.16% C. 0.05% N, 0.47% O, and 0.03% Fe. Spectrographic analysis also in¬ 

dicated 0.028% Ti and about 0.014% Si. Although high-temperature vacuum treat¬ 

ment reduced the carbon content further, it also increased the oxygen content. 

The effect of the various procedures on the impurity levels in this particular 

sample can be seen in Fig. 3. The acid leaching presumably leaves the surface 

as the cleanest part of the individual particles with the remaining impurities 

diffused through the rest of the mass. If this is true, they probably have a minor 

effect on the properties of the product. 

The individual procedures which are considered best at this time for 

the particular impurities in TiB^ and ZrB2 are given below: 

Impurity in Ti3? Purification Procedure_ 

j 

C 

N 

Fe 

Si 

o 
Ca 

Mg 

Al 

High-Temperature Vacuum Treatment 

High-Temperature Vacuum Treatment 

High-Temperature Vacuum Treatment 

High-Temperature Vacuum Treatment 

HF Leaching 

HF Leaching 

HF Leaching 

HF Leaching 

Impurity in ZrB^, Purification Procedure 

C 

N 

O 

Fe 

Si 

Tl 

HF Leaching 

HF Leaching 

HF Leaching 

High-Temperature Vacuum Treatment 

Hrgh-Temperature Vacuum Treatment 

Not Removed 



¿animttaí iteii iíM 

Although HfB^» NbB^, and TaB^ have not been studied, it appear« 

reasonably certain that similar improvements can be made in these materials 

by use oC hydrofluoric acid leaching and high-tempe rature vacuum treatment. 

The latter would almost certainly be more effective even for TiB^ and ZrB^ if 

abetter vacuum could be maintained and if higher temperatures could be reached. 

These conditions would require the use of an inert gas resistance furnace or an 

induction furnace. 

B. Results and Discussion 

1. Purification of Titanium Diboride 

1.1 Starting Material 

The elemental analysis of a diboride at various stages of 

purification is the only method of detecting changes in its composition. There¬ 

fore, the analytical results are extremely important. The difficulty involved 

in this task increases greatly as the purity of the substance increases. The 

experimental uncertainty in the analyses of boron plus titanium is equal to the 

sum of the experimental uncertainties of the independent determinations 

(+ 0. 15% + _+ 0. 20% = ¿0. 35%) and thus, if the experimental value of boron plus 

titanium were 99.25%, the sum of the actual content can vary from 98.90 to 

99.60%. Therefore, the only reliable way of determining the quality of the ma¬ 

terial in question is to give accurate analyses of all the impurities. In general, 

this is the procedure being employed. An attempt to use X-ray powder patterns 

to show changes in the levels of impurities of titanium diboride was not success¬ 

ful since even the starting material showed only those lines attributable to the 

parent compound. 
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The titanium diboride used in the initial powder purification 

•todies was prepared by the carbothermic reduction of the mixed oxides and had 

a measured titanium plus boron content of 98.5% (Sample #392-14-A). This was 

not the best material available« but since the evaluation of the purification meth¬ 

ods depends on measuring changes in only small amounts of contaminants, it was 

decided that this material would be appropriate for these studies. After a satis¬ 

factory procedure was established, it was applied to the best titanium diboride 

powder available (Sample if392-21-A). 

1.2 High-Temperature Vacuum Purification 

In the early stages of the contract an attempt was made to 

modify an existing furnace which was used in the high-temperature vacuum 

purification of elemental boron so that it might be used to purify the diborides. 

The furnace, which is schematically shown in Fig. 1 , has an evacuated, water- 

cooled, steel bell jar which encloses a resistively-heated tungsten coil. Power 

to the coil was supplied by means of a G.E. 33 KVA transformer (air cooled) 

in series with a G.E. 33 KVA saturable core reactor. Control of the reactor 

was provided by a selenium rectifier which in turn was controlled by a 115 

V.A.C. transformer. Temperatures were measured by a Pt, Pt-13% Rh thermo¬ 

couple placed just inside the lip of the crucible containing the sample. However, 

delays caused by the inability of attaining pressures which were consistently below 

0.1 mm. and of attaining thermal equilibrium in the reaction zone even with radi¬ 

ation shielding forced an abandonment of this furnace. 

Subsequent high-temperature work was performed in the Hevi- 

Duty tube furnace shown in Fig. 2 , which was modified for continuous operation 

at 1500°C. A boat composed of bonded alumina and filled with 23.7 grams of 
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powdered titanium diboride (Sample 1392-14-A) was heated in this furnace at 

I490«1500 C for 3 hours at 1-8x10 Hg. The sample was then cooled to 

25 C under vacuum. Evidence for sintering was indicated by the dimensional 

stability of the sample after removal from the boat. The maximum weight loss 

due to volatilization was 1.5 grams (8.3%). but the actual value was probably 

much less. The major constituents in the volatile material which collected in 

the cooler parts of the tube were shown by spectrographic analysis to be boron 

and silicon. The outer surfaces of the titanium diborlde were dark and shiny 

and were obviously contaminated by the boat since the aluminum and calcium 

contents were considerably higher than those of the starting material. These 

lay®r8 (a maximum of 1.6 grams) were removed before the main body was 

sampled. An X-ray powder pattern of the product was the same as the starting 

material and showed m lines other than those due to titanium diboride. The 

analytical results of the product (Sample f 392-8-B) are given in Table 4 . 

Table 4 

Elemental Analysis of High-Temperature Vacuum Treated TiB3 
—■ . ' ' - ‘ —' --ir n n £ 

High-Temperature 
Vacuum Treated TiB2 Percent 
__(1392-8-B)_ Change 

0.024 -91 
<0.002 -(>97) 

1.014 +64 
0.11 .50 

not detected (<0.005) -(>91) 
0.048 +60 
0.0028 .42 

trace (<0.020) 
nil 

Starting TiB- 
(f 392-14-Ar 

C 0.28 
N 0.078 
O 0.617 
F® 0.22 

Si 0.056 
Ca 0.030 
Mg 0.0048 
A1 trace (<0.04) 
Other nU 
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Contamination from the boat probably accounts for both the 

increase in oxygen and calcium. Silicon would probably be increased also except 

for the fact that silicon dioxide is converted in a reducing medium to volatile 

silicon monoxide, presumably leaving oxygen in the titanium diboride matrix. 

(The absence of silicon in the product has been verified by duplication of the 

original analysis.) In subsequent wdrk boats made of titanium diboride were used. 

1.3 Acid Leach 

Fifty-gram samples of titanium diboride were added to 100 ml. 

of 6N hydrochloric acid and to 100 ml. of 6N hydrofluoric acid in high density 

polyethylene beakers. The two mixtures were then heated to 95-100°C on a steam 

bath for 3 hours (considerable foaming occurred during the first hour). The boride 

was washed on a BueChner funnei with water followed by methanol, dried in the 

atmosphere for 16 hours, and then dried in an oven for 30 minutes at 110°C. The 

analytical results are given in Tabie 5 . 

Table 5 

C 
N 
O 
Fe 

Si 
Ca 
Mg 
Al 
Cu 
Other 

Elemental Analysis of Acid Leached TÍB2 

Starting TiB, 
(1392-14-Ar 

Percent 
Components 

Hydrogen Fluoride 
Leached TiB2 

‘ (#386-22-A) 
Percent Percent 

Components Change 

Hydrogen Chloride 
Leached TiB2 
(#386-22-B) 

Percent 
Components 

Percent 
Change 

0.28 
0.078 
0.617 
0.22 

0.18 
0.046 
0.436 
0.23 

-36 0.24 
-41 0.029 
-29 0.611 
+5 0.20 

-14 
-63 
- 1 
- 9 

0.056 0.041 -27 
0.030 trace (<0.002) -(>93) 
0.0048 nU -(> 80) 

trace {<0.04) nil 
nU. trace (<0.001) 
nil nil 

0.051 
trace (<0. 002) 

0.0042 
nil 

trace (<0.001) 
nil 

- 9 
-(>93) 

-12 
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The hydrogen fluoride leach gives significant reductions la 

the carbon, nitrogen, and oxygen contents, but has no measurable effect on the 

iron. It removed essentially all the aluminum, calcium, and magnesium, and 

reduced the silicon about 25%. The same general trend was observed for 

terial leached with hydrogen chloride, except that in general the degree of 

purification was less. The iron is apparently diffused through the sample and 

is unaffected by surface leaching. The percent recovery in this process was 

not determined due to loss of material during washing. 

1,4 Fused Salt Leach 

Part of a mixture containing approximately 130 grams titanium 

diboride (Sample #392-14-A), 50 grams potassium bifluoride, and 50 grams 

potassium fluoboratfe was placed in a graphite boat in the tube furnace shown in 

Fig. 2 . The system was evacuated and filled with argon several times between 

100 and 250°C and then heated under one atmosphere of argon for one hour at 

1000-1050°C. U was then cooled under argon, removed, and leached several 

times in boiling water. The sample was then transferred to a filter paper, 

washed with water, rinsed with acetone, and dried. Recovery was greater than 

85%, but mechanical losses in the procedure did not allow for an accurate deter¬ 

mination. The sample was divided into two parts; one was washed further with 

6N hydrofluoric acid and the other with 6N hydrochloric acid. After one hour 

at 95-100°C,the samples were diluted to acid strengths of 2N and heated another 

45 minutes. They were then filtered, washed, rinsed with acetone, dried 16 

hours in the atmosphere and another 20 minutes at 115 C. The recovery from 

this acid washing step was greater than 75%. The analytical results are given 

in Table 6 • 
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Ti 

B 

Total 

B/Ti 

C 

N 

O 

Fe 

Si 

Ca 

Mg 

Al 

Cu 

Other 

Table 6 

Elemental Analysis of Fused Salt Leached TiBg 

Starting TiB7 
(#392-14-Ar 

67.85 

30.60 

98.45 

2.00 

Washed with HF 
(#392-13-A) 

Percent Percent 
Components Change 

67.79 

30.61 

98.40 

2.00 

Washed with HCi 
(#392-13-B) 

Percent 
Component» 

67.52 

30.49 

98.01 

2.00 

Percent 
Change 

0.28 

0.078 

0.617 

0.22 

0.30 + 7 

0.035 -55 

0.455 -26 

0.22 0 

0.33 

0.070 

0.529 

0.27 

418 

-10 

-14 

432 

0.056 

0.030 

0.0048 

trace (<0.04) 

nil 

nil 

0.054 

0.044 

0.0030 

trace f<0.01) 

0.0028 

nil 

- 3 trace (<0.005) 

+47 not detected (<0.002) 

-37 0.0034 

not detected 

0.0032 

nil 

-(>91) 

-(>93) 

-29 

There was relatively little change in the major contaminants 

(C,N,0, and Fe), but significant reduction of the minor metallic contaminants 

occurred in the material washed with hydrochloric acid. 

1.5 Purification of High Grade Titanium Diboride 

Titanium diboride of approximately 98.5% purity was used in 

the studies described in sections 1.2-1.4 in order to have percentages of im¬ 

purities which were sufficiently large so that relatively small changes could be 

measured. From this work it was concluded that heating at high temperatures 



under vacuum gave targe reductions in the carbon, nitrogen, iron, and silicon 

contents. In addition, aqueous hydrofluoric acid leaching at 100°C removed 

most of the calcium and magnesium and gave significant reductions in the oxygen 

content. This combination of acid leaching and high-temperature vacuum treat¬ 

ment was subsequently applied to the best titanium diboride available in order to 

prepare a sample of maximum purity. 

The starting material {3 392-21-A) was from the same batch as 

the 20 pounds supplied earlier by U.S. Borax Research Corporation to ManLabs, 

Inc. (cf. Appendix A). It was leached in 6 N Hf for 4 hours at 100 C and 

then diluted to 2 N HF and heated for another 30 minutes. The slurry was fil¬ 

tered, washed with water followed by acetone, and dried in the atmosphere for 

16 hours. There was a 15.2% wt. loss during this first step. The TiB2 was washed 

by stirring with 6NHCI for 30 min. at I00°C and then gradually diluting over a 2 

hour period until the total volume was 800 ml. The slurry was filtered and wash¬ 

ed with water until no further chloride could be detected with silver ion. The 

product (3392-2l-B) was then rinsed with acetone and dried in the atmosphere for 

18 hours. Total loss to this point was 19.3%. 

A 2.5-gram sample of J392-21-B was weighed, heated at 98 C 

for 30 min., cooled in a desiccator, and reweighed. Since the weight loss was 

only 0.8 mg. or 0.03%, it was concluded that there was no significant oxygen 

contamination of the sample due to adsorption of moisture. 

Two slip-cast and sintered TiB^ boats, each capable of holding 

about 13-15 g. of low density TiB^ powder, were preheated to 1500°C under 

vacuum and then used in the vacuum heating of #392-21-B. Approxunately 28 

grams of #392-21-B was heated in each of 5 runs. The temperature of the 
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furnace waa maintained at 1470-1480°C for 4 hours and the pressure was held 

at 1-3 a I0-2n.m. Hg by continuous pumping. After the TiB^ had cooled to room 

temperature under vacuum, approximately 3 grams of the original 28 grams was 

removed from surface of the powder in order to avoid contamination from the 

furnace. These five samples were combined and thoroughly mixed (#392-37-A). 

The elemental analyses of samples J392-21-A, #392-21-B, and #392-37-A are 

given in Tables 7. 8 and 9. Whenever a conflict in values was encountered 

between the analytical data of LeDoux and that of Kennard and Drake, the LeDoux 

values were accepted as being more reliable. 

Table 7 

Elemental Analyses of Sample >392-21-A: 

Hiph Grade Titanium Diboridc Starting Material 

Ti 

B 

Ti + B 

B/Ti 

C 

N 

O 

Fe 

Total 

Si 

Ca 

Mg 

Other 

LeDoux Kennard 
(Reported by ManLabs) Drake 

68.61 68.50 67.92 

31.17 30.85 30.59 

99.78 99.35 98.51 

2.0Ò3 1.99 1.994 

0.094 0.099 0.11 

0.073 0.066 0.018 

0.43 0.43 0.397 

0.10 0.09 0.16 

100.48 100.04 99.20 

Pacific 
Spectrochemical 

0.12 

0.046 

0.017 

0.0036 

nil 

General 
Atomics 

0.74 + 0.04 
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tiâaAîdHfiba 

Ti 

B 

Ti + B 

B/Ti 

C 

N 

O 

Fe 

Total 

Si 

Ca 

Mg 

V 

Other 

U<V.%'n1nV.V/Sv.V.ÍnV/-.* 

Table 8 

Elementol Analyse» of Sample 1392-21-B; 

High Grade Titanium Piboride after Leaching with HF 

Kennard îc Drake 

68.12 

30.69 

98.81 

1.994 

0.12 

0.010 

0.268 

0.22 

99.43 

67.85 

30.53 

98.38 

1.993 

0.12 

0.010 

0.288 

0.17 

98.98 

Pacific Spectrochemical 
General 
Atomics 

0.40+0.08 

0.096 0.090 

nil nil 

trace 
(< 0.003) 

trace 
(< 0.003) 

0.0030 0.0034 

trace 
(<0.01) 

nil 

trace 
C<o.oi) 

nil 
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Table 9 

Elemental Analyses of Sample 1392-37-A: 

High Grade Titanium Diboride after Leaching and Heating under Vacuum. 

Ti 

B 

Ti + B 

B/Ti 

C 

N 

O 

Fe 

Total • 

Ca 

Mg 

Other 

LeDoux Kennard 8c Drake Pacific Spectrochemical 

69. 18 

30.47 

99.65 

1.950- 

0.023 

0.045 

0.312 

0.079 

100.11 

68.20 

30.78 

98.98 

1.998 

0.03 

0.029 

0.248 

0.21 

99.50 

68.12 

30.68 

98.80 

1.994 

0.03 

0.016 

0.332 

0. 14 

99.32 

0.064 

trace 
{<0.003} 

trace 
(< 0.001) 

nil 

0.076 

trace 
(< 0.003) 

trace 
(< 0.001) 

nil 

General 
Atomics 

0.3+0.1 

The combined acid leaching and high-temperature vacuum treatment 

reduced the oxygen content by 30%, the carbon by 75%, and the nitrogen by 36%. 

Iron appeared to be reduced by about 20%. Silicon and calcium, the only signifi¬ 

cant metal contaminants other than iron, were reduced from 0.017% to less than 

0. 003% and from 0.04c% to less than 0.005% respectively. The magnesium con¬ 

tent was little changed, but it was low in the starting material. The X-ray pow¬ 

der patterns of these materials#392-21-A, 1392-21-B, and #392-37-A showed 

only the lines expected for TÍB2 with no variations. 

1.6 Analytical Procedures 

The elemental analyses for Ti, B, C, N, O, and Fe contained in 

Tables 4,5 , and 6 were performe-4 by Kennard and Drake, Los Angeles. Their 
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procedure, are given in Table 10. The other data in these Table, were obtained 

by Pacific SpectroChemical Laboratory, using .emi-quantîtative spectrographic 

analysis. The data in Tables 7, 8. and » are listed according to their source, 

and include information from Kennard and Drake. Pacific SpectroChemical. and 

LeDoux & Company. Inc. The LeDoux procedures are given in Table H. 

Tables 7. 8, and 9 also include fast-neutron activation analyses for oxygen 

which were performed by the General Atomics Division of General Dynamics. 

San Diego, California. 

Table 10 

Element 

Ti 

B 

C 

N 

O 

Fe 

Outline of Method of Analysis for Elements in TiB, 

(Kenna rd and Drake) 

_Analytical Method___ 

Solution in HC1 + HNO3 with few drops of HzOZ- ' • ’ ' 
Undissolved residue fused with KHSO4 and returned to solution 
Ti precipitated with NaOH. filtered, and redis solved in 5% H2SO4. 

H3PO4 added to mask iron. 
Ti determined spectrophotometrically. 

Digested as above. 
Distill boron as methyl borate-methanol aaotrope. 
Titrated as boric acid with NaOH in presence of mannitol. 

Combustion. 

Micro Kjeldahl. ASTM E120-60, p. 503, I960 Edition. 

Inert gas fusion. ILeco Vacuum Fusion Analyser, Model 578-000; 
temp.. 1950°C; time. 3 min.; flux. Pt; crucible, graphite). 

Dissolved as for Ti 
Tartaric acid and NH4OH added. umo* 
Fe orecipitated with HzS, filtered and dissolved *» HNO3. 
Hydroxylamine hydrochloride and sodium acetate buffer added. 
Determined spectrophotometrically. 
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Element 

Ti 

B 

C 

N 

O 

Fe 

Table 11 

Outline of Method of Analysis for Elements in TiBg 

(LeDoux tc Company, Inc.) 

_Analytical Method_- 

Solution in HF and HNO3. evapórate to fumes with H2SO4; 
Precipitate with copier ron and ignite; 
Correct for impurities by spectrographic analysis. 

Fusion in NaOH, dissolve and filter; 
Dissolve residue in HC1 and reprecipitate. 
Remove Ti with BaCOj; 
Titrate H3BO3 in presence of mannitol. 

Combustion and conductometric measurement. 

Decomposition with HCl, HF, and 
Kjeldahl distillation. 

Inert gas fusion with Pt as flux. 

Orthophenanthroline color procedure. 

2. Purification of Zirconium Diboride 

2.1 Starting Material 

The material (Sample 1392- 15-A) used in the study o( methods 

for purifying aireonium dihorid. »as the same as the 20 pound, of "Reactor Gradd' 

zirconium diborid. supplied earlier to M.nLabs, Inc. and referred to in Section III. 

Thi. i. an essentiaU, hafnium -free materia! of 98. 5 -98.8?. purity. Various 

analyse, of this material are given in Table 12. The main contaminant, are 

oxygen, carbon, nitrogen, and iron. The L.Doux vaiue of 0. 30% for tungsten i. 

Inconsistent With both the data from Pacific Spec.-oChemical Laboratory, and that 

from Jarrell-A.h, a, reported by ManLab, in Table 12 and Appendix A. Weak 

. a. S.» ? Aft 2 32 and 1.64 A may be due to zir- 
lines in the X-ray powder pattern at 2.68. 2. 32. and i. 

„ ? 7A 2 34 and 1.65Â. Other weak un- 
conium carbide which gives lines at 2.70. 2. . 

identified lines were present at 1.723 and 1.40lA. 
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2.Z High-Temperatur« Vacuum Purification of Zirconium 
Diboride. 

Approximately 125-gram samples of zirconium diboride 

(Sample #392- 15-A) were placed in graphite boats in the mullite tube furnace 

shown in Fig. 2 and heated to 1470- 1480°C for 2 hours at 0.1 mm. They were 

cooled under vacuum, removed from the furnace, and reweighed. Weight losses 

amounted to 0.1-0. 3 g. or about 0.03-0. 10% of Uie combined weight of boat and 

sample. The zirconium diboride surface layer was discarded in order to re¬ 

move any possible contamination. The product (Sample #392-50-A) was then 

emptied from the boat,taking care not to remove that portion of the sample 

which adhered to the graphite sides and bottom. The X-ray powder patterns of 

the top, sides and bottom, and the main body of the sample were all essentially 

the same and differed from the s ta rting_ mat erial only in that the weak, unidenti¬ 

fied lines at 1.723 and 1.401 A were almost completely removed. The analyti¬ 

cal data obtained for this material are given in Table 13. 

Table 13 

Zr 
B 
Zr + B 
B/Zr 
C 
N 
O 
Fe 
Total 
Ti 
A1 
Mg 
Si 
Cu 
Hf 
Other 

Elemental Analysis of Sample #392-50-A: ' 

ZrBp after Heating under Vacuum 

Le Doux Pacific SpeetroChemical 

81.07 
18.20 
99.27 

1.893 
0.36 
0. 18 
0.61 
0.04 

100.46 

81.27 
18.20 
99.47 

1:888 
0.37 
0. 18 
0.61 
0.04 

100.67 
0.019 

0.026 
0.017 

nil (< 0.0005) 
0.011 

nil (< 0.0003) 
nil 
nil 



Th« values indicate an increase in both Zr and B and a slight increase in the 

B/Zr ratio. However, since the total of the contents of Zr, B, C, N, O, and 

F« are considerably above 100%, the values for Zr and B most be considered 

somewhat questionable. The carbon, nitrogen, and iron contents are all reduced 

slightly, but the oxygen level has increased. These values are charted in Fig. 

3 along with the results from the products of the other ZrB2 purification proce¬ 

dures. 

2.3 High-Temperature Vacuum Purification of Zirconium 
Diboride followed by Acid Leaching 

Part of the sirconium diboridc which was heated under vac¬ 

uum (Sample 1392-50-A) was leached in aqueous 6 N HF for 4 hours at 0 C. (A 

more extensive description of the acid leaching of airconium diboride is given in 

the following section.) It was then filtered, rinsed with water followed by acetone, 

and air dried. The X-ray powder pattern of the product (Sample 1392-50-C)had 

only one weak Une at 2.33À which was not characteristic of mrconium diboride. 

The elemental analyses of this material are given in Table 14. 
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Zr 

B 

Zr + B 

B/Zr 

C 

N 

O 

F« 

Total 

TI 

Al 

Mg 

Si 

Ca 

Hf 

Other 

Table >4 

Elemental Analysi» of Sample Í392-S0-C: 

ZrBj after Heating under Vacuum and Acid Leaching 

Le Doux Pacific SpectroChemical 

80.98 

18.21 

99.19 

1.896 

0.35 

0.18 

0.63 

0.03 

100.38 

81. 13 

18.29 

99.42 

1.901 

0.38 

0. 18 

0.66 

0.03 

100.67 

0.032 

0.030 

trace (<0.0005) 

0.011 

trace (< 0.0003) 

nil 

nil 

The carbon, nitrogen, and iron levels are essentially unchanged from those of 

xirconium diboride which was heated only (Sample #392-50-A), The oxygen con¬ 

tent, however, appeared to be slightly higher (refer to Fig. 3). 

2.4 Purification of Zirconium Diboride Powder by 
Acid Leaching. 

Zirconium diboride is much more readily decomposed by 

hydrofluoric acid than is titanium diboride. When 100-gram samples of "Reactor 

Grade" ZrB^ (Sample 1392-15-A) were slurried in 240 ml. of 6 N HF at room 

temperature, an exothermic reaction occurred accompanied by considerable 

foaming. The temperature was reduced to 0°C and maintained there for 4 hours. 



The sample« were diluted, filtered, and washed. They were then stirred ia 

about 400 ml. of water in order to remove any remaining salts, again filtered, 

washed with water followed by acetone, and air dried. A 107o weight loe» was 

noted for this procedure. The product (Sample #386-68-E) was a free-flowing 

powder in contrast with the starting material which had a damp appearance and 

tended to clump. The X-ray powder pattern was also free of extraneous lines. 

The elemental analyses are given in Table 15 (see also Fig.3 J. 

Table 15 

Elemental Analyses of Sample #386-68- E; 

ZrB^ after Acid Leaching. 

LeDoux Truesdail Pacific SpectroChemical 

Zr 

B 

Zr + B 

B/Zr 

C 

N 

O 

Fe 

Total 

Ti 

A1 

Mg 

Si 

Cu 

Hi 

Other 

80.43 

18.82 

99.25 

1.973 

0. 15 

0.05 

0.47 

0.03 

99.95 

80.49 

18.84 

99.33 

1.973 

0. 17 

0.05 

0.47 

0.03 

100.05 

80.11 80.49 

17.91 17.30 

98.02 97.79 

1.885 1.812 

0.10 0.12 

0.07 0.07 

0. 12 0.11 0.032 0.032 

0.030 0.026 

nil «“I 

trace (<0.00!l trace (<0.0005) 

0.014 0.013 

nil 0.00078 

nil "il 

nil "il 



A 200-gram sample of "Reactor Grade" zirconium diboride 

(#392- 15-A) was slurried in 440 ml. of 6 N HC1 for 2 hours at 100°C. It was then 

cooled to 0°C and diluted. The mixture was thick and viscous and difficult to fil¬ 

ter even through Whatman #52 filter paper. After filtering, the boride was stir¬ 

red in 1200 ml. of water made slightly acid with 4 ml. of concentrated HC1 in 

order to remove any adhering salts; it was then filtered, rinsed with water fol¬ 

lowed by acetone, and air dried. The product appeared damp and tended to clump 

similar to the sUrting material. It also showed intensification of the extraneous 

lines at 2.68 and 2. 32A in the X-ray powder pattern. The product was not sub¬ 

jected to elemental analysis. 

2.5 Purification of Zirconium Diboride by Acid Leaching 
followed by High-Temperatu re Vacuum Treatment 

The zirconium diboride which was leached with hydrofluoric 

acid (Sample #386-68-E)‘was heated to high temperatures in vacuum ander the 

same conditions as those given in section 2.2. The X-ray powder pattern of the 

product (Sample #392-50-3) was free of extraneous 'ines. The elemental analy¬ 

ses are given in Table 16 (see also Fig. 3). 
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Table 16 

Elemental Ana lyes of Sample #392-50-8: 

ZrB^ after Acid Leaching and Heating under Vacuum 

Le Doux _ Pacific SpectroChemical 

Zr 

B 

Zr + B 

B/Zt 

C 

N 

O 

Fe 

Total 

Ti 

A1 

Mg 

Si 

Cu 

Hi 

Other 

80.75 

18.70 

99.45 

1.952 

0.13 

0.05 

0.53 

0.04 

100.20 

80.79 

18.70 

99.49 

1.951 

0.14 

0.05 

0.55 

0.04 

100.27 

0.028 

0.032 

0.044 

trace (<0.0005) 

0.0094 

trace (<0.0003) 

nil 

nil 

2 6 Purification of Zirconium Diboride by Acid Leaching 
followed by Hi^h-Temperature Vacuum Treatment followed 

by a Second Acid Leaching 

Part of the zirconium diboride from the previous section 

(Sample (392-50-6) which waa leached wilh hydrofluoric acid and then heated 

under vacuum wa. again leached with hydrofluoric acid uelng the procedure de- 

aeribed in auction 2.4. The X-ray powder pattern of the produet (Sample (392- 

50-D) wa. essentially free of ea.rane.u. linea. The elemental analyses are given 

in Table 17. 
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Zr 

B 

Zr 4- B 

B/Zr 

C 

N 

O 

Fe 
Total 

Ti 

Al 

Mg 

Si 

Cti 

Ilf 

Other 

Table 17 

Elemental Analyses of Sample #392-50-0: 

ZrB^ after Acid Leaching, Heating under Vacuum and 

a second Acid Leaching. 

Le Doux 

80.74 

18.71 

99.45 

1.953 

0.12 

0.05 

0.55 

0.03 

100.20 

80.93 

18.75 

99.68 

1.953 

0. 12 

0.05 

0.53 

0.03 

100.41 

Pacific SpectroChemical 

0.022 

0.028 

0.036 

trace (<0.0005) 

0.020 

trace (<0.0003) 

nil 

nil 

2.7 Comparison of Purifícation Methods 

A survey of the most important data given in the sections 

on the purification of zirconium diboridc is contained in Fig. 3 . The levels of 

the major impurities (C, N, O, and Fe) are given as a function of the treatment 

received by a particular sample. Oxygen contents were increased by heating, 

presumably due to contamination from the mullite tube or diffusion of air through 

the walls of the tube at high temperature. ^ 

^Difficulty in obtaining a high vacuum indicated that the tube had some 
porosity at high temperatures. 
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The carbon and nitrogen levels were greatly reduced by hydrofluoric acid leach¬ 

ing but not if the sample was first heated under vacuum at approximately 1500°C. 

The sample of highest purity was considered to be #386-68-E, the material which 

was acid leached only. It contained a measured zirconium plus boron content of 

99. 29%! and the sum of the values determined for carbon, nitrogen, oxygen, and 

iron was 0.71%. 

2.8 Analytical Procedures 

The analytical data in Tables 12-17 are listed according to 

the firm which supplied the information. The major part of the chemical analyses 

were performed by LeDoux & Company, Inc., Teaneck, X. J. (see Table 18 for 

procedure). Additional information was supplied by Truesdail Laboratories, Inc., 

Los Angeles (see Table 19 for procedure). The semiquar.titative spcctrographic 

analyses were performed by Pacific SpectroChemical Laboratory, Los Angeles, 

and, in one case, by LeDoux. The General Atomics Division of General 

Dynamics, San Diego, California, determined the oxygen content reported in 

Table 12 using fast-neutron activation analysis. 
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Element 

Zr 

B 

N 

Fe 
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Table 18 

Outline of Method of Analysis for Elements in ZrB^ 

(LeDoux fc Co., Inc.) 

Analytical Method 

Digested in HF + HNO^; 

Heated to dryness with HF; 

Salts dissolved in tartaric acid; 

Zr precipitated with cupferron and ignited; 

Purity of Zr02 determined spectrographically. 

Fused in NaOH; 

Dissolved in HC1; 

Zr precipitated with BaCO^; 

Boric acid titrated in presence of mannitol. 

Combustion in presence of Fe + Cu; 

Conductometric measurement of CO, 

Digested in HF + H^O^; 

Kjeldahl determination. 

i- 
V 

Inert gas fusion using Pt flux. 

Photometric determination of ortho-phenanthroline complex. 
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Table 19 

Outline of Method of Analysis for Element« in ZrB^ 

(TruesdaiL Laboratories, Inc.) 

_Analytical Method__ 

Dissolved in H^SO^ + H^Og. 

Evaporated to dryness and dissolved in HC1; 

Precipitated Zr with p-bromomandelic acid; 

Filtered and ignited to ZrO^. 

Fusion in Na^CO^ + NaNO^; 

Dissolved in HC1; 

Precipitated Zr with BaCO^; 

Boric acid titrated in presence of mannitol. 

Combustion. 

Kjeldahl. 

Photometric determination of ortho-phena.nthroline complex. 
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V. SINGLE CRYSTAL GROWTH AND PURIFICATION* 
. » ■ — — 

A. Introductio» 

Single crystals ot the refractory metal diborides can be produced by 

(12) 
a method of floating—soné melting ’ . The floating-zone method is preferred since 

there is no sample container needed which might contaminate these high melting 

compounds (2900°C to 3250°C). Since these materials are most easily obtained 

in the form of powders (see Section III), specimens for zone melting are prepared 

by sintering powders into rods approximately 3/8 inch diameter by 8 inches long. 

Melting is produced by radio frequency induction heating in the apparatus shown 

in Fig. 4. Power is supplied by a 450 kc 10 kw generator equipped with a manu¬ 

ally operated thyratron output control. In most cases boron is added to the diboride 

powder before sintering so that the excess will compensate for the boron loss due 

to vaporization at the melting point. Metallographie inspection. X-ray diffraction, 

and wet chemical analysis of the preliminary zone refined bars are used to de¬ 

termine the proper boron adjustment for a series of fabrication experiments. 

Experimental problems stemming from the preferred vaporization of 

one constituent, prohibit the use of either very slow melting speeds or multiple 

pass techniques. Therefore, purification by the zone refining method is limited. 

Impurities which are volatile at the melting temperature will be decreased, but 

impurities such as refractory metals will for the most part remain. For this 

reason, high purity starting materials with respect to refractory impurities are 

needed. 

e 
Gerald Clay, Arthur D. Little, Inc. 
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Grain size in materials produced by this method increase, with dis¬ 

tance traveled. It is therefore expected that the beginning of each specimen will 

be polycrystalline. All samples investigated, however, have a thin polycrys¬ 

talline skin at the surface, and contain either a large grain polycrystalline arss. 

or single grains within this skin. 

B. Niobium Diboride 

1. Composition Adjustment - Starting material U.S. Borax NbB^fl) 

Several samples of NbB^ were made with initial boron additions 

to provide surting mixtures with 7 atomic percent, a/°. excess based on the 

theoretical content of boron in NbB^. The product showed a second phase on 

metallographic examination. By increasing the amount of boion added to the 

starting material to 10a/o excess, bars were produced which were single phase 

as evidenced by metallographic examinations and X-ray diffraction. Bar No. 

435 is an example of this group of material. Chemical analysis of this bar. 

however, indicated that the sample was somewhat boron deficient (NbB^). 

By adding 14a/o «cess boron to the NbB2 powder before sintering, it was 

possible to make a batch of homogeneous material (Bar Nos. 468 to 532). This 

boron addition generated problems with the con.xol of the melting. The result, 

at that time indicated that additional boron could not profitably be added, with¬ 

out sacrificing the uniform melting which is necessary to produce single crystal. 

or even large grained material. 

The average composition of bars from the latter group is NWJj^gfcg 

( vv,n to NbB compared to the starting composition of with a range of NbB1>909 to indu1997 «-o., p 

mkr Table 20 contains the results of all niobium and boron analyses. 
NbB1.724* 
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Table 20 

Reaults of Metal and Boron Analyses on NbB^ 

(Ledoux and Co. • Teaneck, N.J.) 

Bar No. 

435-2 

469-2A 

473-1 

477-2 

527-2 

531-3 

Nb(w/o) 

81.51 

82.16 

82.01 

81.41 

80.93 

80.51 

B(w/o) B * Nb(w/o) 

18.45 99.96 

17.96 100.12 

18.22 100.23 

18.69 100.10 

18.79 99.72 

18.71 99.22 

B/Nb 

1.945 

1.878 

1.909 

1.973 

1.995 

1.997 

Average 99.89 

Bar No. 469 appeared to have formed an oxide coating during sintering. Since 

the chemical analysis indicated a substantial boron loss, this bar and one other 

with a surface similar in color were omitted from the lot. 

2. Purification 

Qualitative spectrographic analyses were used to indicate the 

general impurity level; wet chemical analyses and quantitative spectrographic 

analyses were used to determine specific elements. 

Carbon, oxygen, nitrogen, and iron were detected in the fol¬ 

lowing amounts: 

C - 0.0121% 

N - 0.0045% 

O - 0.0066% 

Fe- 0.0001% 
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as compared to the atartinx material: (aee Appendix A) 

C ~ 0.033% 

N - 0.025% 

O - 0.48% 

Fe - 0.07% 

Table 21 shows the level of the remaining impurities In the melted sample 

compared to the level in the starting material. The total impurity level is 

In the range of 0.15% to 0.27%. The average total of Mb and B is 99.89« thus 

this material is approximately 99.7 to 99.9% pure. 

Table 21 

Spectrographic Analysis of NbB^ Impurity lieyel 

Element After Melting 

Ti 

Cr 

Ha 

At 

Mg 

Ca 

HI 

C« 

Si 

0.13% 

0.001 - 0.01% 
0.001 - 0.01% 
0.001 - 0.01% 
0.001% 
0.001% 
0.001% 
0.001% 
0.001% 

Stuf ü ¿ Material 

O.Of. - 1.0% 

0.01 - 1.0% 
0.001 - 0.01% 
0.01 - 0.1% 
0.001 - 0.01% 
0.001 - 0.1% 
0.001 - 0.1% 

0.001 - 0.1% 

AH other elements detectable by spectrographic analysis were 0.001% or less. 

3. Crystal Growth 

The photo-macrographs in Figs. 5 and 6 show two cross sections 

of NbBj Bar No. 435. The section shown in Fig. 5 was taken from the beginning 

of the bar approximately 1 inch from the start. It indicates two major grains. 
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Th* »ectioi» shown in Fig. 6 was taken approximately 3 inches from the 

start: it reveals one major grain and several minor grains at the surface. 

These photographs also, show the problem encountered with cracking in NbB2 

samples. 

C. Zirconium Diboride 

1. Composition Adjustment - Starting material U.S. Borax ZrB^ (#D 

Preliminary experiments were performed on bars sintered with 

enough boron to bring the starting material to stoichiometry plus various amounts 

up to 12*/o excess. Metallographie analysis on all except the 12a/o excess bar 

show a second phase. Fig. 7 shows a section of a bar prepared from starting 

material with 7a/° excess boron. Figs. 8 and 9 are sections of a 12a/o ex¬ 

cess bar. Since the homogeneity range of ZrB^ is quite small, the l2a/o excess 

boron composition was considered optimum. Chemical analysis on this bar gave 

ZrBi Table 22 contains the results of chemical analyses for zirconium 

and boron on typical samples of ZrB2. From these results the average compo¬ 

sition is ZrBj ggj with a range from ZrBj to ZrB^ 023* This shows an 

improvement over the starting material which analyzed as ZrB, QQ. 
1 • OO 

Table 22 

Chemical Analysis of ZrB2 

(Ledoux and Co., Teaneck, N. J. ) 

Bar No. Zr (w/o) B (w/o) Zr + B (w/o) B/Zr 

514-5 80.93 19.01 99.94 1.982 

54S-J 80.74 20.36 100.10 2.023 

572-4 80.88 18.65 99.53 1.946 

Average 99.86 1.983 



F*g. S - NbBz No. 435-1C, 
etched with a 60% glycerin— 
20% HNO3 - 20% HF mixture, 
iOx polarised Dght. 

Fig» & - NbBgNo. 435-4A, as 
polished, 1 Ox polarized light. 
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Fig, 7 - ZrBZ No. 504 (7 a/oxSB) 
as polished, 50X 

Fig. U - ZrB2 No. 514-8 
* (12a/oxSB) 

etched with HNO^-Hi 
mixture, SOX 

t t 

J 

Fig. 9 - ZrBz No. 514-8 
12 a/oxSB) 
etched with HN03-HÍ 
mixture, 10X 
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2. Purification 

Qualitative apectrographic analyses by Jarrell-Ash Company, 

Newtonville, Massachusetts, showed only the following impurities: (wt.%) 

Si - 0.01 -0.1% 

Ca-0.01 -0.1% 

Ti - 0.001 - 0.1% 

Sn - 0.-001% 

AU other impurities detectable by spectrographic analysis were 

less than 0.0001%. Quantitative spectrographic analyses were made for the 

following elements and showed: 

Ca - 50 ppm 

Fe - 50 ppm 

Mo - 20 ppm 

Na - 20 ppm 

Si - Less than 20 ppm 

Tl . 100 ppm 

Chemical analysis by Le doux and Company gave: 

C - 0.0702% and 0.0232% 

N - 0.0040% 

O - 0.0074% 

Fc-0.0001% 

compared to the starting material {see Table 1) 

C -0. 33% 

N -0.19% 

O -0.53% 

Fe-0.046% 
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The lot of ZrB2 from this information is in the range of 99.9% 

pure with carbon as the major impurity. 

3. Crystal Growth 

As in the case of NbB^» the beginning end of the ZrB^ bars are 

poly crystalline as shown in Fig. 10 . Metallography on sections nearer the 

end indicate grain boundaries only near the surface. Laue photographs taken 

in the center portion of these cross sections show slight splitting of the spots 

indicating striations or subgrain boundaries but no major grain boundaries. 

D. Titanium Dihoride 

1. Composition Adjustment - Starting material U.S. Borax TiB^ I) 

The average composition of the starting material is TiB^ 

Attempts to increase this boron content were entirely unrewarding. Follow¬ 

ing the general procedure used with the other compounds, bars were sintered 

with 8, 10 and l2a/o excess boron. Although the 8a/o bars sometimes gave 

single phase material, as determined by metallographic analysis, the melting 

behavior of this material caused severe experimental difficulties. The major 

problem was arcing between the sample and the work coil. Increased boron 

content appeared to alleviate the situation, but this procedure always afforded 

two-phase material as the product, as shown in Figs., 11 and 12. One such- 

bar (No. 517, 10a/o excess boron), which represented a starting composition of 

TiB^ 271» was analyzed by Schwarzkopf Microanalytica» Laboratory, Woodside, 

New York. The results showed a final composition of TiB^ 415* This loss of 

Ti is contrary to what was expected from experience and from vapor pressure 

considerations. A bar was then made from the starting material (TiBj ^g); the 

analysis of this material (TiBj indicated that a small amount of boron was 
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1. 

Fig. 11 - TíB2 No. 522-1 
As polished 100X 

«flfcMiftfcÉ iúéJé 

As polished 10X 

Fig. 12 - TiB2 No. 606-4 
As polished 400X 
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lost. Both metallography and X-ray diffraction performed to date indicate that 

this material is single phase. Although the approximate starting composition 

has been defined, a considerable amount of additional work is necessary to 

achieve uniform and controllable melting conditions needed for the prepara- * 

tion of single crystal material. 

E. Tantalum Diboride 

Composition Adjustment - Starting material Kaw<-n (fj) 
2 

Bars were sintered containing up to I2a/o excess boron. Addi¬ 

tions of from 8 to 10a/o produced single phase material whereas 12a/o 

produced a two phase sample. Although melting conditions were somewhat better 

in the case of the 10a/o addition, chemical analysis showed a boron to metal 

ratio of 2.05. Thus 9a/o excess boron was chosen as the optimum addition for 

the composition adjustment. Table 23 contains the results of chemical analyses 

for 'fa and B on typical samples from the lot. 

Bar No. 

576-5 

659-3 

679-2 

675-3 

Table 23 

Chemical Analysis of TaB^* 
■ £ 

Ta (w/o) B (w/o) Ta + B (w/o) 

89.11 10.92 100.03 

88.56 11.56 100.12 

88.55 11.48 100.03 

89.0 10.9 99.9 

Average 100.02 • 

B/Ta 

2.04 

2.18 

2.16 

2.05 

2.11 

« 
All analyses by Ledoux and Co., Teaneck, N.J. except sample No. 675-3. 
analysis by Donald Gurnsey, M.I. T. 
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Z. Purification 

É 

Qualitative Spectrographic Analysis of Tal^ by Jarrell-Ash Co., 

Newtonville, Massachusetts showed the following impurities: 

Mg - 0.001% 

Al - 0.001% 

Si - 0.001 - 0.01% 

Ca - 0.001% 

Ti - 0.001 - 0.01% 

V - 0.001% 

Cr - 0.001 - 0.01% 

Fe - 0.001% 

Ni - 0.001% 

As - 0.001% 

Ag - 0.001% 

All other elements detectable by spectrographic analysis were 

0.0001% or less. Results of quantitative spectrographic analyses for Si, Ti and 

Cr are forthcoming. 

The following results were obtained from Ledoux and Co. 

C - 51 ppm and 350 ppm 

N - 22 ppm 

0-32 ppm and 25 ppm 

compared to starting material (see Table 1) 

C - 0. 38% 

N -0.0098% 

O -0.68% 

Thus the TaB^ sample has a total impurity level in the range of 0.05% by weight. 

ï 
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3. Cry«tal Growth 

In the case of each of the previously mentioned materials, crack¬ 

ing has been somewhat of a problem. Once single phase, single crystals were 

obtained, the cracking problem became more severe. Cracking has been a major 

problem in the fabrication of TaB^; a section of a cracked sample is shown in 

Fig- 13. Since the presence of grain boundaries appeared to alleviate the crack¬ 

ing problem somewhat, the samples of TaB^ were prepared at increased growth 

speeds in order to expedite sample preparation for some of the measurements 

which could be performed on this type of material. More work will be needed in 

order to achieve melting conditions satisfactory for single phase, single crystals. 

F. Hafnium Diboride 

1. Composition Adjustment- Starting material Wah Chang 

Several samples of HfB^ were melted containing up to 14a/o excess 

boron in the starting powder. Both X-ray diffraction and metallography indicated 

the presence of a second phase in this material. An addition of 14a/o excess boron 

produced a sample which contained a two phase region at the beginning, and a single 

phase region toward the end of a given bar. Since the homogeneity range, is sus¬ 

pected to be extremely small, this addition appeared to be optimum. An addition of 

l8a/o excess boron, however, produced a sample which was two phase in a region 

near the beginning, single phase throughout the central portion, and two phase at the 

end. The photomicrographs in Figs. 14 and 15 show the appearance of the second phase 

near the start of the bar at 50 and 400X respectively; the photomicrographs in Figs. 

16 and 17 show the appearance of the second phase at the end of the bar at 50 and 

400X respectively. From previous experience it appears that the boron vaporiz¬ 

ing from the molten zone is condensing on the sintered bar above and effectively 

adding to the amount of excess boron. For this reason, samples for 
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chemical analysis were taken immediately after the sections shown in Figs. 14 

and 15 , and immediately before those shown in Figs. 16 and 17 . Both 

analyses, however, showed a boron to metal ratio of 1.97 (see Table 24 ). This 

could indicate that the small difference in composition on each side of the homo¬ 

geneity range is not within the accuracy of the chemical analysis. One other sam¬ 

ple from the center portion of a bar was analysed and showed a boron to metal 

ratio of 2.01. 

Table 24 

Chemical Analysis of HfBg 

(Lcdoux and Co., Teaneck, N.J.) 

Bar No. 

742-2A 

742-2C 

738-2B 

Hf (w/o) 

89.32 

89.35 

89.33 

B (w/o) 

10.63 

10.68 

10.88 

Average 

Hf 4 B (w/o) 

99.95 

100.03 

100.21 

100.06 

B/Hf 

1.97 

1.97 

2.01 

1.98 

2. Purification 

Qualitative spectrographic analysis by Jarrell-Ash Co., Ne'vton- 

ville, Massachusetts showed: 

Na - 0.001% 

A1 - 0.001% 

Ti - 0.001% 

Ag - 0.001% 

All other elements detectable by spectrographic analysis were less than 0.0001%. 

The only significant purification of the starting material {see 

Table 1) here is with respect to Fe, i.e. from 0. 1% to 0.0001% by weight. 
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A 

Fie* 16 - HÍB2 No. 742-3, 
A a polished,. SOX 
(taken l/4 in. from end 
of bar) 

■far 

Fig. 17 - HfBz No. 742-3, 
As polished, 400X 



One «nrwpl«. oí HfB2 representing two phase material, was 

analyzed for carbon by Ledoux and Co., and gave 0.111% carbon by weight. 

Three samples, representing the single phase material, were analyzed, again 

by Ledoux and Co., and show 254 ppm, 535 ppm and 429 ppm of carbon by weight. 

One sample of single phase material and one sample of two phase 

material were analyzed for oxygen; the results were: 0.011% and 0.024%, respec¬ 

tively. One sample analyzed for nitrogen gave 120 ppm or 0.012% by weight. Thus, 

the total impurity level is in the order of 0.1% by weight. If two phase material 

is not considered as a representative sample, then the non-metallic impurities 

have, in general, been reduced by approximately an order of magnitude. 

3. Crystal Growth 

The jAotomacrograph of a longitudinal section of a complete bar 

of HfB, is shown in Fig. 18 . Growth speed for this bar was five inches per 

hour, whereas the typical samples were grown at ten inches per hour. Note 

the rapid predomination of the grain of preferred growth. This photograph 

also shows the previously mentioned polycrystalline skin and the shape of the 

solid-liquid interface during growth. 

G. Areas of Future Work 

The experimental difficulty with TiB^ was caused by excessive vola¬ 

tility at the melting point. This behavior was not encountered with the other 

diborides for which boron alone was the major volatile constituent. These 

problems could be minimized by increasing the density of the sintered starter 

bars to 80% or 90% of the theoretical value. Starting material of this nature 

would decrease the area for evaporation, reduce the migration of liquid into the 

sintered bar, and improve the electromagnetic coupling. 
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With regard to NbB^ and TaBj, these materials have a broader 

range of homogeneity than and Thus, the former are easier to 

prepare as single phase material, but more difficult to prepare with an exact 

stoichiometry. These problems are complicated because metallography is not 

a reliable guide to chemical composition. By increasing the number of chemical 

analyses during the composition adjustment, or possibly by using lattice param¬ 

eters as a guide to composition, it should be possible to prepare material of 

any composition within the range of homogeneity. 

As previously described, the conditions, under which the zone 

melting is performed here, leave refractory metal impurities in solid solutions, 

i. e. the technique becomes a zone levelling process. This procedure can be used 

for doping or producing mixtures of two or more of the metal diborides. Such 

mixtures may enhance some of the physical or chemical properties. For example, 

if the oxidation of a material is diffusion controlled, the addition of metal ions 

of higher valence will fill anion vacancies in the oxide and thus retard the dif¬ 

fusion of oxygen. The zone melting method would lend itself quite well, for 

instance, to the addition of tantalum or molybdenum to zirconium or hafnium 

diboride. 
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VI. HIGH PRESSURE HOT PRESSING* 

A. Introduction 

The initial purpose of this subtask was to investigate the feasibility 

for using high pressure (19-30 kilobars» i. e. 150,000-450,000 psi) and high 

temperature (2000o-2600°C) to fabricate refractory metal diboridee in the 

form of high density cylinders of approximate dimensions 1 inch length by 

0. 30 inch diameter. Samples of this size could be processed in this way with 

the available apparatus at ManLabs and would be adequate for many of the evalu¬ 

ation tests which were planned for this program. The results obtained for TiB^ 

demonstrated that this technique could provide high density (95-99% of theoretical), 

crack free, polycrystallinc material fabricated in the above sizes. At the same 

time in the progress of the overall program it became apparent that the physical 

integrity of the available zone-refined material would not be adequate for many 

of the planned evaluation tests. 

Accordingly, high pressure hot pressing evolved into a fabricating 

procedure. Specimens were made for measurement of the following quantities: ' 

hot hardness, resistance, thermal expansion, oxidation and thermal conductivity. 

It is anticipated that this procedure will also supply specimens for future experi¬ 

ments involving strength measurements, phase boundary determinations, the 

fabrication of composite materials, and the preparation of single phasn materials 

of variable compositions. 

B. General Characteristics of the Technique 

Before discussing this fabrication procedure it is instructive to define 

several processes used in powder metallurgy. Sintering is a fabricating process 

*E.V. Clougherty, ManLabs, Inc. 
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in which powder- -re first cold compecUrf into a desired shape, then heated in 

vacuo or in an inert atmosphere in the .olid stole until densification is obser¬ 

ved. Hot pressing is a fabricating procedore in which powders are first 

heated unfit a definite shrinkage is obserred, then pressure is applied while the 

heat is maintained until final densification is noted. High pressure hot 

pressing, the technique used in the present subtask. is a fabricating procedure 

in which powder, are first cold compacted in a small hydraulic press, then 

further cold compacted at high pressure (10 kilobars). Next, the temperature is 

increased (heating power is supplied by pn.sing current through the pistons and 

the graphite furnace) and the appfied load is maintained constant until densi¬ 

fication takes place. The pressure and temperature are then released in 

» step-wise manner Until electrical contact is lost, then the specimen cools to 

room temperature. The step-wise procedure is designed to avoid cracking of 

the specimen during cooling after densification. It is generally accepted that 

hot pressing affords higher densification than sintering. High pressure 

hot pressing can provide materials with theoretical densities. It is well known 

that the mechanical properties of material, which are fabricated by powder 

metallurgical procedures are drastically improved as densification approaches 

the theoretical limit. 

The requirements for starting materials for the high pressure 

hot pressing procedure differ from those of other fabricating techniques. In 

particular, the presence of low melting impurities e.g..Fe, Cr, Ni presents 

a serious difficulty because these material, must also be retained in the 

densified product. Excessive amounts of adsorbed and absorbed gases 

could lead to considerable porosity in the product. Among the powder 

metallurgical techniques which are designed to produce polycrystalline 
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materia la, the high pressure method has the advantage that recryatalliration 

and grain growth will be decreased. 

A previous attempt to use the high pressure hot pressing technique 

has been reported. In the latter investigation extremely high pressure (55 

kilobars) was used in an attempt to prepare high boron alloys. The present 

investigation is primarily a fabricating technique using considerably less 

drastic experimental conditions than the above method which was primarily 

a synthetic technique. 

C. Experimental Procedure 

The dry powders, used as received, were packed with aid of a hydraulic 

press into the furnace liner in the apparatus which is shown schematically in 

Fig* 19. The high pressure components were assembled and the load was 

raided to 400 psi at room temperature. This load provides a pressure of ' 

approximately 10 kilobars on the specimen powders. Next, the powders were 

heated to the desired temperature for 5 to 10 minutes; the applied load was 

maintained constant. The temperature is estimated by a linear extrapolation 

of power input versus temperature curve; the latter is obtained experimentally 

between room temperature and 1500°C. The load and temperature are 

gradually reduced in a step-wise manner until electrical contact is lost, then 

the temperature falls to ambient. In practice, experimental difficulties 

sometimes cause the temperature to fall to ambient before the pressure can 

be released. After the experiment is completed, or otherwise terminated, the 

product is removed from the fabricating assembly and examined as follows: 

(1) X-ray Analysis. Contamination from the liner and furnace 

assembly and the presence of additional metal boron phases resulting from the 

pressure-temperature treatment are checked. 
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5i CARBON PAD 

6. BORON NITRIDE PAD 

7. BORON NITRIDE PAD 

8. LAVA SLEEVE 
9. CLOSURE (HARDENED STEEL) 

Fig. 19 - Schematic diagram of high pressure hot pressing apparatus. 



(2) Metallographie Analysis. Specimens are examined in the 'as- 

polished* and 'etched' condition. Pertinent photomicrographs are taken. Grain 

size determinations are performed. Physical appearance is noted. 

(3) Density Measurement. Specimens are weighed in water and in air 

and density is computed. 

(4) Chemical Analysis. Selected samples are analyzed for boron and 

metal. 

(5) Resistivity. The resistivity is measured at room temperature 

to check for porosity and excessive cracking. 

D. Results and Discussion 

1. Evaluation of Fabricated Material 

A summary of experimental conditions and product evaluation 

results for seleàted high pressure hot pressing experiments on TiB^» ZtB2. 

HfB , NbB, and TaB, are presented in Table 25. A large number of experiments 

were performed on TiBz in the development of the technique. A photograph 

of eleven specimens of fabricated TiB2 is shown as Fig. 20. Representative 

photomicrographs (Figs. 21-25) demonstrate the fine grain structures of 

material fabricated by this technique. The results to-date indicate significant 

success for TiB2. ZrB2, and HfB.,; the fabricated cylinders of NbB2 and 

TaB, showed densities in the 90% of theoretical region. It should be pointed 

out that the initial task in this endeavor was a feasibility study. Accordingly, 

no effort has been placed on studying the roles of powder treatment and powder 

particle size as variables in the high pressure hot pressing procedure. It 

is significant that the starting powders of NbBz and TaBj, are of smaller 

particle size than the other powders. The smaller particle size limits the 
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cold compacted den.ity and Increase, the relative volume change which take, 

place in the fabricating procedure at high temperature. In effect, excessive 

shrinkage of the specimen powder at high temperature cause, loss of elec¬ 

trical contact by furnace failure and consequent experimental failure. 

The results of the chemical analyses for TiB^» £rB2 *nd HfBi 

do not indicate any gross change in composition brought about by the fab¬ 

ricating procedure; x-ray results do not show evidence for contamination. 

The room temperature resistivity is a sensitive measure of 

relative porosity and physical integrity of the fabricated diboride samples. 

The determination can be completed in a relatively short time. The signifi¬ 

cance of the measured resistivities is discussed in Section XI. The measured 

resistivity is compared with the extrapolated values for a fully dense material. 

It is significant to note that the measured oxidation resistance 

of HfB, fabricated by high pressure hot pressing was equally as good as 

that measured for HfB2 single crystals (see Section XIV). 

2. Potential Applications 

"ae fabrication of fully-dense, crack-free, fine-grained. 

.ample, of refractor, metal dlboride. (and other hard metal compound.) 

would provide material with optimum physical, electrical and chemical proper- 

tie.. High pressure hot pressing has the potential for a fabricating tech¬ 

nique to accomplish this objective with a minimum of sample contamination. 

In addition, high pressure hot pressing by it, very nature can he applied to 

the Important ta.k of providing Unary and ternary single phase material of 

variable composition and composite structures, both of which can be used » 

further improve the fundamental properties of the pure compound.. 
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An increase of strength of polycrystalline material with 

decreasing grain size is well recognised in the fields of metallurgy and 

ceramics. Murray^ and Knudsen^Z*3^ have reported resells to confirm 

»M« generalization for ceramic materials. Mandarf, et. aL^ studied 

the effect of porosity on several physical properties and electrical resistivity 

for TiB2; a study of the effect of grain size on the flexural strength was also 

completed for TiB^. The material studied by this group was fabricated by 

conventional hot pressing techniques; the highest density achieved was in the 

95% of theoretical region and the lowest grain size of the fabricated material 

was of the order of ZOp. 

In order to illustrate the potential of high pressure hot pressing 

as a method for fabricating materials with optimum strength properties the 

data of Mandorf, et. alj4^ for TiB^ are reproduced in analytical form at a 

constant grain size of 20p as a function of P, the fraction of porosity for elastic 

modulus, E, as 

EtP]^ « 78xl06 exp (-3.74 P) psi (1) 

for compressive strength, <T, as 

(T [Pj » 3. lOxlO5 exp (-5.15 P) psi (2) 
c H 

and for flexural strength, 0^ as 

0T_[P] = 40.5x 103 exp (-3.19 P) psi (¾ 
F |i 

The flexural strength of TiB^ as function of average grain can be repre¬ 

sented analytically as 

aF[p]p = 7.13x10s (I ) + 7550 psi (4) 

This equation was obtained for material of low fractional porosity. Examina - 

tion of Eqs. 1 through 4 reveal that grain size is more significant in 

limiting the final strength than does porosity. The latter, however, is still im- 



portant for ctrength considerations and for other properties of these materials. 

Extrapolation of Eq. 4 to I Op grain sise for high density TiB^ affords a 

predicted flexural strength of approximately 80,000 psi. Mandorf et. al.^ ^ 

observed an increase in the flexural strength of TiB^ from room temperature, 

Op - 35,000 psi to 1500°C, Op = 44,000 psi; above i500°C, the flexural strength 

decreased monotonie ally to 35,000 psi at 2000°C. The significance of the 

increase in strength up to 1500*C is uncertain. From these considerations it 

appears that TiB^ fabricated by high pressure hot pressing with a lOp grain size 

would provide a unique structural material. 
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VU. SINTERING* 

A* Introduction and Short Summary 

The purpose of this sub-task is to investigate the effects of starting 

material« time« temperature« and additives on the sintering behavior of 

refractory borides. 

Pellets have been prepared from TiBg as-received powder, from 

milled powder, and from mixtures of milled and as-received powder. Nbl^ 

and ZrB^ specimens were prepared from milled powder following the procedures 

found to be useful for Ti!^* The effects of several additives have also been 

tested on TiB^. The pressed density ranged from 55 to 65% of theoretical, 

depending on particle size, particle size distribution, and pressure. 

Samples were generally fired at temperatures from s 1850°C to 

2650°C with firing times ranging from minutes to hours. The time dependence 

of densification reveals that TÍB2 behavior is different from that exhibited by 

most refractory oxides. Specifically, densification proceeds normally for a 

period of time and then decreases to a low or sometimes negative rate for times 

of measurement up to 10 hours. Thus, a density limit exists which is a function 

of temperature for a given powder. The density limit at low temperatures increases 

with additives and with decreasing initial particle size. At high firing temperatures 

the density limit appears to be independent of both additives and particle size. 

Of the additives used, chromium is most effective in promoting densification. 

The highest density achieved is 95% of theoretical in Cr doped TiB^ sintered at 

2200°C. 

* R. L. Coble and H. A. Hobbs, Lexington Laboratories, Inc, 
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Th« observed behavior is interpreted as resulting from th« 

simultaneous operation of bulk diffusion and evaporation-condensation material 

transfer mechanisms. 

Sintered densities greater than 90% of theoretical can be achieved 

by sintering above 2400°C or by using selected additives. 

B. Experimental 

1. Powder Treatment 

Initial studies were carried out on TiB^ powder (^325 mesh) 

obtained from Millmaster Chemical Company. This powder did not conform 

to specifications and was exchanged for U. S. Borax Company TiB^ powder. 

A size analysis indicated that the size range for this material was between 15 

and 35 microns. Fig.26. NbB^ powder from U. S. Borax was also obtained and 

was pressed using the procedure developed for TÍB2. Most of the preliminary 

studies have been carried out on TiB2* 

The particle size of the as-received powder was too large for 

pressing pellets or for sintering. All sintering models, regardless of the 

mechanism of material transport, predict increasing rates with decreasing 

particle size^. Two methods have been used for grinding TÍB2» 

1.1 MUling 

Ball milling was carried out in an iron mill, with iron 

balls. The powder was milled dry for twenty hours, and wet for three-quarters 

of an hour. After milling, the powder was leached with hydrochloric acid eight 

times; the fluid was decanted from the powder between each leaching. 

As received TiB2 has also been treated in a fluid energy 

mill (FEM). The mill was teflon lined; abrasion of the lining and contamination 

of the powder were negligible. No leaching treatment was required after grinding. 
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1.2 Particle Six« 

The particle sixe of the as-received powder ranges 

from 15-35(1 (Fîg.26>- Measurement of the partia« sise of the hall milled 

powder and the fluid energy milled powder have been attempted using a Coater 

count«, and by tnicroacopic technique Th. Coulter counter m.a.urement 

unsatisfactory because of th. formation of agflomerate. with both milled 

powders. Standard li„ht microscopy revealed th- th. siae. were below th. 

resolution Umit. An electron micrograph of a dispersion of th. fluid energy 

milled powder i. given in Fig. 27. Th. smaU.st individual particle, are 0.1 p 

in diameter. Two classe, of agglomerate, eai.t i. »«S1»« £""" 1 *° 10 

micron, (not shown). Som. appear to consist of 0. Vparticles, other, consist 

of partiel.. = iyio aia. ta» appear in Flg.27). Firing of the b»U milled powder 

prior to th. particle sis. determination revealed «ha. 1« ... unsatisfactory. 

Judging from pressing and firing characteristics, it. siae fa intermediate between 

the as-received and the fluid energy milled powder. 

2. Pressing Techniques 

Fabrication of sample pellets has been carried out on a 

Carver Model B laboratory press, capable of apply“« » 24,000 pound load. 

Two sets of hardened steel dies were used with this press; the maximum pressures 

attained are 24,000 and 144,000 psi. 
»i.- rl r»r TiB oowdcr, it waS found that the When pressing the dry lii*2 powoe « 

high pressures attained in th. small die were insuffleien. to give satisfactory 

green streng«, to -low handling without chipping, beeahing. or crumbling of the 

specimens. This was attributed to th. large p«ticl. si« «1 >h« F» ^ 

Because dr, pressing alo», did not provide satisfactory .ampies 

. ... several organic binders were incorporated to increase 
for the sintering studies, several organ«. 
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Fig» 27 - Electron Photomicrograph of FEM TiB_ (magnification = 30.000X 
individual particles as shown in this field). 
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the pellet green strength. (This same difficulty was reported by Russian 

investigators^ who used ferric chloride as an additive to improve pressing 

characteristics). Binders included Carbowax, polyvinyl alcohol, and Apiezon 

type W-100 wax dissolved in toluene. The most successful binder for TiBj 

has been found to be a 5 to 10 weight per cent addition of 10% polyvinyl alcohol 

solution. Samples pressed with PVA as a binder exhibit satisfactory green 

strength; they can be handled without crumbling. The minimum pressure for 

pressing satisfactory pellets is 20,000 psi, which yields a density of 2.5 gm/cm3 

(55% relative density). 

2. 1 Additives 

TiB, samples were tested with 1, 5, and 10 weight % 

additions of iron, nickel, chromium, silicon, and cobalt. Additions were 

made with nitrate solutions of the respective metals; the slurries were dried 

fiTior to vacuum firing to reduce the salts to the metallic state. Additions of 

impurity metals were also made by using the pure metals. The metal powders 

were fluid energy miL'ed and added to the TiB^ powder. Of the two methods 

outlined above, the pure metal additive proved most effective in enhancing 

s interability. 

2.2 Tiring 

Several vacuum systems and furnaces have been used for 

TiB^ sintering. It was originally planned to follow the course of densification 

by continuous observation of the sample with a telescope sighted through a 

window in the vacuum enclosure. The sample was to be heated with helical 

wound tungsten wire elements, enclosed within radiation shields. Because of 

difficulties with the vacuum system (leading to oxidation and failure of the elements) 

- 87 - 



and creep and failu •>£ the tungsten wire at the necessary sintering 

temperatures this sys^w ■ was abandoned. 

Heat treatments up to 1950°C were conducted in an 

induction furnace. (Induction heated molybdenum tube, 0. Ip pressure). In 

these preliminary measurements, sample shrinkage was observed to begin 

at 1400°C during heating. The shrinkage rate measurement was small and 

not reproducible because of sample movement during these runs). A new 

vacuum system was obtained and a rolled tantalum slit-tube heating element 

enclosed in radiation shields was assembled for boride sintering. Samples 

have been sintered at 1950° to 2650°C for times ranging from minutes to hours 

(the heating time to 2300°C is seconds). A tungsten heating element is used for 

high temperature runs. Pressures in the range 10 ^ to 10 ^ mm Hg were ob¬ 

tained during the heating cycles. 

As noted below, a weight loss of about 2% was observed 

during firing of as-received specimens. In order to try to suppress the rate 

of vaporization (resulting from either oxidation or direct volatilization) one 

test was conducted in hydrogen in a molybdenum wound alumina tube furnace. 

The sample was not observed continuously but had melted when observed at 

1750°C. Whether this resulted from contamination by impurity pick-up or 

from boron loss through borane formation was not determined. 

3. Density Measurement 

The density of sintered specimens was measured by 

several techniques: 

1. Weight and dimensional measurement. 

2. Weight and weight change upon immersion in mercury 
or xylene. 

3. Point count of pores in photomicrographs of polished 
specimens. 
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The first method was used for samples which did not 

distort during firing; the second was used on specimens with chipped edges 

or those which were distorted. When internal cracking (revealed by cutting and 

polishing} occurred with pellets of excessive length, point counts were then 

used for density measurement. Because of the possibUity of (a) unobserved 

internal cracking and (b} pull-outs in poUshed sections, the densities reported 

may be low. Point count density measurements are higher than the densities 

measured by mercury immersion. The density reported is from mercury or 

xylene immersion measurements, unless otherwise noted. 

C. Sintering Results 

1. As-Received Powder 

Pressed samples of as-received TiB^ were fired for Z hours 

at 1850°C in molybdenum furnace at 10"4mm Hg. the density was measured and 

the samples were re-fired for seven hours at 1850°C under the same conditions. 

Fig. 28 is a photomicrograph of the sample after firing for a 

total of nine hours. The sample with a pressed density of 55%, increased in 

relative density to 65% after two hours. No further density increase was 

observed after firing for seven additional hours. The particle size was too 

large for much shrinkage to occur at the firing temperature. The photomicro¬ 

graph reveals that the powder was crushed in pressing because the fired grain 

size is smaUer than the original particle size. 

2. Ground Powder 

Figs. 29 and 30 are photomicrographs of a ball-milled powder 

sample fired at 1850°C for four hours. The overall density of the sample is 

approximately 60% of theoretical density, but limited areas (Fig.29) show densities 

as high as 68-70%, 

- 89 - 



850X 

Fig. 28 - Photomicrograph of as-received TiB^ sintered at 1850 C for 
—- 9 hours {as polished). 
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The balled-milled powder was unsatisfactory because of the 

appreciable wei,ht loe. during liring. Mea.urem.nt. of the initial and final 

length, and «eight, of .ample, of the different powder, are .how. in Table 16. 

Table 26 

Characteristics of Samples Fired 

4 hours at 1850°C_ 

Sample 

As Rec*d I 

As Rec*d H 

Fluid Energy 
Milled 1 

Fluid Energy 
Milled H 

Ball Milled 

Initial 
length (cm) 

0.976 

1.008 

1.015 

0.960 

0.938 

Final 
length (cm) 

0.958 

0.975 

0.989 

0.891 

0.847 

Initial 
weight(g.) 

0.603 

0.625 

0.803 

0.712 

0.654 

Final 
weight(g.) 

0.593 

0.586 

0.791 

0.668 

0.336 

As can be seen from Table 26, the weight loss during firing of 

,h. bail-milledpowder i, much greater than that encountered in either of the 

other two type, of powder. The low-power photomicrograph (Fig.«) .how. 

quite clearly area, of inh.mogeneity in the ball-miUcd powder. X-ray diffrac¬ 

tion analysis of the fired ball-miUcd .ample did not reveal an, change n. 

.tructure or change in relative line intensities. 

The initial density of the pellet, fabricated from fluid energy 

milled powder wa. roughly 60% of the theoretical density. After firing at 

,850°C the density of these sample, was 75% of theoretical density. 
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Figs. 31 and 3Zarephotomicrographs ofa fluid energy milled 

sample which had been fired for four hours at 1850°C. Fig. 31 is a sectloa 

across the centrad portion of the sample, showing the porosity as well as the 

contact area connecting grains. All pores are intersected by grain boundaries, 

showing that discontinuous grain growth has not enclosed pores within grains. 

The pores are larger thaui the original particle size and exhibit marked 

dihedral angle formation where intersected by grain boundaries. 

Fig. 32 is a photomicrograph of the edge of the sample showing 

exaggerated growth of surface grains through several interior grain diameters. 

The surface appears to be fully dense, with deep grooving at the intersection 

of grain boundaries and the surface. 

In order to obtain greater green densities, as-received powder 

was mixed with 30% by weight of milled powder. These samples exhibited 

higher pressed densities as expected, but less shrinkage occurred during firing; 

the fired density was less than that of the milled powder alone. 

On the basis of these measurements, ball milling for particle 

size reduction was rejected, as was mixing of particle sizes to achieve higher 

pressed density. Additional firings at 1850OC-2050°C for shorter and longer 

times also showed that density changes were complete with one hour firing time; 

extended firing time did not cause further density increases. Based on the TiB2 

results, NbB- and ZrB_ samples were similarly ground in the fluid energy mill, 

and pressed with PVA binder prior to sintering. 

3. Additives 

Separate samples of as-received TiB^ doped with 1 wt. % 

Fe, Ni, and Co were sintered at 1950°C for 30 minutes; pure, as-received 





powder end fluid energy milled powder were sintered under the same conditions. 

The additives affected the flow properties of the powder as well as the sintering 

characteristics. Pressed and fired densities are shown in Table 27. 

From fliese data, it is apparent that Ni and Co are more 

effective than iron in promoting densification, and at this temperature are 

more effective than particle sise reduction. A photomicrograph of a Nickel 

doped specimen sintered 1 hour at 2050°C is shown in Fig. 33. The density 

measured by mercury immersion is 82%, point count measurement of pores 

gives a density of 90%. Larger additive contents were prepared for Co, Ni, 

Cr, Si, and Fe. The density limits for camples sintered at 2200°C are plotted 

against additive content in Fig. 34. Ni and Co additions beyond 1% gave decreasing 

limiting density. Silicon is not as effective as Ni or Co. In contrast, the density 

limit increased with chromium additions up to 10%, at which maximum densities 

(* 95%) were achieved. A photomicrograph of the 10% Cr specimen is given in 

Fig. 35. The density determined from the pore count is 95%) in agreement 

with the gravimetric result. Table 27 is a tabulation of these results. 

4. Isothermal Densification 

Models Cor bulk diffusion sintering with the grain boundaries as 

(3) 
vacancy sink* for shrinkage above 5% produce equations of the form* 

= ■»■’TO. tl| 
At (GS)3kT 

where p_ is the relative density, t is time, D is the lattice diffusion coefficient, 

(GS) is the grain sire, k is Boltzmann's constant and T is absolute temperature. 

The lattice volume, Í1, in equation 1 is given by: 

n= m 

P n 
(2) 
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Table 27 

Sintering Behavior of TiB, with and without Additive« 

Powder__ 

A) 1950°C 

Aa Received + 1% Fe 

As Received + 1% Co 

As Received + 1% Ni 

FEM 
As Received 

B) 2200°C 

. FEM 
FEM ♦ 1¾ Co 

FEM ♦ 1% Cr 

FEM + 1% Nl 

FEM + 5% Co 

FEM + 5Ü Cr . 

FEM ♦ 57« Ni 

FEM + 5% Si 
FEM + 107* Cr 

FEM ♦ 107« Ni 

FEM ♦ 10% Si 
Q 2050°C 

FEM + 17« Ni 

Time 
(min.) 

30 

45 

-8 

15 

30 
8 

15 

30 

10 

15 

30 

10 

60 

Pressed 
Density 

60.5% 

62.7% 

63.5% 

60% 

55% 

60% 

61.7% 

63% 

65% 
63.4% 

63.8% 

65.4% 

61.6% 

66% 

677« 
60.3% 

62. 5% 

Fired 
Density 

67% 

82% 

82% 

757« 
65% 

81% 

87.57« 
78.5% 

89% 

84.97« 

94% 
86% 

82% 

95.5% 

83.57« 
72.6% 

827« 

Crain Size 
(Fired) 

7.8ti 

8.5|t 

7.8|i 

4. 0i» 

6.6»» 

DNM* 
DNM 

DNM 

DNM 
9.2i» 

DNM 

DNM 

8.5i» 

DNM 

DNM 

DNM 

*DNM = Did Not Measure 



I«'! 

r.^ 
\S 

k: 
K 

V 

r.N 
& 
1¾ 

"'•••.-:,. ;. v-/. ; V/, ,; - ...--^,■;./ ., 
■ .- '" 

■ --- fail liilili^Alilll^iaiiMiJ^ 

Cr-y'i >vv s 
:v 

:, >. rr* *i'^ 

'•' V U* • v\* ^sf, V, 

SJ > '•*- 

d^ir i 
.'*. V-Sr< V ^ »*'■ t x 4, 

v- « / V ^*n 
K. .'Í 

* æ ^ 
« ■ i 

4 v 

V 
> -• 

850X 

Fig. 33 - Nickel (1 w/o) doped TiB2 fired 1 hour at 2050°C (etched with 
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Fig. 35 - 10% Cr doped TiB? fired 15 min. 
at 2200°C, as polished. 400X 
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where m is the molecular weight, p is the density, and n is Avogadro*« 

number« 

Because the grain size increases during densification« 

Equation (l) must be modified; with a grain size increase as the one-third 

power of time (as observed in Al^Oj), the density should increase directly 

(41 
with log time* '« The grain size of TiB^ specimens is plotted in Fig, 36. 

There are insufficient data to determine the slope with accuracy. Growth 

does occur during densifirntion; therefore, the density of isothermal runs 

are plo..ed against log times (assuming that the t*^ behavior is followed). 

The data for pellets of fluid energy milled powder pressed at 42,000 psi and 

144,000 psi ai d sintered at 2200°C, 2250°C, and 2300°C for varying times 

are plotted in Figs. 37 and 38, respectively. The weight loss for these 

(2) 
specimens is given in Table 28. The data of Babich et al. for TiB^ 

sintered at 2300°C are also plotted in Fig. 38‘, The curves may be divided 

into two segments. The initial segments exhibit linear increases in density - 

with log times; then density limits which are temperature dependent are 

reached and no further densification occurs. The samples pressed at the 

lower pressure have not been sintered long enough to determine whether the 

density limit also depends on the pressed density, 

Babich's data for 2300°C exhibits a lower rate initially than 

our data, but the same density limit exists for both. The higher initial rate 

observed here is probably due to a smaller initial particle size; this suggests 

that the density limit is independent of initial particle size. The activation 

energy for densification calculated from Fig. 37 and 38 is >150 kcal/mole; it 

increases with the density at which the times are compared because the curves 

are not parallel. 
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Table 28 • 

Weight Loss of TiB2 Specimens Fired at 2200-2300 C 

Sample 

Pressed at 
42,000 pai 

A-F EM 

1A-FEM 

3-FEM 

2-FEM 

1-FEM 

3B-FEM 

B) Pressed at 
144,000 pel 

B-FEM 

2A-FEM 

7 As-Rec'd 

9-FEM 

8-70% AR 

30%-FEM 

6-FEM 

5-FEM 

4-FEM 

6B-FEM 

Temp. 

(°C1 

2200 

2200 

2250 

2300 

2300 

2300 

2200 

2200 

2200 

2200 

2200 

2250 

2300 

2300 

2300 

Firing 
Time 

15 min. 

30 min. 

28 min.’ 

5 min. 

8 min. 

42 min. 

5 min. 

30 min. 

3 hrs. 

3 hrs. 

3 hrs. 

28 min. 

5 min. 

8 min. 

42 min. 
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Density 

(g/cm3) 

3.38 

3.39 

3.69 

3.49 

3.68 

3.66 

3.35 

3.54 

3.63 

3.67 

3.60 

3.79 

3.50 

3.77 

3.77 

HUM 

%Wt. Loss 

(È2-) 100 

4.05 

4.85 

5.35 

3.52 

5.3 

8.18 

2.87 

4.93 

5.65 

6.18 

8.9 

4.78 

3.92 

4.85 

7.30 



S. Dett»ity Limit» 

Because the density limit appears to be primarily temperature 

dependent, the data from all long time runs are plotted in Fig. 39. The point 

at 1400°C should not be taken as a density limit because the sintered sample 

appeared contaminated. Data for the pure samples show a density limit that 

increases approximately linearly with temperature. The point at 1400°C falls 

above the curve extrapolated from the high temperature results. Samples with 

nickel and cobalt additives show a substantial increase in density at temperatures 

bslow Z100°C. 

In Fig. 40, the data of Babich et al.^ were plotted for samples 

of TiB^ and (TiCrjB^ sintered one hour. These samples were all prepared 

with a 1% Fe addition and show a linear increase in end point density at tempera¬ 

tures above 2100°C( and enhanced densification in the 1900-2000oC region« 

presumably resulting from the iron addition. The greater effectiveness of iron 

in their samples indicates that they had a finer particle size material than our 

as-received material. 

D. Discussion 

1. The Density Limit 

The sintering behavior of TiB^ is seen to be somewhat different 

from typical metals or oxide ceramics. The temperature dependent density 

limit is the most marked deviation in behavior. Babich^ reports slight 

density decreases with prolonged sintering times; the results of this study show 

the same effect. 

Density decreases {with time) have usually been associated with 

pore coalescence and growth. This occurs when a gas trapped within the pores 
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counterbalances the pressure (resulting from surface energy) which normally 

causes shrinkage. This effect requires that the pore phase be closed; but in 

Ti&2 the density decreases at 82% of theoretical density with the majority oí 

the pores intercommunicating. The effect can also be caused by volatilization 

from open pores, as evidenced by the weight losses with time (Tables 27 and28). 

This gives a reasonable mechanistic basis for the presence of a density limit; 

that is, the density limit occurs when the vaporization rate equals the densifica¬ 

tion rate. The transition from shrinkage to no shrinkage occurs as the densi¬ 

fication rate slows down at a given temperature. 

2. Micro structure 

The photomicrographs reveal several features important for 

a mechanistic interpretation of the sintering behavior. The fact that the pores 

are not enclosed within grains means that discontinuous grain growth normally 

found in a number of oxide and metal systems is not the cause of the density 

limit. The measured grain sizes in the fired samples show that grain growth 

has occurred during sintering (the average size in the fluid energy milled powde 

is less than 1 micron). The contact areas between bonded grains are rather 

large and it appears that complete densification would have occurred if the 

coordination number of the particles in pressed compacts had been high enough. 

In alumina, it has been shown that initial densities over 35% are required for 

sintering to densities higher than 95%(5). If the initial density is lower 

than 35%, alumina specimens develop large pores which remain open and the 

microstructures are similar to those observed here for TiB^» Because the 

present samples wers formed at densities well in excess of 35%, an additional 

factor is required to explain the observed behavior. 
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the other possible mechanisms of material transport; bulk diffusion, grain 

boundary diffusion and plastic flow can lead to densification, vapor transport 

and surface diffusion cannot. Therefore, if pore growth occurs without 

shrinkage of the sample, it seems probable that the latter mechanisms are 

predominant for matter transport. In NaCI, vapor transport has been shown 

to be the mechanism by which neck growth occurs between pairs of spheres, 

and NaCI powder compacts prepared from normal as-received particle sixes 

do not exhibit shrinkage^7*. Upon grinding to particle sixes less than one 

micron, NaCI compacts exhibit shrinkage of the order 10-15%. This transition 

can be explained in terms of the different effects of particle size on sintering 

(8) 
rate for the respective mechanisms. 

. For the initial stage of sintering, the rate of neck growth for 

an evaporation-condensation process is given byi 

•R1 

3 3w T pcM3/2(2trNkT)"!/2 t 

RZd2 NkT 

(3) 

where x is the radius of the neck formed between spherical particles of radius 

R, p is the vapor pressure at temperature T, and d is the crystal density (the 

remaining terms arc defined in Equations (1) and (2}. For a lattice diffusion 

mechanism, the relation is: 

5 80 7 D M t 

R uNkT 

Thus, the particle size dependence of the rate of normalized geometric change, 

i. e., (x/R)n, is a function of the mass transport mechanism. The rate constant 

for the diffusion mechanism changes more rapidly with particle radius than 

i “ 
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does the rate constant for the vapor process. Therefore, upon decreasing 

the particle sise, a transition from vapor controlled transport to diffusion 

controlled transport can be expected if the rate constant, are of the proper 

relative magnitudes. It is aim to be noted that the transition may also occur 

simply as a function of time. Because of the different slopes, with t1 3 for 

the vapor process and t^5 for diffusion, the curve, cross at a point which 

depend, on the relative magnitude, of the rate constants. For times shorter 

than the point of crossing, the diffusion process is predominant and shrinkage 

is expected. For longer time, the vapor process predominates, and shrinkage 

is suppressed. 

For practical purposes, interference between competitive 

mechanisms or the transition from one to the other must occur within a 

Umited range of times and value, of geometry change. If the transition occur, 

between x/R values from 0.01 to 0.6 and from time, from - 10 second, to - 2 

hours, it will be experimentally observable. If it fall, outside this range, the 

experimental data would lead to the conclusion that one or the other of the 

respective mechanisms was predominant throughout the process. Because of 

the different dependences of the rate constant on particle siae. the transition 

may be shifted by changing particle size. It may also be shifted by changing 

temperature because the mechanism, of material transport will probably have 

different activation energies. 

In order to determine the magnitudes of vapor pressure and 

diffusion coefficient, for interaction between these mechanisms, a transition 

may be arbitrarily selected to occur at x/R » 0.25 at 1000 seconds. The 

particle sise is assumed to be 2 microns, molecular weight of 50 grams, 

density of 5 gm./cm3. and surface energy of 500 dynes/cm. 
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Th« vapor pressure ( in Equation 3) required for an 

independent process U 1 dyne/cm2 and the diffusion coefficient calculated 

from Equatioa 4 i» "10“12 cm2/sec. In units of atmospheres for vapor 

pressure and cm2/sec. for diffusion coefficients, the ratio p /D is 10 for 

interaction at the specified point. In NaCl at 750 C the ratio is 7 x 10 which 

would make the diffusion process dominant (for 1 micron particle size). 

Experimental work on powder compacts with particle sizes at '1 micron has 

revealed that shrinkage occurs, indicative thjit a diffusion process is operating, 

while measurements on 130 micron spheres show that the vapor process is 

dominant. 

The vapor pressure of titanium and boron over TiB^ at 2300 C 

are 5.6 x IO-6 and 5 x 10"5 atmospheres, respectively (Fig. 41). For 

stoichiometric evaporati¿n an intermediate pressure of 1.5 x 10"5 atmosphere 

is assumed. The diffusion coefficient calculated from the sintering data 

using Equation (1) with a grain size at 1 micron is 4.6 x 10 10 cm /sec. The 

radio p /D is 3 x 104 (atm sec2/cm). Because of the competition between 

mechanisms, the D value calculated from sintering would be low, and the 

p /D value would be high. Therefore, the ratio at 3 x 104 compared to 10 

(for interaction} overestimates the contribution by diffusion than would be 

judged from direct diffusion measurements. We conclude that early sintering 

is controUed by diffusion because shrinkage occurs. Later the process is 

controUed by vapor transport, ft is to be noted that the agreement between 

the ratios of p/D estimated from the models for interaction between mechanisms 

and those for NaCl and TiB2 are better than would be expected in view of the 

uncertainties in the various necessary sources of data. 
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TiB^ i» apparently an intermediate case where neither the 

mechanisms which produce shrinkage nor the vapor transport mechanism is 

dominant. That vapor transport is operative in TiB^ may be judged from die 

fact that the samples lose 2-5% oi the initial weight during sintering {Tables 

27 and 28). 

The temperature dependency of the density limit results from 

the different activation-energies for the vapor and diffusion transport mechanisms. 

The activation energies calculated from the vapor pressures of the components 

e£ TiB^ are 110 kcal/mole for Ti and 142 kcal/mole for boron. The activation 

energy for sintering was found to be above 150 kcal/mole. Therefore, with 

increasing temperatures the diffusion transport process is increasing faster 

than vapor transport, and higher limiting densities can be achieved. Upon re- 

firing a sample of FEM TiB^ to 2400°C which had been equilibrated at 2250°C 

a density 3.79 gm/cm , it was found that the density did not increase. 

This qualitatively supports the argument that the pores attain a stable size as 

temperature-dependent densification occurs. 

This interpretation is supported by the coincidence of the density 

limit observed at 2300°C for our data and for Babich's data^^. The increased 

density limit with additives at low temperatures may also be interpreted as 

increase in sintering rate (probably by the introduction of material transport 

through a liquid film formed during sintering without affecting the vapor pressure 

at that temperature). 

4. Achieving High Densities 

On the basis of the results of the sintering studies performed on this 

contract and the interpretation of the sintering mechanism, it is clear that 

sintered densities above 90% of theoretical density can be achieved for TiB^ by 
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• intering at temperatures above 24^0°^ la contrast to most other systems 

the starting particle size and sintering time are relatively unimportant. 

Sintering in a helium or argon atmosphere to decrease the vaporization rate 

would probably be helpful; this was not investigated. 

Additions of ten percent of nickel, cobalt, or chromium are 

effective sintering aids. With fluid energy milled, submicron particle size 

materials and a 10% chromium addition, 95% density compacts are formed at 

2200°C. This was the highest density achieved on this project. Elongated 

grains exist in the sintered compact, with some porosity enclosed within grains 

characteristic of the structures formed after discontinuous grain growth. 

5. Results on Niobium Diboride and Zirconium Diboride 

Niobium diboride specimens were prepared at forming pressures 

ranging from 42,000 to 144.000 psi. The pressed densities of the Huid energy 

milled powder ranged from 3.51 gm/cm3 for samples pressed at 42,000 psi to 

3.89 gm/cm3 for samples pressed at 144,000 ps.i. Specimens were sintered 
o 

for times varying between 5 and 60 minutes at temperatures from 2000 to 

2650°C. The data are tabulated in Table 29 and the densities are plotted as a 

function of time in Fig. 42. In contrast to titanium diboride, niobium diboride 

exhibits increased densities with time up to an hour for specimens fired at 

2000°C. For the limited amount of data available, the density appears to vary 

linearly with the logarithm of time. Samples were also fired at the higher 

temperatures, but for shorter total times than for the samples fired at 2000°C. 

The sintering rates increased with increasing temperature up to 2400®C. At 

2200°C, a sample fired for 45 minutes exhibited slightly smaller density than 

that fired for 10 minutes indicating a density limit similar to that observed with 
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Table 29 

Sintering Data for NbB^ and ZrB^ 

Sample 
Form 

Pressure 
(kpsií 

Crees 
Density 

Fired 
Density 

Time 
(min. ) 

(gm/cm j (gm/cm ) 

A. NbB, 

U-l FEM 

N-8 FEM 

II-3 FEM 

144 

144 

60 

144 

3.89 

3.89 

3.55 

3.54 

11-4 FEM 42 3.51 

11-5 FEM 42 3.51 

U-6 FEM 

II-7 FEM 

144 

144 

3.87 

3.83 

4.97 

5.30 

5.27 

4.46 

4.52 

4.72 

4.84 

4.89 

4.38 

4.47 

4.54 

4.72 

4.88 

4.83 

5. 10 

5.32 

6.27* 

5.95* 

5 

10 

45 

5 

10 

15 

30 

60 

5 

10 

15 

30 

60 

5 

10 

2 

14 

14 

70% AR 
N y 30% FEM 

N-10 AR 

B. ZrB, 

144 

144 

3.94 

3.90 

5.40 

5. 14 

14 

14 

7.-1 

7.-2 

7.-3 

144 

144 

144 

4.03 

4.02 

4.03 

4.25 

5.23 

4.61 

Temp 
<°C) 

2200 

2200 

2200 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

2000 

2300 

2300 

2420 

2420 

2420 

2650 

2650 

10 2200 

45 2200 

10 2600 

♦Sample fractured--measurements made on 2 pieces of sample. 
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2.2 

1.9 

2.4 

2.5 

2.6 

2.6 

2.6 

2.9 

3.0 

3.1 

3.1 

3.1 

2.1 

2.1 

3.4 

2.5 

2.1 

3.1 

2.9 
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TiB2. The actual densities observed on samples fired at 2300° are less than 

those at 2200 C. However, they were formed at lower pressures and the 

density change is higher for the 2300°C specimens than for the 2200°C 

specimens. The highest density was observed in specimens sintered at 2420°C 

with a maximum value at 6. 27 gm/cm3. Samples sintered at 2650°C for 15 

minutes exhibit densities averaging only 5.25 gm/cm3. This experiment was 

not repeated and it is not known specifically whether the density limit for. 

2650°C is lower than at 2420°C. The weight loss at 2600°C (3%) is equivalent 

to the weight losses observed in all of the niobium diboride specimens for 

temperatures of firing. Thus, the reduced density limit cannot be attributed to 

enhanced vaporization as judged from the weight losses. 

The zirconium diboride results are presented in Table 29. The 

maximum density achieved is ’85% of theoretical. The results for NbB and 
2 

ZrB2 are not substantiated by duplicate runs, and some of the irregularities 

in behavior (such as the lower density limit at 2650°C than 2420°C for NbB ) 

may be due to scatter, temperature control or some other variation in 

procedure. It is assumed that such irregularities should be attributed to 

scatter until they are duplicated. Otherwise, the sintering behavior of NbB2 

appears to follow that found for TiB2, exhibiting a density limit which is 

temperature dependent. 

E, Conclusions 

a. The sintering characteristics of TiB2 consist of: 

(1) An initial short-time density increase which is linear with 
log time. 

(2) A temperature dependent end point density (not resulting 
from grain growth and pores trapped inside grains) which 
does not increase upon re-firing to a higher temperature. 
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(3) The development of pores larger than the starting 
pore sise. 

(4) Weight-loss during sintering. 

(51 Near independence of end-point density and 
starting particle sise. 

b. These characteristics result from the fact that material 

transport by vaporization-condensation and bulk diffusion occurs at similar 

rates in the region where both are effective, but that the activation energy for 

diffusion is greater than that for vaporization. 

c. Sintered densities for TiB^ greater than 90% of theoretical 

density can be achieved by sintering at temperatures above 2400°C or by using 

Ni or Co additives which are subsequently removed by vaporisation. The 

highest density was achieved with 10% Or addition. 2200°C firing to yield 95% 

density* 

d. The grain sizes are larger in the samples prepared with 

additives* The probable effect is therefore the enhancement of sintering by a 

liquid phase mechanism rather than by growth inhibition during diffusions! 

sintering. 

e* The additives are reduced during sintering by vaporiza¬ 

tion; the residual content is less than 2%. 

f* Niobium diboridc and zirconium diboride were not investi¬ 

gated as extensively as liB^* Density limits as a function of time and tempera¬ 

ture also appear to exist for these materials, but are not documented. 
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A. Introductloa 
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Zr''" temperature ,„d 1M0»C 
br. temperature paletera u.tu, X-ray pewd.r dtttracUeu 

rvrr ^ ^ - - --—, ^ 
2* ' 2- «»B,. TaBj aud TiB,. Deb,, temperature meaeuremeut. a, hl,h 

temperature have been obtained for HfB, and ZrB taking i t 

of thermal vibration. Entro ,, ¿ kIng into acco“"t ^isotropy 

De. * Py Calculation* presented using the measured 

B Z“"’ ^ ^ '0mP*"d “‘‘h — measurement#. * ^rporrmentai Apparatu. 

The x-ray apparatus employed in these 
Pieve, . /60 in these measurements consisted of a 

• d.^ent crystal monochromator, and a high 

"Td'P*'1"“ C"mb”r Wilh — «—• Betectton apparatus 

rZ ^ — -nventtena, putee ,t8, ana, a.r 
electronics and strip chart recorder Fie 

• »g. 43 is a photograph of the assembled 
apparatus. Fig. 44 is a photograph of the hieb » 

* P th* h,gh tcmPerature specimen chamber 
With vacuum cap removed and heating element dtsptayed. 

The hen, orystn, mon^hrom.tor was designed and i.bricated ,h,. 

laboratory. A silicon single crystal p-,,» ^ 
, V ’ CU' ,0 cxPoso e (ill) (ace. bent to a radius 

or 500 mm and ground to a radius 250m„ tva. mounted and oriented „ (oe„. 

7 7““ faCld-“ ^ »" - --- —ce. 0»,y a very narrow rang, 

o wavelengths c.m.r.d about ,h. double, o, tbe CuKa radiation used 

^.. measurement, is detracted by the .„icon cry.,at. The guu.rat i„ 
* « 
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incident beam intensity» however, is compensated by the improved peak to 

background definition of high angle reflections. High angle reflections provide 

the most accurate measurements of peak position shift and intensity variation 

with temperature. A sketch of theX-ray optics of the bent crystal monochromator 

is seen in Fig. 45. 

The high temperature specimen chamber, obtained from M.R. C. Cor¬ 

poration, is provided with external micrometer drives for specimen eccentricity 

and tilt adjustments at temperature, a beryllium X-ray window, vacuum feed-throughs 

for thermocouple use, quarts window for pyrometer viewing.and vacuum port. Water 

cooling to protect the X-ray window also cools the current terminals and establishes 

the filament reference temperature at about 3°C. Power to the heating strip is ob¬ 

tained from a high current power supply stabilised through an isolation transfor¬ 

mer. Because the thermal time constant of the filament is small, temperature 

changes ind equilibrium are attained very quickly. The tantalum filaments are 

sufficiently uniform to permit temperature calibration with measured current input. 

A portable vacuum system was fabricated which permitted the specimen chamber 

to rotate through the full 28 range and maintain working pressures of 2 - 3 x 10 ^mm 

of Hg. 

Lattice constants at room temperature were measured on as-received 

powder and selected zone refined specimens in air. Thermal expansion and intensity- 

temperature measurements were made under vacuum after first annealing the pow¬ 

der specimens and tantalum filaments at about 1500°C for one hour. The heat treat¬ 

ment generally caused the tantalum filament to recrystallize and generate a strong 

X-ray peak visible through the powder pattern. The powder was deposited directly 

onto the filament surface from an acetone suspension and consequently remained 



ms m relatively thin layer. The tantalum peak, however, was used to advantage 

ms mn expansion standard. 

Temperatures above 800°C were recorded with a calibrated optical 

pyrometer by viewing the center of the powder surface through a quartz window 

and pyrex prism. Uncertainties in temperature in the range of 1500°C were 

estimated at + 10°C. Temperatures below 800°C were measured by a thermo- 

couple in contact with the back of the heater filament. The contact between the 

thermocouple bend and fUament, however, created a "cold" spot which made tem¬ 

perature determinations at the low end difficult. Most measurements of thermal 

expansion and Debye temperatures were consequently restricted to temperatures 

above 800°C. 

C. Lattice Parameter Measurements 

The room temperature lattice constants of all presently available boride 

powders and some zone refined crystals have been measured to at least four sig¬ 

nificant figures. Systematic errors in observed Bragg angle arising from absorp¬ 

tion and specimen eccentricity effects can be expressed' ^ as: 

Ad = K f[0 ] where f[ (¾ = 2 
2 2 

cos 0 ^ cos 0 
sin 6 0 

( » ) 

Ad 
is called the extrapolation function and = cotO A0 is the relative uncertainty 

in d-spacing associated with the shift in angle AO from the true Bragg angle 0. f[0l 

goes to zero as 0 approaches 90°, an 20 approaches 180°. Consequently the error 

in calculated d-spacing is minimized by observing high angle reflections. The usual 

procedure is to plot the apparent lattice constants, given by: 

1/2 

c* = 
XI 

. sin1 
and a* = X 

[h2+hk+k2 

(ool) 
sinO, C 2 ) 

(hko) 
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as a function of the extrapolation function f[0] from the observed angles ^00jj an<* 

0.,, The curve is then extrapolated to f[90°l = 0 to yield the true constants 
(nKO) 

cQ and aQ. A representative extrapolation plot is shown for HfB^ in Fig. 46. 

for which the extrapolated lattice parameters are a^ * 3.1410 .0001Ä and 

c0 a 3.4761 + .0001Â. The extrapolation procedure is most accurate when high 

angle lines between about 70** and 90** are available. Unfortunately we are restric** 

ted to only the {hko} and {ool} series under CuKa radiation which reduce the 

number of usable peaks for the borides to only a few distributed over the entire 

angular range. Hence, with the exception of the uncertainties of all other 

lattice parameters listed in Table 30 are between + .0005Â and + .OOlA. 

The slope of the curves a* and c* vs. f£ 0j are a measure of the speci¬ 

men eccentricity—jg— , where R is the radius of the diffractometer circle and AR 

is the displacement of the specimen powder surface from the center of the focusing 

circle (ideally zero). For an R = 6 inches and the slopes of Fig» 46 we calcu¬ 

late AR - 2 X 10"3 inches, indicating the sensitivity of the measurement to pre¬ 

cise specimen centering. Once the lattice constants were determined, further 

measurements on a particular boride were calibrated to zero eccentricity by 

moving the specimen surface until the true Bragg angle calculated for the intense 

(100) line was attained. 

The parameters of Table 30 are those for the compositions in a/o B 

listed in the right hand column. These compositions are taken from the chemical 

analyses reported in Section III. The results are to be compared with those for 

the stoichiometric composition (a/o B = 66. 67) taken from the most recently reported 

values in the literature of Table 31 . 
t , . \ 

The measurements for NbB^ nrc °f special interest. Accordirg to 

Nowotny, et al^2* the NbB^ phase has a wide range of homogeniety extending from 
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¿5 */o B to 70 */o B. Over this range of composition, the lattice parameters 

vary significantly. a0 decreases from 3. lllA to 3.093A while a/o » increases 

from 65 to 70; c increases linearly from 3.26oA to 3.305A. This variation 
o 

suggests the possibility of measuring departures from stoichiometry by measuring 

lattice parameters. Four specimens of NbB2 having different boron concentrations 

according to chemical analysis were examined. Two specimens were as-received 

powders from U.S. B. shipments f 1 and #2 and two were powdered, zone refined 

crystals 1467 and #469 provided by G. Clay of Arthur D. Little. Unfortunately, all 

specimens were on the metal rich side of stoichiometry where the ao parameter 

variation is small. In particular, U.S.B. II material conUined a very definite 

second phase and showed lattice constants corresponding to the phase boundary. 

To a greater or lesser degree HfB^, ZrB2 and NbB2 as-received powder patterns 

showed faint peaks which could be indexed as NaCl phases with lattice parameters 

of about sA. No attempt was made to identify these phases. 

The measured parameters for the NbB2 specimens were compared with 

Nowotny's curves and the predicted compositions compared with those obtained 

from chemical analyses in Table 30 . When the measured parameters aQ and cQ 

do not correspond to the same composition, the range of compositions between 

the two values is given. These results are collected in Table 32. 

Zone refined single crystal boules of NbB2 and ZrB2 obtained from 

A.D.L. were examined and found to consist of a single crystal core and polycrystal¬ 

line skin. The orientation determined by Laue back reflection camera techniques 

and diffractometer scans was found to be one in which the longitudinal axes of the 

boules were very closely parallel to a < 100> direction. 
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Table 30 

lattice Constanta of the Metal Diborides 

Compound 

ZrB- 

Source i(A) :(A) 
a/oB(Chemical 

AnalysisJ 

TIB, 

TIB, 

TaB, 

HfB 

NhB, 

NbB 

U.S.B. #1 

M.M. 12 

U.S.B. II 

Kawecki II 

Wah Chang! 1 

U.S.B. 11 

U.S.B. 12 

NbB-, S.C.I467 
(A.D.L.) 

3.171 

3.030 

3.030 

3.085 

3.1410 

3.111 

3.107 

3.1085 

3.527 

3.228 

3.229 

3.240 

3.4761 

3;261 

3.282 

3.263 

NbB, S.C.I469 
(A.D.L.) 

3.109 3.264 

Table 31 

Published Values of the Lattice Constants 

Compound 

ZrB, 

*(A) :(A) 

TiB, 

TaB, 

HfB, 

NbB, 

3.169 

3.028 

3.078 

3.142 

3.089 

3.531 

3.228 

3.228 

3.475 

3.303 
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65.2- 65.4 

66.2- 66.6 

66.4-66.7 

66.1 - 

66.3 

63.2-69.4 

66.6 

66.0 

65.2 

Reference 

3 

4 

4 

4 

5 
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Table 32 

M. K i' 

Predicted Compoaitiona of NbB, from Lattice Parameter 

Measurements 

Compound 

U.S.B. #1 

U.S.B. #2 

S.C. #467 

S.C. #469 

% B Predicted 

65.0 or less 

67.6- 68.0 

65.6- 67.1 

66.0-67.0 

% B Chemical Analysis 

63.2-64.4 

66.6 

66.0 

65.2 

D# Thermal Expansion. Measurements 

1. Analytical Technique 

The thermal expansion of the metal diborides is characterized by 

two expansion coefficients parallel and perpendicular to the hexagonal axis of 

symmetry. When the expansion is linear with temperature in both directions, we 

define linear expansion coefficients Ct^ and0fc according to: 

a a © 

(3) 

Ac 
c 

where Aa and Ac are the changes in lattice constant accompanying an increase in 

temperature from tQ to t. The changes in lattice constants will cause a change 

in d-spacing for a particular x-ray reflection characterized by (hkl) as: 

1 i Ad L 4 r£_ [Aa_ + where n2 =h2 + hk + k2 

o 

(4) 
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to first order in Aa and Ac. The relative change in d is now related to the ob¬ 

served shift in Bragg angle A0 by the familiar relationship; 

Ad 3-d cot 0_ A® 
O ° 

(5) 

and with Bragg's law in the form; 

do “ 2 sin V (6) 

we combine ( 4 ), ( 5 ) and ( 6 ) to obtain a relationship between the mea¬ 

sured angular shift with temperature and the linear expansion coefficients: 

.2 
1 (Ad 

TT hr- 
d„ \ o o 

r n sin i . 2 o . , 4 n _ . 
-Z~ A<)> = -j —T- a + 
180 X4 * a 4 a c o o 

“c “-‘o' 
<7> 

If <)) = 2&0 is the diffractometer angle, then A<}> = A(29) 3 2 AO is the measured 

angular shift in degrees. A<¡>[ t J is necessarily a linear function of the tempera¬ 

ture if Ot and Cl are constants. Denoting by S[ hkl] the slope of the A4>(deg) vs. 
ä c 

t curve, we .derive expressions for C*a and in terms of the measured slopes 

Sthjkjlj] andS[h2k2l2] for any two general peaks, namely: 

0¡a =-^2 {l^sin^St^k^l - 2sin<(»1 Sthjkjljl } 
m 

d , Z 
ac =-^- (n24 sin Sthjkj^l -nj sin ^>2 S[ h2k2l2l ) 

(8) 

m 

The symbols in Eq. (8) art defined by; 

2 
ira 

ff = 
240 X 

2 

nf = h,2 * h^, t k,2 

(9) 

ire. 
ff = 

180X 
n22 = h22 * h2k2 + k22 
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For the special case of an (hko) line or an (ool) line, and 0fc are calculated 

directly from: 
sin ♦ 

"a’C'a —T2» 

* a M •in ♦ 
ac ,(0. -p-2-) sl0011 

Z. Experimental Result« 

The system was initially calibrated against extraneous mechanical 

shifts by measuring the expansion of the (321) line of pure Ta powder and com¬ 

paring the resulting curve to the data of Edwards, etal^^. If the Ta heater strip 

was initially heated for about one hour at temperatures between 1500°C and 1700°C, 

the calibration curve indicated that extraneous angular shifts were negligible and 

Eqs, 8 and 9 could be applied directly by feeding in the experimental numbers 

S[hkl] . A representative set of curves of Aÿ vs. T for several lines of are 

shown in Fig. 47. The curves extrapolate smoothly through the origin (refer¬ 

ence temperature t^ a 3°C). All the data for the borides gave linear curves with¬ 

in the experimental scatter between 800°C and 1500°C for points taken with either 

increasing or decreasing temperature. Not all of the lines extrapolated through 

the origin, due most probably to a shift in observed reference angle <>o. When this 

occured, the slopes of at least three peaks were measured on the material and the 

computed results for Cia and 0fc between pairs of peaks compared as a test of con¬ 

sistency. The consistency was sufficiently good to permit direct measurement of 

the slopes despite the shift in origin. Temperature data below 800°C with the 

exception of HfB^ was finally discarded because of the perturbing effect of the 

thermocouple head on the heater element. Therefore, the reported coefficients 
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.r. accurate i» the pyrometer range 800°C to 1500°C. The toUl uncertainty I» the 

«.. arieing from temperature error., uncertainties in peak position and spread 

in calculation between pair, of peak. i. estimated at about + .07 x IO'6/0«:. Tn« 

result, are E.ted in Table 33 with a crystalline average linear expansion coeffi¬ 

cient «L * 3 «C + § aa £or c«mParUon with PolycrystalUne bulk measurements. 

ac is .lightly Urger than «a for H£B2 and NbB2 but some 30 to 40% larger for 

TiB , TaB and ZrB2. Expansion anisotropy cannot be simply related to other 

thennophy.ical propertie.î however.it is interesting to note that the Debye tempera¬ 

tures associated with the "c" direction are consistently greater than those associated 

with the "a" direction (seeSection VIII-5. 3). Thus, the elastic anisotropy is the re¬ 

verse of the expansion anisotropy in that the borides expand more readily in the"c" 

direction with temperature but vibrate with greater amplitudes in the "a" direction. 

Powder X-ray determinations of thertml expansionare fundamentally 

different fromdilatometric measurements on polycrystalline specimens. The X-ray 

measurement, are more characteristic of single crystal behavior on an atomic 

.cale; dilatometric measurements are. more strongly effected by grain boundarie., 

porosity, residual .tresse., etc. TheX-ray thermal expansion coefficient, are 

best compared with the linear coefficients of zone refined crystals of Section IX. 

Sincethe only orientation, available for HfB,. ZrB^ndNbB, are <100>the expan¬ 

sion coefficient, reported in Section IX on zone refined bars are effectively aa. 

A comparison between the X- ray and dilatometric measurements is given in Table 34. 

X-ray expansion results for ZrB2 and TiB^pto Z020°C have been 

reported recently by Union Carbide Research In stitute.(11) Their expansion coef¬ 

ficient. Oa andac increase with temperature; for ZrB^ becomes greater than 

acabove - 1100°C. In particular 0fa = 6.59 to 7.54, ac = 6.80 to 7.21 (xtif /°C) 

between 754°C and 1514°C for ZrB2; and c*a = 6.02 to 7.61, ac = 8-50 to 

10.22 over the same range for TiB, . The TiB, results agree with those 



reported here (ff^ = 7.19, Oc = 9.77) for the range 800°C to 1500°C; however the 

ZrBj resulta are not in good agreement = 5.92, ®c = 7.04). The reason for 

the discrepancy is unknown at this time; additional experimental work will he 

required for Zrh^. 

Table 3J 

X-Ray Thermal Expansion Coefficients (units of 10 /°C)_ 

800°C to 1500°C 

Compound «i 

HfB, 

NbB. 

TiB, 

TaB, 

ZrB, 

6.64 

8.69 

7.19 

8.46 

5.92 

6.89 

9.42 

9.77 

10.90 

7.04 

6.72 

8.93 

8.02 

9.27 

6.29 

1.04 

1.07 

1.36 

1.29 

1.37 

Table 34 

Comparison of X-Ray and Dilatomstric Zone Refined Thermal 

Expansion Coefficients aa 

Compound 

híb2 

ZrB- 

NbB. 

X-Ray 

6.64 X lO'V’c 

5.92 

8.69 

Dilatometric 

7.49 X 10’6/°C 

7.95 

7.32 

- Hi - 
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E. Debye Temperature Measarement« 

The calculation of the free energy of formatio*, vapor pressure and 

other thermodynamic properties of the borides requires a knowledge of the Debye 

temperatures of these compounds to estimate the vibrational contributions to the 

free energy. In the absence of specific heat data, a Debye temperature derived 

from X-ray intensity temperature dependence will provide a starting point for 

free energy estimations. When specific heat data is available, the X-ray Debye 

temperature can be compared with that derived from the specific heat to check 

the accuracy of the theoretical models. The purpose of this task has been to 

investigate the vibrational behavior of several borides using high temperature 

X-ray techniques. The investigation indicated a significant vibrational anisotropy 

associated with the thermal vibrations parallel and normal to the symmetry axis 

of the hexagonal boride structure for the two compounds investigated, HfB^ and 

ZrB^. Room temperature entropies were calculated using the "two 0" method of 

Section XVI for decomposing the specific heat with Debye temperatures associated 

with the individual metal and boron atom species. The results, after a suitable 

average over crystal anisotropy, were in good agreement with the entropies de¬ 

duced from specific heat measurements. In addition, the X-ray Debye temperature 

results of Miksic*7* on TiB^ were used to calculate the room temperature entropy of 

TiBjj for comparison with specific heat data. 

1. Theoretical Considerations 

The integrated X-ray peak intensity for a Oat powder specimen under 

crystal monochromated radiation has the form: 

l[hkl.Tl rrKLl*,*'] plhkll F[hkl,Tl * ( 11 ) 
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T: 

«rïtef*« K ï» a constant including all factors independent of temperature T or 

angle A, p[hklf is the multiplicity factor for the set of Miller indices (hkl), 

Fthkl.T] is the generalized structure factor including lh«: temperature depen¬ 

dence of the intensity and L[«i>,«*' ] is an angular factor appropriate to crystal 

monochromated radiation. is given by 

L[*. 

(8) 

,vi = 1(--, 1 
^ 1 +COS ZO' sin*** cos 

( 12 ) 
COSO 

where 6 is the observed Eragg angle and*' is the fixed Fragg angle for diffraction 

of the primary beam from the monochromating single crystal. In this work, the 

(111) reflection from single crystal silicon with CuK^ radiation was used, giving 

°* * l"l 15' and cos 2*' a .772. 1^0»*'] ran he put into the more convenient 

form: 

L[ó,o'I a const [1 t- cos^ 3o jjl + .772 co 

sin o coso J +cos^ 2* 

2 9. os 2<:> 
= L[6 ]H[o| ( 13 ) 

The first factor is recognized as the familiar, tabulated, Lorentz polarization fac¬ 

tor L[o] and the second factor, H[o], is a slowly varying function of ó (.8S5< H[*l< 

1.00). 

The crystal structure of the metal diborides is that of the hexagonal 

C—32 type (AIB^) it* which the primitive unit cell contains one formula weight of 

MeR¿. The space, group symmetry is D^-Ch/mmrn with metal atoms at (o, o, o) 

and boron atoms at (2/3, 1/3,1/2), (1/3,2/3, 1/2). Multiplicity factors for the hex¬ 

agonal system are (hkl) .2d, (hhl), (okl) fc (hko) - 12, (hho) f.- (oko) * 6 and (ool) -2. 

The equation for the generalized temperature dependent structure factor Has the 

form: 
. 2 

sin 

F[ hkl 
r- . 2ri(hu +kv. *Iw.) -p,jl Tl —-j — 

.T| ./, 1,, 1 y ( 1*1 ) 

1 tit - 

V- %■ V.' <• 



£n which the summation over j is a summation over all atoms in the unit cell 

whose fractional spatial coordinates are (uj* Vj, Wj). ^j t \ 1 e^ec*ron^c 

scattering factor of the jth atom and B.[ T] is a temperature dependent function 

equal to 8«Zp^lTl . T1 is the mean square thermal displacement of the 

jth atom from its equilibrium lattice position in a direction normal to the diffract¬ 

ing plane characterised by the Miller indices (hkl). For a polyatomic cell, each 

atomic species in general has its own thermal amplitude. 

For the C-32 structure, we have: 

F[ hkl, T] afj^exp T1 ^~2T^j+ £B eXp |"BB^T^ 
B 

g[hkl] =2(-1) 

Me 

h + k+1 
( 15 ) 

cos- (h-k) 

g[hkl] is restricted to form values +1.+2 for all (hkl). The observed intensities 

can now be decoupled algebraically to yield the quantities p Me and P B at fixed 

temperature. We define four functions Fj.F2.F3 and F4 corresponding to the four 

values of g =+1,-1,+2,-2 respectively. Examples of Fj type lines are (101).(213) 

etc., F_ type lines are (100), (102) etc., and similarly for the others. Rearranging 

2 “Z- . “2 
these functions we derive expressions for pMe • and PB aô: 

„ 2~Z sin2* 

“8,t ^ T2- ' 

In /F1 + F2 
“ZT 

= In 
Me 

2F1 - F3 = In 
IMe 

f2Fi + F4 

Me 
= In 

'2F2+F3 

TI Me 

= In 
l¿F2 - F4 

Me 
= In 

ÍF3 + F4 

~ZT 
( i6‘ ) 

Me 



IT*"'"T •"'T' 

--- ■ -.. 

t V '.. * «* • *.'■•• . «. . .\ 

= In 
rF3-Fii = In 

B 

= ln rVF4j = ln 1¾1) ( 1T ) 

Since all lines fall at different angles <> , the procedure is to measure the intensi- 

1*/^ 
ties l(<j>] from a full powder scan; form the quantities F = -^jr— by normalizing 

the observed intensities with the appropriate angular and multiplicity factors; pre¬ 

pare four curves of Fj » F^» F^ and F^ as a function of <j>; form graphical sums and 

differences as indicated by Eqs. 16 and 17 for specific values of «>; and 

2 sin^^ • 
plot the logarithms of these sums and differences vs. 8w —^— - The final 

X -jr -^ 
curves should be straight lines whose slopes have magnitudes and jig 

An analysis of this type has been carried out for HfB^ at room temperature. The 

uncertainties in the final results, however, are too la^ge to permit published 

results. The uncertainties arise because the scattering power of boron is much 

less than that of the metal atom and because an insufficient.number of lines are 

available with Cu radiation to permit the construction of accurate F vs. <î> curves. 

The calculated spread in values o? and do, nevertheless, overlap. 

The indication is that the thermal amplitudes are approximately equal. We argue 

that the borides are high melting point compounds with strong interatomic bonding. 

Consequently both metal and boron atoms should experience equivalent force fields 

in the lattice and vibrate harmonically with equal amplitudes. Houska has ana¬ 

lyzed the refractory carbides TiC, ZrC, TiN and ZrN in the manner just indicated 

and was able to show accurately that the thermal amplitudes of the individual atoms 

up to temperatures of the order of 1700°C were approximately equal for all the 
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materials. Since the metal diborides are similar materials and analysis of III® 

HfB2 indicates equal amplitudes, we assume in the remaining analysis that the 

amplitudes are exactly equal. This assumption permits factoring the integrated 

intensity of a given peak into: 

-U.2 TuT ^ 
I[hkl. T] = e {function of + only} ( 18 ) 

The subscript on ¡jl[t1 in this equation has been purposely deleted. Had we been 

considering a monatomic, cubic lattice, the temperature dependence of the inte¬ 

grated intensity would have appeared identically as in Eq. 18 where p.[T] 

would unambiguously have referred to the thermal amplitude of the single atomic 

species of mass m . The Debye-Waller theory immediately applies to this case 

and a well-defined Debye temperature Op is given by 

where 

and 

N[T1 = <*'*>* ï 

x Jo ey-l 

X = 

{ 19 ) 

where h and k are Planck’s constant and Boltzmann's constant, *1 is the abso¬ 

lute temperature. The borides, however, present two problems for which the 

Debye-Waller theory is inadequate. Firstly, we are considering a diatomic lat¬ 

tice of very different atomic masses, which makes the assignment of m in Eq. 19 
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rigorously impossible. Secondly, we are dealing with a hexagonal lattice which 

exhibits vibrational anisotropy. Vibrational isotropy is another fundamental 

assumption underlying the Debye-Waller theory. We discuss the anisotropy 

problem below. The problem of atomic mass can be approached from the view¬ 

point of two physical models. If we imagine an artificial monatomic lattice of 

average mass m = £ we can insert m into Eq. 19 and derive 

on "average" F . If we consider that the scattered x-ray intensity is predomi¬ 

nantly that of the metal atom we can imagine a sublattice of heavy metal atoms 

imbedded in a boron "continuum" and insert the metal mass mMe to derive a 

e . 9 could be interpreted physically as a measure of the force field ex- 

perienccd by the metal atom in the compound state relative to the pure metallic 

state. At any rate, o.dy these two choices appear possible if the Debye-Waller 

model is to be used. 

The vibrational anisotropy for a hexagonal lattice containing a 

unique axis of symmetry, the "c" axis, can be described in the following way. 

Let refer to the component of vibrational amplitude directed along the c 

axis, and let refer to the component of vibrational amplitude anywhere in 

the plane normal to the symmetry axis. Since, in general, the elastic properties 

along the: "c" direction are different from those in any of the equivalent a 

directions, we have ¿J“ • For a diffracting plane whose direction normal 

5 makes an angle a with the "c" axis, the observed amplitude pa [T] for that peak 

can be expressed in a form suggested by James . namely. 

= p^ sinOf2 f p 2 cob a2 ( 20 ) 
•s "a c 

The angle a is simply related to the Miller indices associated with the diffracting 

plane and the lattice constants for a hexagonal lattice by: 
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where 

^ 7 > »-1/2 
CO* ® = [5 (j) n + 1 1 

n2 = h2 + hk + k2 

( 21 I 

sin2* 
Furthermore, by Bragg's law we rewrite the quantity  ^— *n form: 

sin2* _ 1 

V¿ 4d2[hkl] 

4(f) n2 + l2 

--47 
( 22 ) 

Combining (21) and (22) with the intensity formula (18) we have: 

2 
In 2ii[T, n] sin2* I6it2 2 

—-t— n 
3a 

41T 
a c 

I2 ^[Tl ( 23 ) 

where C[*] is the total normalization factor including polarization factors, elec¬ 

tronic scattering factors, etc. It should be possible to measure pa[ T] and Hc[ T] 

directly by plotting the log of the normalized intensity vs. n2 for the set of peaks 

{hko} or l2 for the set of peaks {ool} at a fixed temperature. However, the pow¬ 

ders examined exhibited a sufficient degree of preferred orientation to render the 

use of the fixed temperature intensity plots impossible. 

The technique used was the conventional one of measuring the inten¬ 

sity change of selected high angle peaks as a function of temperature between room 

temperature T0 and temperature T up to about 1500°C. For a given peak, the 

intensity change with temperature is simply: 

-¾]) <24 » 

We now introduce "pseudo” Debye temperatures 9a and associated with prin¬ 

cipal crystallographic directions by assuming, without theoretical basis, that 
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the individual |i are given by Debye-Waller functions of the form of Eq. 19. 

i.e.. 

^T) =^1-2-/5[xa1 + T a 4w m k e.¿ “ a 4 

e 

. Xa = T ( 25 ) 

i?m= -2-h'T 
C 4n£ m k 0 ¿ ' c 4 

e 
xc = T- ( 26 ) 

Inserting these expressions into ( 24 ) and invoking the additional relationship 
No 

m = , where Nq is Avogadro's number and M is the molecular weight in —S1-!?—- 

we arrive at a compact form of Eq.24; 

In = £-f[7.xal + ír- ( 27 ) 

a 2 M T 
where = a 0 

X = a 
o 

C 2 M T o o 
~w 

o 
C _ C 

xo " T* 
o 

( 28 ) 

fl = 

h2 N 
= 1.91 X 10 

i » • 2 o.. -13 gm cm K 
mole 

and the dimensionless function f[y ,x ] is defined as: 

I'.Y’X°1 . îtjà 
o* \x 7 X X 

o o o 

îi-i=ï r ^ • x Jo ey-l 

( 29 ) 

^ < i 

fty, xq] is a monatomically decreasing function of xq with y as a parameter. 
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The asymptotic forms are given by: 

[^]- * T»0<-* ( 30 ) 

«-.i-i ■ *o>5 

íí 11 X01 vs* x0 i3 plotted in Fig. 48 for x in the range 1.0 to 2.4. 

p^tTl and pcÄ[Tl can be calculated directly once 0^ and are 

determined. Eqs. 25 and 2b in compact form became: 

. “7 
(Tl = £- k[*J ( 31 ) 

{ 32 ) 

where 0' = = 1.45 x 10-^ cm^gm °K/gm.at. and 
4it 

ht*] =^{51*1 +i} 

A minimum of two lines for each material must be examined as a 

function of temperature to determine and 0^. Signifying two tines by the sym¬ 

bols 1 and 2 we use Eq. 27 and derive expressions for f[T, x*] and f( y,x^ J 

in the form: 
a . P* 17. /^in l 7 /^70 \l 

( 33 ) f[7.xoaI =Pa 
m 

m ^ xo 1 s j^nlZ ln (l^-) " n2Zln (ip)} 

2 2, 2 2 ,2 
m “ nl ^2 ~ n2 

( 34 ) 
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These equations relate títe fu* (ions f[7, xj directly >o the measured intensity 

ratio data. With the use of the tabulated function f[y, xffl (Fig. 48 ).0C and 

are obtained directly at each temperat'are step in the measurement. 

Z. Experimental Results 

The peaks examined in the measurements on HfB2 were the (211) 

and (104) lines. For HfB2. ao * 3.14lA, c0 * 3.47lA, TQ = 2760K(3°C), W = 

66.71—. M... = 17».6 —. Thus, for M = M, p = 23.8, p = 38.7 and 
gm. at. nf gni.at# • w 

for M »Mu- p * 84.4. p = 103.3. Five temperatures were used, namely 
ri* a c 

1350°C (î -. 17) 1107°C |7 *.20), 830°C (7 * .25), 6470C (Y R . 30) and 417°C(y =.40) 

relative to a reference temperature of 3°C. n^ = 7, 1^ = 1, n^ =1,1^ = 16 and 

mZ = 111 for line 1-»(2U) and line 2- (104). When thesv it^bers are fed into 

Eqs. 33 and 34 for the two cases M = 5¾ and M = MH£ and ; intensity 

ratios relative to 3°C are measured from the average of this, e scans per peak at 

each temperature, we derive parameters 0a and 0c appropriate to those tempera¬ 

tures. The final results are tabulated in Table 35 wiih values of the r.m. s. ther¬ 

mal amplitudes (¡T* and (p<;Z)1^2 computed from Eqs. 31 and 32. Either 

value of M and its corresponding 0's will give the same results for the thermal 

amplitudes. 

The calc (dated 0's have uncertainties of about jM0°K for 0c and 

+ 20°K for 0^. The larger'uncertainties for the 0C values arise from the uncer¬ 

tainty in estimating the background intensity for the (104) intensity peak. The 

< 104> direction makes an angle of 17045’ with the symmetry axis < 001> ; there¬ 

fore the intensity-temperature variation of the (104) peak reflects the thermal 

amplitude predominantly along the "c" direction. 0c is consistently higher than 

0 , indicating that the lattice is elastically stiffer in the "c" direction than in 

t»a«i direction. This same feature is reflected by the consistently larger r.m. s. 
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Table 35 

Debye Temperature» and Thermal Amplitudes for HfB-, 

T(0K) 

690 

920 

1101 

1623 

M 

345 

342 

353 

301 

284 

Hf 

ec(°K) 

439 

431 

425 

381 

356 

M = TO 

0a(°K) 

552 

552 

569 

486 

464 

0c(°K) 

695 

706 

681 

619 

500 

.RMS 
a (A) * 

.0706 

.0815 

.0865 

.102 

.128 

tRMS 
c 

.0564 

^ (A) 

.0631 

.0729 

.0885 

.119 

Table 36 

Debye Temperatures and Thermal Amplitudes for ZrB^ 

M =M 

T(0K) 0a(°Kl 

1101 

1380 

1621 

442 

431 

463 

Hf 

oc(0k> 

524 

560 

546 

M =TO 

e.(°K) 

682 

672 

720 

0a(°K) 

793 

858 

844 

RMS 

arms 
a (A) 

.0964 

.109 

.112 

iRMS 
c 

.0815 

.0863 

.0944 

!,a> 

values of n compared with p . The ratio of -wtrg decreases, however, from 
9L C ivivu 

1.25 at 690°K to 1.08 to 1628°K, suggesting thSt as the temperature increases, 

the HfB2 lattice becomes increasingly more elastically isotropic. 
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Th« result« tor ZrBj .r. U.t«d I» T.M. 36 . The fl*.d tem¬ 

perature-relative intensity analysis was not attempted tor this material due 

to texture eifeet. In the powder. Because o£ it. similarity to HIBj. however. 

same assumption oi e,ual atomic thermal amplitude, was made. The pea*, 

examined worn the (104) and (120). the latter peak measnrin, \directly. Only 

three temperature, were used in this case: 830¾. 1107¾ and 1350¾ with, 

reference tempera,ere of 22¾. Lower temperature measurement, were not 

made because th. Debye O', from the «tree higher tempera,are. were «.sen,tally 

constant. For ZrB,. s 3.17lA. c0 = 3.47lA. T„ * 295«K. * =37.62 

- MZt = 9,.22^ • -us. Pa = 14.6. P = 24.1 for " 

p = 58.5 for M =MZr. nj =1,^ - 16. n2 2 

1-*(10<1) and 2-*(220). 

The uncertainties in the O', of Table 36 are approximately 4 10°K. 

arising from the variation of integrated intensity from scan to scan a, the higher 
. . RMS < RMS at tempera- 

temperatures. Again 0c> 6^ tor etther mass and Pc 

tu„. considered. Th. remark, concerning the vibrational anisotropy of HfBj are 

similarly appropriate to ZrB2. 

The decrease in 0 with temperature in the case of HfBj is shown in 

Fi„. 4,. This temperature dependence is larger than would.be expected from 

the volume dependence of the Gruneisen relation: 

d(ln0) „ ( 35 ) 
HflTTV) ="7 

where T is the Gruneisen constant and V the atomic volume. Integrating this equa¬ 

tion and relating the change in volume to thermal expansion, w. obtained a linear 

temperature dependence of the Debye temperature as: 

0e8o {l-av7(T-T0)I 
( 36 ) 
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where 1« the volume coefficient of thermal expansion. The constant y lies 

between about 2 and 3 for most metallic substances. ay for HfB^ i> 20. 2x10 / K. 

Considering now the curve [Tj for M = for example, and letting y - 2. 5, 

we would calculate that if 0° = 439°K at a temperature of 417°C, 0 should fall 
c w 

linearly to only about 420°Kat a temperature of 1350°C whereas, in fact, it be¬ 

comes 356°K. Similarly, the 0[T] curves for the other cases fall too rapidly. 

Several explanations are possible. The observed peak intensity at the higher tem¬ 

peratures may be reduced by oxidation effects or reactions with the heating ele¬ 

ment. At the higher temperatures nonharmonic oscillations may become impor¬ 

tant, although the very low values of p[ T] ^ would seem to indicate otherwise. 

Temperature diffuse scattering corrections which have been ignored throughout 

the analysis can become more important at the higher temperatures. All of these 

effects would tend to make the 0*8 too low at the higher temperatures. Fortunately, 

the O's for are essentially constant within experimental error for the first 

three temperatures- 690°K, 920°K and 1103°K. Similarly, the 0's for ZrB2 are 

essentially constant over the temperature interval 1103°K to 1623°K. We then 

calculate the averages of the 0's for these temperatures and assume they are ap¬ 

propriate for calculating the room temperature entropies of HfB^ and ZrB2. 

F. Comparison of X-Ray Data and Specific Heat 

1. HfB, and ZrB^ 

The entropy at room temperature can be computed by using the 

method described in Section XVI employing the average0, derived from the average 

mass, or from the "two 0 " method using individual 0's associated with each atomic 

species. The latter approach utilizes the derived from the X-ray measure¬ 

ments with the metal atom mass and a Og for the boron atom which is related to 
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of the thermal amplituaes, 

8.. . This relationship is suggested by the equality 

which if written as Debye-Waller forms, gives: 

The "average 8" and "two 0" methods are expressed analytically in terms of 

Debye functions S as: 

S[ 298] = Sjjt^gg- ] ( 38 ) 

S[ 298] = ^ + T 1 39 * 

The vibrational anisotropy introduces the problem of how to perform 

the best average over 8 and 8 . Since at high temperature,one associates amolar 

specific heat R, the gas constant, with each degree of freedom in a three dimen¬ 

sional solid to get a total of 3R, the classical DuLong-Petit value, it seems appro¬ 

priate in our case to associate two equivalent specific heats with the "a" direc¬ 

tions and a third different, specific heat with the "c" direction, i.e. within the 

Debye approximation: 

4-1 '4° > 

Translated into entropy terms, the "average 0" and "two 0" method become: 

_ F . ÏÏ 

S[ 298] = 7 SD 1 + J su^T*^ 

(r qMo 0^® 

■J SD^—T- ^ + T SdÍ-T—1 

The room temperature entropy has been calculated by both methods in Table 37 

with 8*s appropriate to both choices of W and and the results compared 

( 41 ) 

2 
T 

0B 

T SD[_T Í + 
, 0B 
7sd[-4-j { 42 ) 

I 

i 
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experimental entropies deduced from the measured specific heat data of Section 

XV. The "two 9" method gives apparently better results for S[298l compared 

with the experimental value, especially in the case of Hfl^« 

2. TiBz 

Miksic^7* has determined the Debye temperatures of TiB^- Using 

spherical, single crystal specimens with MoK^ radiation, he was able to mea¬ 

sure RMS values of pjl, p® , pj1 and p® directly at room temperature <300olQ 

by the relative intensity analysis previously described. By a differential tempera¬ 

ture measurement between 130°C and 300°C, he derived individual O's for the Ti 

and B atoms along the "a" and "c" directions after assigning Debye-Waller func¬ 

tions to each atom with appropriate atomic masses. His results are given in 

Table 38 . Previously we estimated 0B knowing 9Me and using the relation¬ 

ship 0 = For TiB2 (Mt./Mb)1/2 is 2.10. Miksic's 0»s. however, 

J3 ß Tl B Ti 
have been measured directly. We compute his ratios 9^ /9^ and /0^ and 

get 2.06 and 1.93 respectively, which agrees very well with the mass ratio esti¬ 

mate. The ratio of the RMS amplitude for boron to that of titanium in the "c" 

direction is 1.23 while the same ratio in the "a" direction is 1.16. The assump¬ 

tion of equal amplitudes is therefore only approximately valid here. S[ 298] is now 

calculated according to the "two 0" method with the anisotropy average being taken 

cal . The value of according to Eq. 42. The calculated result is 1.99- 
g. at. it . - 

S[ 29?! deduced from the specific heat measurements of Section XV is 2.27 cal/ 

g.at.°K. This agreement is consistent with other results on the borides predicted 

by the "two 9" model decomposition of the specific heat. 
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Table 37 

Room Temperature Entropies (cal/g.at.°K) of HCB2 and ZrB2 

"S'a 7C 

(°K) (°K) 

HfB, 

Me e 
eMe 

(OK) 

558 692 347 432 

a 
1®K) i°K) 

Avg. ® Two 0 

S[ 298] S[Z98l S(meaa). 

1350 1680 4.42 2.98 3.42 

ZrB2 691 832 444 543 1320 1620 3.39 2.59 2.93 

Table 38 

0 
a 

665°K 

Debye 0*3 and RMS Thermal Amplitudes (A) for TiB, 

Ti .. Ti 
•a 

.050 A 1370°K 

(Miksic^) 

B 

.058 A 

Ti .. Ti 

740°K 

c 

.044 A 1420°K 

c 

.054A 

uncertainties in 0 are + 3 K 

uncertamtics in H- .,RM3 are + .00lA 
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DC CQCT-l^lCIENT OF LINEAR THERMAL EXPANSION* 

A. Introduction 

The purpose of this subtask is to measure the coefficient of thermal 

expansion from room temperature to 1500°C. Initially, it was anticipated that 

these measurements would be performed primarily on single crystal mater¬ 

ial from the xone-refining procedure. High pressure hot pressing was used 

to complement the supply of zone-refined material. The expansion measure¬ 

ments were completed for the range from 25° to 1000°C. on high pressure hot 

pressed samples of TiB^. HfB2. and TaB^ and on zone-refined samples of 

ZrB2. NbB2 and HfBj. 

A knowledge of the thermal expansion of refractory materials is . 

required for the design and calibration oí apparatus employed in high temperature 

investigations. Such knowledge is also necessary for the design of structural 

materials for high temperature applications. Thermal expansion properties 

also play a role in the semi-quantitative description of thermal shock as 

described in Section XU. 

Linear expansion measurements in the range below 1500°C are usually 

based on the method of the interferometer or the differential dilatometer, or the 

measurement can be made by direct observation with a micrometer telescope. 

Thermal expansion data of crystal parameters can be determined by X-ray 

methods as discussed in Section VIII. The interferometer method is the 

most precise, but methods based on the differential dilatometer are more 

practical. The latter method was chosen for this study because this technique 

can be applied to measurements in the higher temperature regions where 

*R. L. Pober and E. V. Clougherty, ManLabs, Inc. 
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future thermal expansion measurements will be performed to provide data 

for selected materials of proven oxidation resistance. 

Thermal expansion measurements are discussed in a high tempera- 

t\*re monograph^ ^; thermal expansion data on high temperature reference 

materials are presented as an appendix to a well documented book12* on experi¬ 

mental procedures for high temperature investigations. 

Since X-ray orientation studies on the single crystal material prepared 

in this program indicate that the end faces of these rods are approximately the 

(100) planes of the hexagonal crystal, the measured length changes afford an 

expansion coefficient which will approximate the quantity i the latter 

is obtained directly from the high temperature x-ray measurements. Expansion 

data on fully dense polycrystalline samples produced from the high pressure hot 

pressing subtask provide a measure of the linear expansion coefficient «L=AL/LoAt. 

B. Experimental 

1. Apparatus 

Thermal expansion data were obtained with a differential dilatom- 

eter. The dUatometer is composed of an alumina base and sapphire rods that 

allow it an upper temperature limit above 1500°C. The dUatometer is shown 

schematically in Fig. 50. The boride samples Used were cylinders ranging from 

1/4 inch to 3/8 inch diameter and 3/4 inch to 1 inch long. The ends of the 

samples were machined to provide proper inserts for the pointed end of the 

dUatometer rod and of the lower supporting rod. The dUatometer was suspen¬ 

ded in a closed end, vertical, tube furnace. The furnace was heated by a 

resistance wire winding and the temperature was maintained by a conventional 
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controller. A flowing argon atmosphere protected the aapiples from oxidation. 

Z. Technique of Meaeorement 

The mean linear coefficient of thermal expansion between tempera¬ 

ture» ZS° and t°C i» defined ass 

1-1 
a = 

A1 
tsitirjr =rTrr d) 

where l and 1 are the lengths at the temperatures 25° and t°C. 
o 

The results obtained with a differential dilatometer are actually 

l[t, measured] = if t, sample] -1ft, dilatometer] (2) 

Thus, 

a(measured) = a (sample) - a (dilatometer) (3) 

The quantity Of (dilatometer) was obtained experimentally by calibrating the 

dilatometer apparatus from 25°C to 1000 C with fused silica. 

The expansion measurements were made at 1000°C with a refer¬ 

ence temperature of 25°C. It was assumed that the measured expansion is 

linear between these limits. 

C. Results 

The results obtained from these measurements are collected in Table 39 

with other available expansion data on diborides. The expansion coefficients ob¬ 

tained from the dilatometer measurements are considered to have a precision 

of + 5%. The observed scatter in the comparison of the linear coefficients ob¬ 

tained by X-ray methods versus those obtained from the dilatometer measure¬ 

ments preclude the possibility of a systematic error in the latter measurements. 

It should be noted that the X-ray method may have some experimental advantages 

in the determination of the expansion properties of pure materials but the tech¬ 

nique is not feasible for composite structures. The measurement of length 
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TiB. 

ZrB, 

HÍB, 

NbB. 

TaB. 

Table 39 

Thermal Expansion Data for Refractory Metal Diboride» 

Material 
Fabrication 
Pr^tcess** 

% of 
Theoretical 

Density 
Mean Expansion Coefficient* 

(°C-l) X 106_ 

H.P.H.P. 

H.P. 

H.P. 

Powder 

Powder 

95 

95 

aL = 8. 32 

aL=9.7 

aL = 6.8 

CiL = 8. 02 

«L=7-79 

Z.R. 

H.P. 

Powder 

100 aa = 7,95 
aL= 8.2 

aL = 6.29 

a = 5.92 a 
Powder (*l=7.12 

a = 7.07 a 

Z.R. 

H.P.H.P. 

H.P. 

Powder 

99 

86 

aa= 7.49 

aL=7.69 

aL=5.3 

aL = 6.72 

a = 6.64 a 

Z.R. 

Powder 

95 a = 7.32 a 
=8.93 

a = 8.69 a 

H.P.H.P. 

H.P. 

Powder 

84 aL = 7.88 

orL = 5.1 

Cl, 9.27 

Reference 

Section IX 

3 

4 

Section VIII 

5 

Section IX 

4 

Section VIII 

Section VIII 

5 

5 

Section IX 

Section IX 

4 

Section VIII 

Section VIII 

Section IX 

Section VIII 

Section VIII 

Section IX 

4 

Section VIII 

*Tbe tabulated quantities are linear expansion coefficients. These values were 
obtained between 25° and 1000°C in the dilatometer measurements and between 
25° and 1500°C in the X-ray measurements. 

**, The fabrication processes are identified as H.P.H.P., high pressure hot 
pressing; H.P. , conventional hot pressing; and Z.R., zone-refining. The X-ray 
measurements were performed on powder samples. 
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changes by the conventional expansion techniques in fabricated sample 

material is the only logical way to obtain the expansion coefficients for 

such materials. 

1. 

2. 

3. 

4. 

5. 
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X. THERMAL CONDUCTIVITY 

The purpose of this task is to measure the thermal conductivity of the 

diborides in the region 1000° to 2000°C. Sample material has been supplied 

from available zone-refined material i.e. ZrBz andHfB¿¡ the remaining 

diborides samples have been fabricated by high pressure hot pressing* 

These measurements have been initiated by Professor Michael Hoch of 

the Materials Science Department at the University of Cincinnati. In the 

procedure to be used cylindrical samples of the diborides are placed in a 

vacuum system and brought to temperature by high frequency induction heating. 

When the sample reaches equilibrium, by radiating to its surroundings, its 

temperature is measured at selected points. This procedure is repeated for a 

sample with a different length to diameter ratio. Utilizing the measured 

temperature distributions and the solution for 2-dimensional heat flow in a 

cylinder of finite length, it is possible to obtain the radial and axial thermal 

conductivity of the sample. The emissivity will also be measured. Values 
s . 

which are reported for the diborides at 200 C are given below. * 

DIBORIDE 

TIB, 

ZrB. 

cal/cm. sec. °C 

0.062 

0.055 

HfB, 

NbB„ 

TaB, 

0.040 

0.026 

.(3) Southern Research Institute1 ' has measured the thermal conductivity of 

eO, 
TiB,, ZrB,, and HfB? on samples containing 3-10% impurities from 25 C to 

2200°C, The conductivity of TiBjj increases to a value of 0.128 cal/cm. sec. °C 

at 2200°C, whereas the conductivity of ZrB¿ is virtually invariant with tem¬ 

perature over this range^. The SRI results for HfBindicate a constant 
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value of 0.138 cal/cm. eec. °C up to I600°C foUowed by a rapid increa.e to 

0.310 at 2000°C. Thia increase may be due to some change in the nature of the 

specimen. Mandori(4) found a constant thermal conductivity of 0.096 cal/cm. 

sec°C for sintered TiB^ in the range 1000° to 1400°C. 

Multiplication of the K values {cal/cm. sec. °C) by a factor of 2903 

yields the value of conductivity in units of BTU in/ft.2 hr. F. 
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XI, • ELECTRICAL resistivity* 

A. Introdactkw 

The electrical resistivity of a fabricated diboride or other metal-like 

compound is dependent upon the physical state of aggregation, i. e., porosity, 

grain boundary precipitates, cracks, etc. The temperature coefficient of 

resistivity should be less sensitive to these parameters and more characteristic 

of the pure compound because the variation of resistivity with temperature depends 

primarily on thermal vibrations and thus should be related to a property 

characteristic of the pure compound. One such property is the Debye tempera¬ 

ture. 

A recent survey^ of the properties of electrically conductive materials 

at elevated temperatures demonstrates the small amount of published electrical 

resistivity data, especially resistivity as a function of temperature, for metallic 

compounds relative to pure metals and metallic alloys. The principal objective 

for research in the field of high temperature high conductivity materials is to find 

a substitute for platinum basu alloys. Among the metallic compounds, the diborides 

of the metals of Group IVa and Va appear to be the most promising materials for 

this application. 

Meaningful and accurate measurements of the resistivity of any material 

depend on the availability of pure, wcll-charactcrized samples with well defined 

geometries. In the present investigation sample material has been supplied from 

the zone-refining and the high pressure hot pressing procedures. In order to obtain 

reliable electrical resistance measurements, four independent leads must be 

physically attached to the specimen with a minimum of contact resistance. The latter 

requirement is particularly important for metallic compounds such as the borides, 

*E.V.Clougherty, ManLabs, Inc., Cambridge, Mass. 
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carbides, and nitrides of the metals of Group IVa and Va. In this study resistivity 

measurements were performed from room temperature to 1050°C with four molyb¬ 

denum leads attached to the sample. Lower temperature data, i.e., 700° to 

8Q0oC, were also obtained with platinum leads. Experimental difficulties involving 

an apparent low melting phase composed of platinum, zirconium, and boron, 

caused failures for this technique above the region 700° to 800°C. 

B. Experimental 

Three techniques were designed to attach the required current and 

potential leads to the diboride sample. Initially, an attempt was made to attach 

a variety of both high and low melting metallic lead materials directly to the 

sample by discharge welding procedures. Higher melting metals such as tungsten, 

molybdenum, nickel, and platinum provided good wetting action but the thermal 

shock caused the sample to shatter in the region of the weld. Copper showed good 

wetting action without shattering the sample but the weld had poor mechanical 

strength. Nichrome and Kanthai A-l showed poor wetting action. Tin and solder 

(60 Sn-40 Pb) showed no wetting action. 

In order to circumvent the thermal shock problem common to the higher 

melting metals, and to provide lead material for measurements up to 1500°C. an 

alternate procedure was used to prepare the resistance specimen. Four 0.060 in. 

holes were positioned in a 1.00 in. sample to accommodate the two potential leads 

(0.50 in. separation) and the two current leads (1.00 in. separation). The holes 

were effectively placed without shattering the specimen with the aid of a spark 

cutting machine. Platinum was melted in each hole, then platinum w:res were 

attached to the cast platinum by discharge welding. Initially, a single crystal 

sample of NbB^ was prepared in this way. Although some experimental difficulties 

prevente(| the use of four independent leads, the measurements were completed in 



order to check the mechanical strength of the leads and the measuring 

circuitry. The sample was heated in argon in a resistance type furnace up 

to 800°C. No further experimental difficulties were experienced with this 

material. In attempts to apply this technique to ZrB2» reproducible data could 

be obtained from room temperature to the region of 750 C; above this tempera¬ 

ture the platinum leads appeared to melt at the point of contact with the cast 

platinum. 

Since it was known that the resistivity at room temperature was a 

sensitive measure of porosity, a simple convenient method for measuring 

resistance at room temperature was designed and assembled.’Current leads 

were attached to the ends of the sample by pressure contact from brass cylin¬ 

ders; potential leads, by pressure contact at a fixed distance of separation by 

pressure point contact from brass screws. The brass components were 

assembled in a bakelite housing. The device was similar to the later developed 

molybdenum lead attachment apparatus shown in Fig. 51. The brass lead attach¬ 

ment device was adequate for room temperature applications. The failure of the 

platinum lead device above 750°C for ZrB2 necessitated the development of the 

apparatus shown in Fig. 51. In this device, molybdenum is used for current and 

potential leads; pressure contacts were made by tightening the adjustment nuts 

against the boron nitride housing. Reproducible data have been obtained with this 

apparatus from room temperature to 1050°C in an argon atmosphere for the 

available diboride materials. 

The schematic diagram of the circuit used to measure the resistance is 

also shown in Fig. 51. The potential was measured with a Keithley 150A Micro¬ 

volt-Ammeter. The zero adjustment for this instrument eliminates the thermal 

e.m.f. from the measured potential; thermal e.m.f.'s were generally about five 
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Fig. 5l - Resistivity Apparatus: Sample Holder and Measuring 

Circuit. 

. 167 . 



percent of the measured potential signal. The sample was heated in an argon atmos¬ 

phere in a resistance wound furnace. Resistance measurements were made when the 

heating current was off to avoid an induced e.m.f. from the furnace windings. 

C. Results 

Resistivity results at room temperature are collected in Table 40. Perti¬ 

nent data from the literature are also tabulated. The results of the resistivity measure¬ 

ments us a function of temperature are presented in Figs. 52 to 55. 

The results show that fully dense, crack-free diborides of Ti, Zr, and 

Hf have very low resistivity values at room temperature. The previously reported 

values for TaB_ and NbB were substantially higher than those reported for the Group 
2 £ 

IVa diborides but the measured resistivities of TaB2 and NbB^ for relatively low density 

(80-90% of theoretical) material indicate these compounds should also have low 

resistivities in agreement with the extrapolated values suggested by Juretschke and 

Steinets^. The results for the measurements of the resistivity as a function of 

temperature showed linear behavior over the investigated range. The measured resis¬ 

tivities were used to obtain the average coefficient of resistivity as defined in Eq. 1. 

a= p[t°C] -p[250Cl oc-l 

(t°C - 25) p[ 25°Cl 

The data for the sLigle crystal ZrB^ provide a comparison of the Pt lead 

and Mo lead techniques; the agreement is well within experimental error. Although 

the room temperature resistivity of the high pressure hot pressed NbB^ was lower 

than that of thv zone refined material, purity considerations favored the choice of 

the latter for the temperature dependent study. Contamination of the NbB2 at the 

lead contact points prevented the measurement of meaningful data above 500°C. 

The relatively low density of the available TaB2 samples precluded the use of this 

material for high temperature measurements at this time. 
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Results for comparable materials measured over a significant range 

of temperature are generally not available but recent data*5* on TiB2 (10 p flcm. 

at 25°C) and HfB2 (15 p flem. at 25°C) afford Of (TiBj,) = 4.5 x 10’3 °C“ and 

CT (HfBp » 3.0 x 10"3 °C-1. The results obtained in the present investigation gave 

a (TiBjj) * 4.76 x 10"3 °C-1 and a (HfB2) = 4. 22 x 10 C. 

The values of the coefficients of resistivities of the diborides of Ti, Zr. 

Hf. and Nb do not appear to be simply related to the Debye temperatures obtained 

from specific data (see Table 55). Such correlations must await the completion of 

measurements on additional materials. The apparent low coefficient, a = 1.78 x 10 

°C"1, for NbB- will be checked when material of higher density becomes available. 
ta 
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XU. MECHANICAL PROPERTIES* 

The original purpose of this task included the determination of the rupture 

strength and the modulus of bending over the temperature range from 25° to 

1500¾. It was planned to use these results in conjunction with elastic moduli 

data and other thermal and physical property data to characterize the thermal 

shock resistance of the diborides. Unfortunately the experimental difficulties in 

obtaining crack-frce specimens from the zone-refining subtask precluded the 

performance of the strength measurements. It is conceivable that high pressure 

hot pressing could be used to supply appropriate samples of polycrystalline mate¬ 

rial, but the performance of these measurements yrtll be restricted to materials 

which display superior oxidation resistance properties. 

A. Strength and Modulus 

Values for the modulus and rupture strength reported in the literature 

are admittedly ipotty because of variable porosity and impurity levels present in 

materials subjected to testing. For example, the rupture strength of ZrB^ 

increases from 8,000 to 25,000 psi as the density increased from 87 to 95.5% 

of theoretical density^. The variation of the flexural strength of TiB^^ with 

grain size and porosity was discussed in Section VI. It was pointed out that grain 

size plays a more significant role in determining the flexural strength. The ex¬ 

trapolated flexural strength of high density TiB^ with a lOp average grain size was 

80,000 psi. 

Samsonov^ has suggested the following values for the modulus of elas¬ 

ticity, TiB2 - 76 x 106 psi, ZrB2 - 50 x 106 psi. TaB2 - 37 x 106 psi. Mandorf*2* 

*R. L. Pober and E.V. Clougherty, ManLabs. Inc. 
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report* a variation of the modulus of elasticity of TtB^ with porosity and tem¬ 

perature. At room temperature,mate rial of 89.8% and 92.9% theoretical density 

showed moduli of 53 x 106 psi and 62 x 106 psi. The moduli were essentially 

independent of temperature up to 900°C. From 900° to Z000°C. the moduli 

dropped linearly. The rate of decrease of the modulus with temperature was 

larger for the material of lower density. 

Gilman and Roberts*4* have performed measurements of the elastic 
12 / 

constants of single crystal TiB2 and reported the following values (in 10 dynes/ 

2 cm2) Cu-6.9. C33-4.4. C44-2.5, C12 - 4.1. Cn- 3. 2( estimated). These value, 

indicate that the anisotropy in the elastic constants of TiB2 is about one half that 

of sine and about two orders of magnitude less than that of pyrolytic graphite. 

B. Thermal Shock ResisUnce 

Thermal shock resistance is dependent, for the most part, on three 

properties: thermal conductivity, thermal expansion, and strain at fracture. For 

purposes of calculation and comparison, it is convenient to approximate the strain 

at fracture as the fracture stress divided by the modulus. Since most materials 

which are subject to thermal shock show little plastic deformation at fracture, 

this is a fairly good approximation. Good thermal shock resistance is exhibited 

by materials having relatively high conductivity and high strength, and low expan¬ 

sion coupled with low modulus. The relative thermal shock resistance of a material 

can be expressed as. • The problem in calculating this parameter lies 

in obUining reliable values for 

p Poisson's ratio; 

Thermal conductivity; 

Coefficient of thermal expansion; 

Tensile breaking stress; 

Modulus of elasticity. 

- 176 - 

k 

a 

a 

E 

- - .:v,y:y:-.-.v:y. , - . - . - > V • . - . . - - . -.. -,. * - -.. • • 

n
 



ÜMM m* —^ 

i 
S: 

Î. 
4 
Í 
? t 

For matortalo such as the borides, which are difficult to fabricate, reported 
J 

properties vary depending on density, grain sise, and other material variables. 

The largest variations in reported data are present in values for <J and E. In the 

interests of good thermal shock resistance, the ratio O’/E should be maximized 

for a given k, a, and |i. The most convenient way to reduce E is to add a second 

phase of lower modulus to the matrix material. In the ideal situation, this second 

phase should improve the oxidation resistance of the pure matrix material. Voids 

can function as effective second phase material. In this case, the strength de» 

creases faster than the modulus so that 0/E decreases. If the second phase is a 

material of low modulus, die modulus can decrease more rapidly than the strength 

and 0/E will increase. The difficulty with this approach is the selection of a 

second phase which is compatible with the matrix and which will actually Increase 

0/E. 

There is also the possibility of increasing 0. For polycrystalline mate¬ 

rials of the boride type the strength is inversely proportional to the grain size. 

Mandorf^ indicates the flexural strength of Til^ as 43,000 psi for a grain size 

of about 20|t. ManLabs has produced high pressure hot pressed Til^ with grain 

sizes of 10 microns and less. For a grain size of 10 microns, the extrapolated 

strength is of ti e order of 80,000 psi. Thus, it is conceivable that the low grain 

size material which presumably will have very high strengths might very well 

also have improved thermal shock resistance properties. 
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XIIli HOT HARDNESS* 

A. Introduction 

The purpose of this task is to obtain data on the variation of the 

microhardness of the pertinent refractory metal diborides as a function of 

temperature. Specimens for these measurements were selected from the 

available zone-refined crystals; additional samples were supplied from the 

high pressure(hot pressed material. Considerable experimental data were 

collected at room temperature in order to adequately define the variation of 

hardness with load and crystal orientation prior to the measurements, at high 

temperatures. The latter were performed with a Hot Hardness Tester designed 

and built at ManLabs, Inc. The measurements were made in vacuo (5 x 10 5torr) 

from room temperature to 1000°C. 

The usefulness of hot hardness data was discussed in a symposium 

entitled’’Mechanical Properties of Intermetallic Compounds"^ The general 

features of several instruments and some comments on the relationship of hot 

hardness data to other temperature dependent mechanical properties were 

presented.in a monograph by Domagala^. In general, hot hardness data 

are related to the temperature dependence of strength properties, to general 

high temperature load-carrying abilities and to resistance to high temperature 

erosion. Knowledge of the variation of hardness with temperature may be used 

in the design of stress-rupture and creep tests. Accordingly, stress-rupture 

tests should be performed in the temperature range where the hot hardness data 

indicate minor plastic deformation; creep tests should be designed in the higher 

temperature range where the hot hardness data indicate significant plastic 

deformation. The knowledge of the temperature region where plastic deformation 

is small is also required for the proper evaluation of the thermal shock resistance 

*£. V. Clougherty and R. L. Pober, ManLabs, Inc., Cambridge, Mass. 
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parameter as described in subtask XII. When the variation of hardness with tempera¬ 

ture is plotted in the form "log Hardnessf versus "Temperature", a linear relation 

is generally observed. A change of slope in the Hardness vs. Temperature curve 

suggests a change in plastic behavior. 

Thibault and Nyquist^ presented detailed results of an investigation of 

the factors affecting the measurement of the Knoop hardness of hard brittle materials 

but the interpretation of other microhardness data in the literature Car metal-like 

compounds is generally limited by experimental uncertainties and incompletely re¬ 

ported results. The specification of indenter configuration and descriptions of the 

physical characteristics of the impressions are generally lacking. The relationship 

between indenter load and hardness number is not defined. The effects of cracking 

on the observed sizes of impressions are often not considered. Although the Knoop 

configuration was designed to minimize stress-induced cracking in brittle materials, 

hardness data for these materials are frequently obtained with a Vickers diamond. 

Data on single crystal material has not been generally available but H. B. Probst 

at N.A.S.A., Cleveland has received some single crystal boride material from 

Arthur D. Little for hot hardness measurements. The measurements reported 

herein have established the relationship between hardness and load for the Knoop 

configuration for available single crystal and polycrystalline material; the former 

material showed an orientation effect. These variables were considered in the design 

of the high temperature measurements in order to provide meaningful data. 

B. Experimental 

1. Apparatus 

An apparatus for measuring microhardness in the temperature 

range from 25° to 1000°C in vacuo and in inert atmospheres has been designe«! 

and built at ManLabs, Inc. A schematic diagram of the unit is shown in Fig. *6; 
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a description of the porta is given below. A photograph of the apparatus is 

shown in Fig. 57. The hardness tester has three parts: a test chamber, an 

indenter loading mechanism, and accessories including a vacuum system and 

a power supply. 

manifold, E. The specimen, I, located on the molybdenum pedestal, H, which 

in turn, is attached to the moveable molybdenum block, G is accurately 

positioned by the micrometer type drive, F. The coreless, self-supporting, 

thoriated tungsten filament, J, is wound in the form of a spiral and surrounded 

by two sets of tantalum radiation shields, K, This design provides temperatures 

up to 1000°C# The temperature of the specimen is measured by a Pt vs. Pt 10 

Rh thermocouple L, enclosed in an alumina insulating sleeve and located under¬ 

neath the specimen. 

1.2 Indenter Loading Mechanism 

The kinematic principle underlying the indenter loading 

mechanism allows one degree of freedom. This design requires that the beam, 

M, be supported on one end by the column, N, at the pivoting point, O. The 

other end rests on the cam, P. The cam is driven by a synchronous motor 

(l/ZO r.p.s.) and has the following motion profile: a) Fall, 180 degrees; b) 

Dwell (externally controlled by time-delay relay), c) Rise, 180 degrees. 

The entire framework of the loading mechanism is rigidly mounted on the base 

plate, Q, Loads from 50 to 500 grams in increments of 50, 100, and 200 grams 

ï 
ï 
ï 
ï 
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Fig. 57 - ManLabs* hot hardness tester. 
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can be placed on the loading tray. R. The remaining parte of the indenter 

assembly are: the molybdenum shaft. S. with a sapphire or diamond indenter 

mounted on the bottom; a water-cooled bushing. T; a miniature low spring 

constant bellows, U, which is used as an axial vacuum seal for the indenter shaft, 

The counterweight, W, is used to balance the system. 

1.3 Accessories 

The 220 volt, A.C.. 4 kilovoltampere power supply coupled 

with the design of the heater unit can produce sufficient wattage to heat the 

sample to 1000°C in one hour. Temperature control is provided by conventional 

i 
methods 

The vacuum system is capable of providing pressures of 

5 X 10 5 torr in the test chamber in relatively short times. 

2. Indenter Material 

• The indenter materials which could be used for hot hardness measure- 

apphire, diamond, and titanium diboride. Each of these materials have ments are s 

shortcomings. Although titanium diboride has a high hardness and high tempera¬ 

ture stability, and is oxidation resistant, the fabricated material has proven 

extremely difficult to shape into desired configurations. This material tends to 

powderize during machining. Sapphire can be machined to the proper configura¬ 

tion; it has good oxidation resistance and is stable to the melting point t2040°C). 

The limitation for sapphire is the hardness. Diamond can be ground to the proper 

configuration and has excellent hardness properties. Diamond is reported*2* to be 

metastable to 1500°C, but results in this work indicate extensive graphitizatkm 

above 1050°C. The oxidation resistance properties of diamond are inferior to 

titanium diboride and sapphire, but this problem is circumvented by performing 

the measurements in vacuum 
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Sapphire indentere were originally made in this laboratory 

for hot hardness measurements on interm et allie compounds. For the present 

program diamond indenters were used to obtain the hardness data. The 

diamonds were fabricated to the Knoop configuration. The Knoop configuration 

was chosen over the Vickers configuration because the former appears to 

minimize errors arising from cracks due to stress concentrations in brittle 

materials. Elastic recovery errors are also reduced with a Knoop impression. 

3. Sample Requirements 

The sensitivity of the microhardness test necessitates the procure¬ 

ment of well characterized and uniform material in order to obtain meaningful 

results. For single crystal material, the specimen should have a crystal of 

sufficicoi area so that the impressions can be made with the same orientation 

and can be located well within the bounds of the crystal. For polycrystalline 

material, the specimen should be fine grained so that the impression will span 

a number of grains and thus give an average result. Grain boundary precipitates 

should be avoided and the sample should have a minimum number of voids. If 

an impression is made partially within a surface void, that particular data point 

can be discarded. Impressions made on a surface just above a void which is 

not visible will show experimental scatter. Accordingly the density of poly¬ 

crystalline material should approach the theoretical maximum to minimize errors 

caused by the presence of voids. The surface of the sample should be perpendicular 

to the axis of the indjntcr in order to obtain a symmetrical impression; un- 

symmetrical impressions yield low hardness results. 

3.1 Sample Material 

Single crysta. specimens for hot hardness measurements were 

obtained from zone-refined ZrB^ and MfB^; poly crystalline specimens, from high 
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Prea*ure pressed TIB2* ZrB^, and HfB^. The presence of excessive craci.f 

and the reduced crystal size of the zone-refined single crystals of NbB^ prr hkñted 

the use of this material for hot hardness measurements; this material was. towtver, 

useful for room temperature measurements with the Leit* instrument. 

Samples for the hardness measurements were discs cut frcm 

cylinders of available material. Both diamond cut-off wheels and electn ly; <c dis¬ 

charge cutting procedures were employed. The resulting samples varie i from 

0.25 to 0.38 in. diameter and from 0.010 to 0.020 in. thickness. 

4. Method of Measurement 

The hardness values were determined in the following rsanrer. The 

sample was polished and cleaned, then placed in the hot hardness tester. The 

chamber was theri evacuated to a pressure of approximately 5 x 10-5 torr. Next, 

the sample was heated by thermal radiation to various temperature^.. At each 

temperature, five or more hardness impressions were maùe. After .1:¾ hsiips of 

temperatures were completed, the sample was cooled and remover. »Vor,, ii.c 

apparatus. The sample was then inspected and the impressions were m^ss.ircd. 

This process was repeated 3 times to yield about 20 data points for me harflue*;* 

value at each temperature. 

5. Accuracy 

The design of the apparatus causes the load on the indenlfc; »o •/*r> 

as the temperature of the sample changes. A room temperature Ic.'.sl of 160 gram» 

becomes an effective load of 190 grams at high temperature. The Lover, r*-inly 

in the measurement of the compressive force of the bellows ’er.il i.i ;a,-» error 

of less than Jh 2^ in calculation of the load at any given tempjrai .• rv. eTierival 

etching and slight oxidation of the sample surface at the hig , • tc :'.i>rv-ituve pro¬ 

duces an uncertainty in the measurement of the long diagonal of tí » vinçji t v.r 
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of le. than + 3 micron.; the uncertainties in the hardness number from these 

«»„rccs of error are + 2% and +8% respectively. The total uncertainty in the 

Knoop hardness number is ^10%. 

C. Results and Discussion 

I. Variation of Hardness with Crystal Orientation 

Considerable scatter in experimental results was encountered in 

the initial investigation of the variation of hardness with temperature for zone- 

refined. large grain material. These experiments were performed without con¬ 

sidering the possibility of significant variations of hatdncss with crystal orienta¬ 

tion. The latter behavior was carefully investigated with the Leitz Microhardness 

Tester at room temperature. The results show, d a pronounced change in hardness 

*1 a constant load for a series of measurements taken across a grain boundary as 

well as within a given large grain. Since each grain showed the same crystallo¬ 

graphic plane, it was assumed that this difterence was the result of directional 

anisotropy within the plane. A check of the available single crystal material 

indicated that the hardness was dependent on crystallographic direction. For 

impressions made on a {IOIÔ} face of zone-refined HfB^i the direction parallel 

lo the c-axis, the <0001 >. as measured by the long diagonal of the Knoop impression 

i. soft relative to the direction perpendicular to the c-axis, <U20>. Accordingly, 

the data for the hardness vs. temperature plots for each single crystal sample 

were taken in a constant crystallographic direction. This procedure p.ovided 

consistent results from which the shape of the hardness vs. temperature p 

obtained. The shape of the curve for other directions is unknown. The series of 

impressions shown in Fig. 58 clearly demonstrate the variation of hardness with 

crystal orientation. Specific orientations were only obtained for one sample of 

HfR2 because an extensive study of hardness variation with crystal orientation is 

not within the scope of this investigation. 
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\ 
925°C 
195 gm. 

I055*C 
196 gm.' 

920°C 
193 gm. 

ÜSiJl 
Knoop hardness impressions on {lOÏû} face of ^«f,ned 
7.rn->! (note increase in size of impressions within the 
same crystal with Wchange in orientation for a decrease 
in temperature. Also note difference in sise of impressions 
between two grains for same indenter position relative to 
the sample. The noted variation in load with temperature is 
brought about by the expansion of the sample holder and tho 
consequent change in the compressive force of the bellows). 
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2. Variation of Hardness with Applied Load 

The defínition of Hardness Number can be expressed as 

H = H 
LOAD 
AREA“ (1) 

where H is a constant which is fixed by the geometry and the hardness of the 
o 

indenter. From this simple description a Vickers Hardness Number would be 

larger than a Knoop Hardness Number as elastic recovery errors would be more 

significant for Vickers impressions« 

According to Samsonov^ an expression for the variation of 

hardness with load for a Vickers type of indenter can be derived as follows: 

The size of the hardness impression, S, is determined by the plastic deformation 

under the action of the applied load and by the elastic recovery after the load is 

removed. If the elastic deformation is directly proportional to the stress and 

consequently, to the applied load, and the plastic deformation is proportional to 

the square of the stress, and consequently, to the square of the applied load, 

then the size of the impression is 

S = AP2 - BP + C (2) 

where A, B, and C are constants characteristic of the material and P is the 

applied load. The microhardness number is 

P 
HM = sr: APZ - BP+C 

(3) 

Samsonov's*4* results for transition metal borides are shown in Fig. 59. 

Analogous results were reported for other metal-like compounds and the analytical 

function for Eq. 3 corresponds fairly well with the experimental curves. The rising 

part of the function = f (P) which is shown as a dashed line in Fig. 59 cannot 

be realized because large errors arise from uncertainties in the measurement of 

the small impressions. A more sophisticated derivation would provide a functional 
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ral&tionshtp ba.w.«» A. B. »d C .»d .H. appH.d load. P. For th. Kooop ta- 

pression» «I. eUotic term. BP would vanish and since in realily C- O as P- O. 

the Knoop Hardness Number would be represented as 

„ . _i_ i<) 
^ " AP 

The results obtained for the variation of Knoop hardness with 

load are collected in Fi,. 60. These data are based on an average o< a. least 

seven crach-fre. impression, lor each load. Th. analytical (orm of these 

cur... agree', with the form predicted h, E,. 4. Appropriate step, were taken 

to obtain meaningful data for th. polyery.talline material and the single crystal 

material ., explained in detail in the foregoing discussion. All data on the 

variation of hardness with load were obtained with the Leite Microh.rdn... 

instrument. 

A tentative relationship between the measured geometric 

properties of Knoop impression, a. various applied load, and the elastic properties 

of a material can be derived by assuming that the elastic stress. ean be 

represented by 
(5) 

°E 

where Cfc is the projected area of the Knoop impression arising from elastic 

deformation, and the elastic strain. <E» can be represented by 

« = A L 
^ L.(exp) + A L 

(6) 

wher. U.xp) is «he experimentally measured short diagonal of the impression 

and AL is the reduction in the original short diagonal caused b, elastic recovery. 
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Fi*. 60 - Variation of Knoop Microhardnesa of Diborides with 
—^  Applied Load for Zone Melted Single Crystal and High 

Pressure Hot Pressed Specimens. Single crystals 
were 100% dense; high pressure hot pressed NbB2 was 
90.0%, ZrB2 97.9%, and HfB2 86. 8% dense. 
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then the elastic modulus is approximated as 

Ve‘e 
(7) 

The geometry o( the Knoop tadent.r H*e. the rntio of the long dlagonj to th. 

short diagonal as 

¿Le,.15 "" 
o 

Since elastic recovery error, sr. as.nmed to he .been, in the long diagonal. 

1 = I (exp) o 

but elastic recover, error, will reduce the experimentally observed short 

diagonal. Thus, 

L > L (exp) 
o 

(10) 

., .. s __j tt- 7 afford a calculated short diagonal. 
The measured long diagonal and Eq. 

Tl. . * (exp) (ID 
L (exp) =| -jtr 

ev O o# O 

Accordingly. AL in Eq. 6 is calculated as 

AL = L^(exp) - L, (exp) 

The quantity AL + L(exP) is the short diagonal corrected for elastic rc¿overy. 

The quantity ttE in Eq. 5 is obtained (rom appropriate are. calculations. Th. 

nrnduli calculated in this way were of the appropriate order of magnitude, that is. 

.(5) ® - ,7 Xl06p.s.i. for NbB2 compared to. reported value of ,6 x 10 p.s.i.for 

TiB,! 50 x ,06 P.S.I.. for ZrB,; and 5, x i06 p.s.i. for T,B2. Considerable 

experimental worh will be required in order to demonstrate the usefulness of 

this procedure. The expenditure of such effort on this task uras not within the 

scope of this contract. 
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3. Variation of Hardness with Temperature 

The results obtained for the variation of Knoop hardness 

with temperature up to 1000°C are coUected in Figs. 61-65. The data are 

plotted as Hardness (log scale) vs Temperature (linear scale) in accordance with 

suggested procedures*1 * All the compounds display an apparent anomaly at 

high temperatures. Smooth curves were drawn through the data points to 

demonstrate the decrease in slope with increasing temperature. Although the 

averaged data points for the indicated temperatures were taken at different-loads, 

it is significant to note that the higher loads at the higher temperatures would 

lead to lower hardness values. The observed anomalous results are characterized 

by higher hardness values at the higher temperatures. These results suggest 

additional work in the area of high temperature mechanical property measure¬ 

ments to attempt to provide appropriate data necessary for a complete under¬ 

standing of the variation of hardness with temperature for these materials. 

All data on the variation of hardness with temperature were 

obtained with the ManLabs Hot Hardness instrument. The applied load was 160 

grams at room temperature. The aforementioned change in applied load (which 

can be calculated to + Zfo) with temperature produced an effective load of 190 

grams at 1000°C. Since the hardness vs. load curve (Fig. 60) was only deter¬ 

mined at room temperature, no correction was made for the effect of temperature 

on this curve. Such corrections are presently assumed to be small and will be 

quantitatively evaluated at 3 later date. 
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Fig. 61 - Variation of Knoop Hardness with Temperature for 
High Pressure Hot Pressed TÍB2. (Indenter Load: 
160 grams at 25°C, 190 grams at 1000°C.) 
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Fig. 62 - Variation of Knoop Hardness with Temperature for Zone- 
Refined Single Crystal ZrBj. (Indenter Load: lf>0 grams 
at 25°C, 190 grams at 1000°C.) 
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Fig. 63 - Variation of Knoop HardncM* with Temperature for 
High Pressure Hot Pressed 7.rB2. Ilndenter Load: 
160 grams at 25°C. 190 grams at 1000°C.) 
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Fig. 64 - Variation oí Knoop Hardness with Temperature for 
_ _ Zone-refined Single Crystal HfB2- (Indenter Load: 

>60 grams at 25°C, 190 grams at 1000°C.) 
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XIV. OXIDATION* 

A. Introduction 

Th« purpose oí thi» task Is to determine the mechanism of oxide 

growth on diborides of metals of Groups PT-A and Y-A of the periodic table in 

the temperature range 1ZOO-2ZOO°C under various environmental conditions. 

The background literature is discussed briefly in Section B. In Section C, the 

experimental results obtained during the contract period on the Group IV-A 

diborides, TiB2, ZrB2, and HfB2, and the Group V-A compounds NbBj and 

TaBj are summarised. (VB2 is of no interest to the present program). In 

Section D, the results on the diborides are compared; in Section E, the oxidation 

behavior oí HÍB-, the most promising of the refractory diborides, is related to 
ù 

the oxidation behavior of other promising high temperature materials. Finally, 

the direction of future effort is considered in Section F. 

B. Literature Survey on the Oxidation of Diborides of Groups 

IV-A and V-A of the Periodic Table 

l. Titanium Diboride 

The oxidation of vapor deposited films of TiB2 in pure oxygen 

at one atmosphere in the temperature range 700-1100°C was studied by Monster 

and Schlamp The reaction appeared to follow a parabolic rate law with an 

activation energy of 51 + 6 in the range 700-850°C, and an activation energy of 

21+2 kcal/mole in the 950-1100°C range. The energies were computed from 

least squares analysis of the data and differ from the values given in the original 

paper. The oxide film was shown by X-ray, chemical and mctallographic 

analysis to contain TiC>2 (rutile) and B^fc). Between 700 and 800°C. the rutile 
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was finely dispersed in an amorphous B^O^(c) matrix. Above 800 C, phase 

separation occurred with TiO^ at the oxide alloy interface separated from the 

ambient atmosphere by a layer of B^O^tf). At 1050 C, a comparison of net 

weight change with total oxygen consumption pwrrided evidence for the less» of 

boron as B20^(g). A platinum marker experiment at 1000 C suggested that 

TiO-(rut) grows by inward diffusion of oxygen. The growth mode of the 8^0^(1) 

could not be determined by the marker Tcchniqn*. 

Neshpor and Samsonov^ studied the oxidation of TiB^ in dry air 

at 800°C. They, too, fit their data to a parabolic rate equation, but their cal¬ 

culated rate constant, 6.5 x IO-5 mg2/cm4-sec. is a factor of 5.5 lower than 

found by Master and Schlamp at the same temperature in pure oxygen. The 

difference may reflect either a pressure dependence of the oxidation rate, or 

differences in the initial TiB^ sample. 

Meyer son, et al. worked with hot pressed specimens that were 

contaminated with about 1% of both carbon and iron*3'. Munster and Schlamp, 

on the other hand, dealt with rather thin films plated on an Al203 substrate. 

Meyer son, et al. measured the weight change as a function of time, and his low 

apparent rate may be due to volatilization of the carbon impurity as C02 com¬ 

bined with' oxidation of TiB2 to Ti02 and I^O^. 

In 1955, Meyerson et assumed, checked and confirmed that 

Ti and Zr do not form borates. By metaliographic examination of the oxide 

scale on TiB- they concluded, in agreement with Munster and Schlamp, that a 
mm 

mechanical mixture of TiC>2 and B^j is the first product of oxidation. As 

time progressed, a layered scale structure was observed, and the content 

in the outer scale declined since the rate of vaponration of B^fg) was some¬ 

what larger than the rate of growth of condensed B20}{c,!). Subsequent publica- 
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tions^***^ indicated that the oxide consists of vitreous salts of pyroboric 

acid of the form Ti(B^O^)^. 

A third study of the oxidation of Til^ was made by F. H. Brown, 

Jr.^6) on porous compacts of the diboride. He worked in the temperature range 

482-1315°C and compared results in an ambient atmosphere, in well-dried air, 

and in pure oxygen. Due to the porous nature of Brown's materials, his surface 

areas are unknown, and his results cannot be compared quantitatively with the 

previously reported data. Brown measured the weight change of his samples after 

successive times at temperature. Brown's results differ in two significant 

respects from those of other workers. First, he did not observe a parabolic rate 

law, but rather a sharp drop in oxidation rate with time. Second, he found that 

the net extent of oxidation was less at 788°C than at 482°C. It seems very likely 

that sintering is occurring simultaneously with oxidation in these experiments, 

and that the surface area is therefore continuously changing. This makes inter- * 

pretation of the results extremely difficult. Brown did make two interesting and 

significant observations, however. He found that oxidation rates in undried air 

were very much higher than in dried air, and that the rates in pure, dried 

oxygen were somewhat higher than the rates in dried air. As discussed below, 

the volatility of boron oxide is greatly enhanced in the presence of water vapor, 

and therefore small amounts of moisture should have considerable effect on the 

oxidation behavior of diborides. His second observation provides further 
» 

cvtrtence that the oxidation of TiB^ ** pressure dependent. 

McDonald and Ransley^ studied the oxidation of TiB^ in the 

300-l000°C range, and found a linear oxidation rate at 450°C, where the 

major oxidation product was TiO^ in the anatasc modification. At higher tempera¬ 

tures, these workers confirm the parabolic oxidation reported in references (1-5), 
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2. Zirconium Diboride 

F. H. Brown, Jr. investigated the oxidation of ZrB2 in pure 

oxygen between 649 and 1315°C in much the same way as he did TiB^. Although 

his data show an apparent minimum in oxidation rate around 1000 C, it is 

suggested that these results are questionable due to uncertainties in surface 

area. With ZrB , as with TiB , an accelerated oxidation rate was observed in 

pure oxygen compared to dry air, and a much higher rate was observed in moist 

air than in dried air. 

Mcycrson^ examined the oxide scale formed on ZrB2 at 1000 C 

and concluded that ZrO(s) exists at the alloy-oxide interface. He postulated 

that in the first 2 hours in oxygen at 1000°C, a film of ZrO covered by fluid 

(possibly with dissolved ZrO in it) forms on the surface of the ZrB2. As 

oxidation proceeds over the next 10-20 hours, oxygen diffuses through the oxide 

and reacts with ZrO to form Zr02. In the meantime, B2C>3 gradually evaporates. 

' A depth of corrosion of 0.45 mm after 150 hours in air at 1000 C was observed. 

3. Hafnium Diboride 

The high cost of hafnium is perhaps responsible for the paucity 

of oxidation data on HfB2. No quantitative information could be found at all, but 

Paderno*8* reports intensive oxidation.in air above 600-700 C, and disintegrative 

oxidation at I000-1200°C. 

4. Niobium Diboride 

The oxidation of niobium diboridn has been studied only by the 

(2) 
Samsonov group in the Soviet Union. Neshpor and Samsonov found that at 

800°C in air, the oxidation of hot pressed NbB2 is parabolic for the first two 

hours, with a rate constant of 1.3 x 10 gVcm -min. In the same paper, 

the weight gains, Ap, of NbB2 samples in one hour at a number of temperatures 
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between 450 and I000°C are reported. Assuming parabolic behavior over the 

entire temperature rangt, we have computed parabolic rate constants k in 

2, 4 , P 
mg /cm -sec from each experimental point. The activation energy for the over¬ 

all oxidation process, from the least squares' slope of the log rs l/T plot ie 

31.7 jf 2.0 kcal/mole. If the probable errors in the data are taken into account, 

Samsonov and Neshpor's fitting of the points to two straight lines, with a change 

in slope at 750°C seems unjustified. The Russian groupé reports quantitative 

data on the oxidation of niobium borides as a function of boron composition. 

Alloys containing less than 40 atom % boron (Nb^B^) oxidize completely in 5 hours 

at 900°C, while alloys with more boron, NbB, Nb^B^, and NbB^, are more 

resistive to oxidation, 

5. Tantalum Diboride 

(9) 
Samsonov remarks that the stability of Ta-B alloys to oxida¬ 

tion is low, with samples suffering intensive oxidation at temperatures of 900°C. 

Thus, at the inception of the present program, no quantitative 

data at all was available on the oxidation of HfB2 or TaB^', and very little was 

known about the oxidation of any of the diborides above 1200°C. 

C. Summary of Experimental Results on the Oxidation of 

Diborides of Groups IV-A and V-A of the Periodic Table 

The experimental program was aimed at filling in the important gaps 

in the published literature. Since work in the field of oxidation of refractory 

alloys has hitherto been severely hampered by lack of availability of dense well- 

characterized samples, the oxidation program followed closely the materials* 

preparation program. 
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Continuous measurements were made oC total oxygen consumfitioa vs 

time by inductively heated sample pellets in a flowing stream of helium and 

oxygen. Samples were machined in the form of cylinders approximately 0.6 cm 

in diameter and 0.1 cm thick. They were mounted by three point contact with 

platinum or platinum-rhodium thermocouple wire, were placed in a quarts 

system, surrounded by a silver plated copper concentrate and were heated with 

a 5 kw Sylvania induction furnace. Temperatures, measured with an optical 

pyrometer through a calibrated flat window, were uniform across the top surface 

of the pellet to + 5°C. The oxygen consumption measurements were made by 

using a thermal conductivity cell of the type familiar in vapor phase chromato¬ 

graphy to compare the oxygen concentration in the helium stream before 

after removal of some of the oxygen by reaction with the sample. 

1. Titanium Diboride 

Due to the unforeseen difficulties di scussed in Section V in preparing 

pure dense bodies of TiB^ by zone-refining, this material was supplied late in the 

program by high pressure hot pressing as discussed in Section VI. Two experi¬ 

mental measurements were made at an oxygen partial pressure of 39.1 torr in 

helium, one at 1551°K, a second at 1761°K. The data are summarized in 

Table 41. 

The first column is a notebook designation of the run. The 

initial weights in the second column arc weights taken after degassing the sample 

pellets in pure dry helium at 1995°K for 20 minutes. The weight loss during the 

degassing period was 0.0056 g for pellet XV-35, and 0.0042 g for pellet XV-31, 

and was probably due to vaporization of boron, since the evolution of permanent 

gases as monitored with the thermal conductivity apparatus^10^ was negligibly 
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small and & cloud of black smoke was evolved that condensed on the cool walls 

of the apparatus. 

The sample surface area« (A) were calculated from the gross 

physical dimensions of the specimens. The densities [p ) were obtained from 

initial sample weights after degassing and geometric sample volumes. The 

theoretical X-ray density of TiB^ is 4.52 g/cm^. The temperatures (T(°K) 

are observed pyrometer temperatures corrected for sample emissivity (assumed 

equal to 0.6) and for transmission of the optical window. The oxygen pressures, 

Pq , are partial pressures in helium, the total pressure in every case was 760 

torr. The carrier gas flow rate of 95 cm^/min corresponds to a linear flow 

velocity in the neighborhood of the sample pellet of about 3 cm/sec. The exposure 

time indicates the duration of each oxidation experiment. The net weight changes 

were calculated as difference in weight of each pellet before and after oxidation 

divided by initial surface area A. The total oxygen consumed during time t was 

calculated from the area under the thermal conductivity curve and represents the 

amount of oxygen in all of the titanium and boron oxides formed. 

Table 41 
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Some difficulty was experienced in both runs in maintaining the 

sample at constant temperature. Fig. 66 is a plot of total oxygen consumption 

squared vs time for the first 70 minutes’ oxidation of pellet XV-35. Over the 

next 50 minutes the temperature rose 30° and resulted in a gradual increase in 

oxidation rate, which is not easily interpreted. Similar behavior was observed 

with pellet XV-31 and only the data for the first hour are plotted in Fig. 67. 

Over the next 30 minutes, the average temperature was increased by 25 K and 

spots as much as 130° higher began to appear on the surface of the heavily 

oxidized pellet. The oxidation of TiB2 between 1551 and 1761°K at an oxygen 

pressure of 39.1 torr seems to obey a parabolic rate law, at least for the first 

hour of exposure. The parabolic rate constants derived from the slopes of the 

lines drawn in Figs. 66 and 67 are given in the last column of Table 41. 

X-ray analysis of pellet XV-31 after oxidation revealed 7 

lines for TiO-(rutile). X-ray analysis of pellet XV-35 failed to identify the 

surface oxide unambiguously, but suggested the presence of both B203(c) 

and Ti02(rutj. 

The results reported here were obtained at higher tempera- 

( 1 2) tures than previous quantitative results from other laboratories ’ . Further¬ 

more, previous measurements were of net weight change; the present ones are of 

oxygen consumption. Due to the unknown vaporization rate of B2C>3 in an 

oxidation experiment, comparisons are difficult to make. At 1373 K, in pure 

oxygen at 760 torr, Munster and Schlampt report a parabolic rate constant 

based on net weight change of 1.8 x 10 7 gZ/cm*-min. At 1473 K, in air, 

Samsonov( 21 finds a parabolic rate constant of 10.9 x 10“7 g2/cm4-min, also 

based on net weight ch^ge. At 1551°K, the present results indicate a parabolic 

rate constant based on total oxygen consumption of 6.9 x 10 7 g /cm -mm. 
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Fig. 66 - Oxidation of TiB^» XV-Î5, T = 1551 = 39.1 Torr. r. 
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Fig. 67 - Oxidation of TiB^ XV-31, T = 1761°K, = 39.1 Torr. 

- 210 - 



Net weight change differs numerically from total oxygen 

consumption by the amount of oxide vaporized. The results are therefore at 

least in qualitative agreement. 

2. Zirconium Diboride 

The oxidation of ZrB^ at temperatures of 1217-1805°K and 

oxygen pressures between 10 and 40 torr has been studied by Berkowitz- 

Mattuck^ ^ under AF33(616)-7472 by an oxygen consumption method. After an 

initial period of about 40 minutes, the oxygen consumption vs time data could be 

fitted to a parabolic rati equation. Parabolic rate constants k^ were calculated 

from final slopes of plots of (wq^/A)^ vs t, where is the weight of oxygen 

picked up by the sample in time t and A is the initial surface area of the sample. 

From the Arrhenius plot shown in Fig. 68 of log k^ vs l/T, an activation 

energy of 77 + 5 kcal/mole was calculated for the over-all oxidation process 

above 1400°K. In the low temperature range the activation energy is smaller. 

The large standard deviation of the experimental points from the least squares 

straight line through them is due (1) to the high absolute value of the activation 

energy, i. e. at 1200°C, an error or fluctuation of 10° in experimental tempera¬ 

ture will be reflected in a 15% error in kp, and (2) to cracks in the as-prepared 

samples; metallographic examination si owed that oxide growth proceeds at the 

surface of a crack just as it does on the external surface; thus an error is in 

troduced by using surface areas based on gross physical dimensions. S 

hm 
evidence was found for pressure dependence of the oxidation rate, but n 

tive results were masked by temperature fluctuations during a single i 

Since cracks do not fill in during oxidation, the solid 

must form at least in part by inward diffusion of oxygen. Since the oxide g. 
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Fig., 68 - Arrhenius Plot for Oxidation of ZrB ; (Total Oxygen Consumption) ! 
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X-ray lines for monodinic ZrO^, which is believed to be an anion deficit semi¬ 

conductor, oxide growth by inward diffusion of oxygen anions it is not unreasonable» 

However, the small amount of data available suggests an activation energy for 

anion diffusion of less than 40 kcal/mole, compared to an observed activation 

energy for oxidation of 77 5 kcal/mole. It is thus not entirely clear that a 

simple Wagner mechanism can be used to explain the results. The oxidation of 

pure zirconium metal in dry oxygen at 1 atm follows a cubic rate law over the 

temperature range 575-950°C. The pure metal has not been studied at the 

temperatures used here, and therefore results cannot be compared, but on the 

basis of extrapolated data, the diboride shows greater oxidation resistance. 

In the range 1200-1500°K at oxygen partial pressures between 

100 and 760 torr, net weight change measurements were recently made by 

Kuriakose and Margrave. The parabolic rate constants based on net weight 

change are shown in Fig. 69^^, and give an activation energy óf 19^ 1 kcal/mole. 

The results from the two laboratories can be brought into fair agreement by taking 

into account the vaporization of B^O^tg) as described below, and converting both 

sets of data to an alloy consumption basis. 

3. Hafnium Piboride 

The oxidation of zone melted HfB^ was also studied by 

Berkowitz-Mattuck under AF33(616)-7472 at temperatures between 1488 and 

1999°K and oxygen partial pressures of 8.5 and 19.9 torr. The parabolic rate 

*{ 12) 
constants observed are given in an Arrhenius plot in Fig. 70 • 

A sample of HfB¿ prepared at ManLabs by high pressure hot 

pressing was exposed at 2024 and 1982°K at an oxygen partial pressure of 18.5 

torr. Data for the run arc given in Table 42. 
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Fig. 69 - Arrhenius Plot for ZrB2 (Net Weight Change) 2/min. vs. l/T°K 
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Table 4Z 

Oxidation pf Man Laba HfB^ * 

Pellet XVI-4 

Initial weight after degas«ing 

Surface area 

Density 

Temperature 

Oxygen partial pressure 

Carrier gas flow rate 

Exposure time 

Total oxygen consumed 

Parabolic rate constantsr k 

1.4820 g 

1.737 cm2 

10. 3 g/cm* 

2024°K for 30 minutes; 

1V82°K for 20 minutes 

18.5 torr 

119 cm Vmin 

120 min 

0. 1175 g 

6.4x10”^ g2/cm*-min at 2024°K 

1.7x10g2/cm4-min at 1982°K 

*Highpressure hot pressed. Run -1, pycnometric density 10.74 g/cm^, 
97.9% theoretical. 

Prior to oxidation the pellet was degassed at 2150 K for one 

hour. The weight loss during this time was 0.0106 g, compared to 0.0004 g 

for zone melted material under comparable conditions. During the oxidation 

run, which was started at maximum r.f. power, the pellet temperature declined 

almost continuously. A plot of total oxygen consumption squared vs time is 

given in Fig. 71. Parabolic rate constants were calculated from the slopes of 

the lines shown, taken over periods for which the temperature remained constant 

within + 5°K. Three points are plotted in between during a time when the 

temperature was charging rapidly. The results arc included in the Arrhenius 

plot of Fig. 70, and are seen to be in good agreement with previous data. 

4. Niobium Diboride 

Results on the oxidation of niobium diboride at temperatures of 

1319-206l°K and oxygen pressures of 19.9 and 38.8 torr are summarized in 
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Table 43. For the runs made at higher temperature, oxidation was so extensive, 

and the product oxide showed so little adherence to the substrate that accurate 

net weight change could not be obtained. 

Data for pellets XIII- 35, XnT-38, XIV-37. and XIII-33 all run at 

an oxygen partial pressure of 19.9 torr are plotted in Fig. 72. For the first 

three samples, the rate of oxidation is initially high, diminishes with time for 

a brief period, then increases abruptly and remains linear. The final linear 

rates are given in column 12 of Table 43. The increase in temperature from 

1320 to 1560°K results in about a ten-fold increase in oxidation rate after break¬ 

away. For pellet XIII-33, the rate of oxygen consumption was inversely propor¬ 

tional to the square root of time after an induction period of 10 minutes. The 

parabolic rate constant was found to be 4.94 x 10 g /cm -min. It is con¬ 

ceivable, however, that the transition from protective to linear oxidation, "break¬ 

away," would have occurred at a later time. Pellet XV-34 was run at a tempera¬ 

ture of 206 1°K in an attempt to determine whether the oxidation of NbB2 actually 

becomes parabolic above 1700°K. Unfortunately, the rate of oxidation in this 

experiment was equal to the rate of arrival of oxygen and it was only possible to 

determine a minimum oxidation rate. 

Data for peilet XIV-25 which was exposed at two different tempera¬ 

tures within a single run at an oxygen pressure of 38.8 torr are plotted in Fig. 73. 

At the lower temperature, 1559°K, an initial protection period is followed by a 

period of linear oxidation; when the temperature is raised to I657°K, the linear 

rate increases by about a factor of ten. Since both linear rates are higher than 

those found for pellets X1II-38 and XIV-32 at comparable temperatures and a 

lower pressure, the oxidation of NbB^ may be pressure dependent. 
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Data for pellet XIV-32, run at 1662?K and an oxygen partial 

pressure of 38.8 torr are plotted in Fig. 74. The characteristic pattern is 

again in evidence - the rate diminishes with time for about 20 minutes, then 

increases linearly. In this case, however, a second break occurs after about 

90 minutes, when the oxidation rate increases once more to a higher linear 

value. Both linear rates are given in column 13 of Table 43 and are lower, but 

©£ the same order of magnitude, as the final linear rate found for pellet 

^lŸ-25 at a slightly lower temperature, 1657°K and the same pressure, 38.8 

torr. 

The oxidation products identified by X-ray analysis of the pellets 

after reaction are listed in Table 43. The results are ambiguous, because all 

of the niobium oxides have many X-ray lines of low intensity over the entire 

angular range. Furthermore, the observed intensities, as is frequently the 

case, did not correspond to those given by ASTM for standard samples. The 

reason is that the surface oxide frequently grows in some epitaxial relationship 

to the substrate, and therefore often docs not have precisely the same crystal 

structure as the bulk material. 

Since the oxide was flaky and very poorly adherent to the alloy, 

it was not possible to prepare high quality mctallographic specimens. The 

micrographs that were finally obtained showed two distinct layers in the 

oxide, a narrow dark layer adjacent to the substrate (N’bO^?) and a light 

structureless oxide (Nb^O^?). 

The weight gains for pure niobium metal are approximately a 

factor of ten higher than the oxygen consumption results reported here for NbB^, 

when runs have been made in a comparable temperature - pressure range 
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(I300-1500°K and 10-100 torr). Thus, on the basis of depth of corrosion in 

a given time, the diboride docs have some advantage over the pure metal. 

However, the result may be due merely to the lowered niobium activity in the 

alloy. The general form of the oxidation vs time curves is quite similar for 

both metal and diboride. There is a tendency toward parabolic behavior at 

short times, and a distinct transition to linear behavior at later times. For 

both materials the data is poorly reproducible and the time to transition is 

variable. Parabolic behavior is roughly correlated with the formation of NbO^, 

and the transition to a linear rate law may be associated with nucléation and 

growth of Nb^Oj. 

At 1273°K, Samsonov reports a net weight change in 100 min. of 

0.0042 g/cm^ for XbB^, compared to a total oxygen consumption measurement 

of 0.0039 g/cm^ at 1319°K in our experiments. 

5. Tantalum Diboride 

The experimental observations made on zone melted samples of 

TaB^ are’ summarized in Table 44. 

Table 44 
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in Section V. 



Oxidation results are plotted as g2/cm4 of oxygen consumed vs time in 

Fig. 75. After the first few minutes of oxidation the data can be fitted 

to a parabolic rate equation over the time periods studied. At the termina¬ 

tion of both runs. X-ray an^ysi. of the oxide film indicated the presence 

ofa-andß-Ta2<>5. 

D. Comparison of the Oxidation Resistance^ 
the Group iV-A and V-A Üíborides 

I. Interpretation of Oxygen Consumption Data 

The experimental measure of extent of oxidation reported above is 

rate of total oxygen consumption as a function of time. With binary alloys 

at high temperatures such iesults must be interpreted with care. The total 

weight of oxygen consumed in an oxidation experiment is the sum of the 

amounts of oxygen in each of the reaction products. Unambiguous interpreta¬ 

tion of the results thus requires knowledge of the reaction stoichiometry. 

As a first approximation, it may be assumed that the oxidation 

of a diboride, MeB^. will yield the oxides of the metal and boron. MeOy and 

B O . Boron oxide is a liquid above 723°K. and has an appreciable vapor 

pressure, ranging from Z.3xl0'6 atm at 1400°K to 5.4x10’ atm at 2000 K. 

In this section, the over-all oidation reaction is considered in terms of 

two non-elementary steps. 

MeB2(c) + 02 -*■ MeOy (c) + B^d) (1) 

BZ°3(i> (2) 

It is thus assumed that the composition of the boride is not 

changed during oxidation. The total oxygen consumed. Ap up to some time t, 

may be written as 

vlO] _ X 
=fSärJ mMeOy{c) 

mB2°3(f) (3) 





-¾¾ ■rr'-Tf.- 
, rtpT^ 
ÉÉbâto äüäiiaüata& atoá MtaüÉi¿M* ãMl 

» 
It 

where is the number of grams of product X formed per unit boride surface 

area up to time t, and the symbols in brackets are molecular weights* Since 

the oxidation is supposed to be non-preferential, the number of moles ©Í 

MeOy(ey formed must be equal to the number of moles of formed in 

the same time period; i.e. 

m 
B203{i) 

m 
MeO (c) 

r _ -,-[ MeO'T 
[b203] . y 

(4) 

Therefore: 

^ mMeOy(c) = JT^1- rnB203«) «« 

and 

ddp _ (3 t y)[Ol 
dm 

(6) 

lMeOyr 

Me°v(c) {3 + y)[0j 

-at = LB2o3f 

dm 
B2°3W 
"at— 

For the oxidation of TiB^, ZrB2> HiB2 and TaB2 (2p) was found to i 

linearly with t, as reported above; i.e. 

(A.)2 * V 

increase 

(7) 

or 

JA 
i£e_  _EEL 
^ ZsTt" (8) 

For NbB2 after break-away, Ap varies linearly with time 

- k 
dt 1 

(9) 

Where the microstructurc of the oxide formed on diborides had 

been investigated, workers have found either a dispersion of metal oxide in a 

B-O, matrix or a two layer structure with MeO adjacent to the boride surface 
£» j * 
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and B203 covering the metal oxide, or simply a layer of MeOy withoat a trac 

of B-0-. It is thus reasonable to assume that the rate of vaporization of 
£ 3 

B-O- is constant, independent of time, as long as any B2°3 W is P»'esent* 
£ 3 

Since all of the above experimental work was done at a total pressure of one 

atmosphere, in a relatively slow moving stream, the rate of formation of 

B>0_{g) is taken as 0.01 of the equilibrium rale of vaporization of B2°3» G* 

(12) in vacuum . 

dmB203<g} 

at 
0.01G (10) 

If the condensed oxides grow parabolically, then at any temperature, there 

will be some time tQ after which the rate of vaporization of B^Ojig) will 

exactly balance the rate of formation of B2C>3{i). To find t^, the two rates 

are equated: 

dm B203(g) 

~Si 

dm 

t = t 

B203(f) 

at t = * 
(ii) 

Substituting (6) into (8). and (8) and (10) into(U). one obtains the final 

expression for tQ: 

t =[B,0,l2k /(3 + y)2lO] V00L6)G2 02) 
o Z 3 pp 

For TiB7, the lowest temperature run was made at 1551 K. At ^r-is 
“ » 

temperature, B2°3 should vaporize as rapidly as it forms after the first 2 

minutes' oxidation. Thus, to a good approximation, one may assume that the 

oxidation oí TiB¿ under the conditions stuuied here yielded only TiO^rut.) 

and B203(g). 
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For ZrB£, TmporiMtion of BjOj is negligible below 1329°K 

over the time period of a typical experiment, while above 1439°K, essen¬ 

tially all of the BjOj formed immediately evaporate*. 

For HfBg, *0 * 5 minutes at the lowest temperature investigated, 

1488°K. For all of the experiments therefore Hf02(c) shoold be the only 

condensed oxide on the boride surface. 

For NbB^, the rates of formation of both the condensed oxides 

and the volatile oxide are independent of time. At the lowest experimental 

temperature. 1319°k. * 3.35 x lO'5 g/cm2. after break-away and 

G ■ 1.8 X 10“4 g/cm2-min. Therefore, assuming the condensed oxide to be 

Nb205(c): 

dm 

Bjr— s-|i?°HÒr k< ’ z ‘ ',# S 
(H) 

and 

dm 
B5°5,gl = 1.8 * 10 k 
A* 

(14) 

At 1319°K. some B^JI) might be present on the boride surface. At 1555 K 

B O. will vaporise as fast as it is formed. 

For TaB2 at 1320°K, the lowest experimental temperature, 

to = 2400 min. Therefore, essentially all of the B./), formed remain, con¬ 

densed on the surface. At 1545°K. the next experimental temperature, 

t =, I min. and therefore vaporises as rapidly a. it forms. 

Table 45 summarizes the probable product, formed in the 

experiments described in Section C above. 

- 229 

* « V • 



Table 45 

Summary of Probable Product» in the Oxidation Experiment» 

Temperature 

TiBz > 1551°K 

ZrBz 1 1329°K 

> 1439°K 

HfBz il 1488°K 

NbBz £ 1319°K 

> 1555°K 

TaBz < 1320°K 

> 1545°K 

Products 

TiOzCrutl; BgOj(g) 

Zr02(c); B203(c) 

Zr02(c); B203(g) 

H£02(c); B203(g) 

Nb205(c); B203(i);B203(g) 

Nb205(c); B203(g) 

Ta205(c); B^U) 

Ta205(c); B203(g) 

2. Thermodynamics of Oxidation 

Tütowi«, Webb, Norton, and Wa^er.'14' « is interesting to 

consider whether tb. metal oxide McOy(c) is thermodynamically stable in 

contact with th. boride Me,., B, with respect to decomposition to BjO^g) 

and tb. metal. II the pressor, of BjOj(g) calcolat.d from the eooilibriomi 

MeOy(c) tÿ'Blajj')-^ BjOjIg) ♦ M,’laMe"11 

exceed, one atmosphere at the alloy-oxide interlace, then a potentially 

protective metal oxide film would be rupturcdbyevolutionof I^Oylg). Th. 

equilibrium pressure of BjOjlg) can be calculated trom the equation: 

ÛFl.B-0,(gl , AFf. MeO (c) 

!n = 2 In aB* -- 1« aMe HT y RT 

(15) 

(16) 
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The activities oí boron and metal, a^ and in the boride were 

calculated from the formulas in Section XX. The free energies of formation of 

tha oxiden AF « * » and &F, , v » were Ukenfrom the JANAF Tables 
the oxides. A*f B203Cg| Í, MeOytc> |(15j 

and from Kubaschewsld and Evans' "Metallurgical Thermochemistry." 

• For the stoichiometric diborides (x = 0.666), the equilibrium 

pressure of B203 at the boride/oxide interface exceeds an atmosphere at 2000 K 

for Ti02 on TiB2, Nb02 on NbBj,, and Ta^ on TaB2. At 1500 K, Nb02{c) and 

Ta205(c) are still unstable in contact with the respective diboride. At 1000 K 

the equilibrium B203(g) pressure exceeds one atmosphere only for Nb02 on 

NbB2. For Zr02 on ZrB2 and Hf02 on HfB2, the equilibrium B203 pressuresat 

2000°K are respectively 0.38 atm, and 0.015 atm. Thus, HfB^ might be 

expected to show greater oxidation resistance than ZrB2. However, ZrB2 

should be far superior to TiB2, NbB2# and TaB2# 

3. Comparison of the Oxidation Resistance of 

Diborides on an Alloy Consumption Basis 

Oxidation is frequently monitored by net weight change or oxygen 

consumption measurements. For most practical purposes, however, the critical 

parameter is alloy consumption, the recession rate of the alloy or the depth 

of penetration of oxide. On the basis of the assumptions made in Section D. 1. 

above, the parabolic rate constants kpp given above on the basis of total 

oxygen consumption can be converted to constants k^ based on total alloy 

consumption. For TiB2, ZrB2, and HfB2, 

k /k =[XB2l2/25l0]2p2 
px pp XB. 

X = Ti. Zr, Hf in) 

- 231 - 

rr
 



where Pjçjj ** i^nsity of the dihoride. For TaB^, . 

k /k 
F«/ PP 

[TaB2P (4) 

(121)10] V 
U8) 

Values of k , (thickness of alloy consumed) /min, derived from the datain 

Tables 41, 43, and 44at i Figs. 68, 69, and 70 are plotted against reciprocal 

temperature in Fig. 76. Several interesting features can be noted. First, 

HfB- is by far the i icät oddation resistant of the refractory diborides above 
ù 

1400°K. However, around 1700°r, where the phase transition from monoclinic 

to tetragonal occurs in HfO^: there is an abrupt increasein alloy consumption 

rate. Second, ZrB, is much less oxidation resistant above 1400°K than one 

would predict from the above thermodynamic considerations. Below 1400°K, 

there is a fundamental change in mechanism of oxidation of ZrBj,, due in part 

to the phase transition in Zr02(c)andin part to the existence of B203(«)inthe 

low temperature range. It would appear thatin both ZrB^ and !ffB2the mono¬ 

clinic oxide imparts greater oxidation resistance than the tetragonal oxide. Data 

on TiB, and TaB- are insufficient to establish any de finite conclusions, but 

these materials arc better relative to ZrB2 than one might have anticipated. 

Since NbB, undergoes break-away oxidation, while the other 

materials are oxidized parabolically, direct comparison is not possible. 

In Table 46 the depth of penetration of oxide after one hour in an oxygen 

containing atmosphere is given for each of the diborides at a number of 

temperatures. 
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Table 46 

Thickness of Alloy Consumed in the 
0xl3alion of IV-A and V-A ÜifeorïHës 

Temp., °K 
Depth of penetration ^ 

after one hour, cm a 10 

HfBz 1320 

ZrB, 

T.Bj 

NbB2 

1.8 

3.6 

3.9 

HfB, 

TiBz 

TaB2 

NbBj, 

ZrB2 

1550 7.2 

12.4 

13.2 

28.8 

31.8 

HfB, 

Z,B2 

TaB, 

TiB2 
NbB2 

1670 13.8 

80.5 

88.0 

413.0 

Although the depth of penetration after one hour at 1550°K is 

less for NbB2 than for ZrB2, the rate curves are such that this order must 

be reversed at longer times. 

E. Comparison of HfB^ with other Oxidation Resistant Materials 

From the foregoing discussion, the most promising of the refractory 

diborides from the point of view of oxidation resistance is HfBj,. It is therefore 

of interest to compare the oxidation behavior of HfB2 with the behavior of 

other promising materials. 
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Carborundum Co. recently reported a ZrB2-MoSi2 formulation 

which is supposed to have good oxidation resistance up to 1950°C.* * A 

sample of this material fabricated by conventional hot pressing techniques was 

supplied by R.T.D. A plot of total consumption vs. time foe this material is 

shown in Fig. 77. Difficulty was experienced in maintaining temperature in 

this ran. but over the last hour the temperature was constant at 1866 + 10 K. 
-52/4. 

The parabolic rate constant for this period was found to be 1.2 x 10 g /cm -mm. 

compared to a value of 0.22 x 10'5 g2/cm4 -min for HfB2 at the same tempera¬ 

ture. At this temperature, the commercial material has no advantage over 

HiBz. although it is superior to pure ZrB2. However, the important comparison 

roust be made above the phase transition temperature for Hf02. 

Up to 1700°C, MoSi2> which oxidizes logarithmically must eventually 

be superior to HfB2 which oxidizes parabolically. Unfortunately, MoSi2 oxidizes 

catastrophically above 1700°C. Over a period of two hours at 1917°K, the total 

oxygen consumption for MoSi2 is 3.8 x 10-4 g/cm2,( 0 compared to 2..4 x to' 

g/cm2 for HfB2. 

y. Summary and Future Effort 

The oxidation of TiB2, ZrB.,, HfBj,, NbB2, and TaB2 has been studied 

in the temperature range 1300-2000°K at oxygen partial pressures of around 

20 torr in helium. A parabolic rate law was observed for all of the materials 

except NbB2. The latter showed the break-away behavior characteristic of 

pure niobium metal. The probable products of oxidation are listed in Table 

45. The activation energy for oxidation of ZrB2 is 77 + 5 kcal/mole in the 

rarçe 1540-1800°K and 25+6 kcal/mole in the range 1200-1400 K. The 

activation energy for oxidation of HfB2 is 46 + 6 kcal/mole in the range 

1480-1870°K. A large increase in the rate of oxidation of HfB2 occurs at 
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at 1970°K, the monoclinic-netragohal transition temperature for H 02(c). 

Although there is much to be learned about the oxidation of all of 

the refractory diborides, practical considerations suggest that future effort 

be concentrated on HfB^. The first question is whether the Wagner mechanism 

describes the oxidation adequately. If it does, then a number of conclusions 

can be drawn which should be checked experimentally. These pertain to the 

oxygen pressure dependence of the oxidation rate, and to the effect of impurity 

metal atoms of valency greater than or less than 4 on the oxidation process. 

The observation of F.H. Brown, Jr. that water vapor accelerates the 

oxidation of TiB^ and ZrBj should be confirmed for HfB,,. 
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HEAT CAPACITY XV. 

A. Introduction 

A prime motivation for cryogenic thermal property measurements on 

boride systems is in the provision of definitive data for thermodynamic purposes. 

The heat capacity, besides being a sensitive and revealing parameter of the ener¬ 

getics of substances and one of the most powerful tools available for the study of 

condensed phases, provides the raw material for chemical thermodynamic func¬ 

tions useful in science and technology. Measurements of the heat capacity at 

constant pressure, C^, of the various phases (fï, P, ....ly) involved together 

with the enthalpy increments of such phase transitions, AH., occurring reversi¬ 

bly at temperatures, Tj, permits evaluation of the standard enthalpy increment 

of a substance by the equation: 

( D 

and the standard entropy by the related equation: 

+ 

( 2 ï 

~Edgar F. Westrum, Jr., Department of Chemistry, University of Michigan. 



These functions may be combined to yield the standard Gibbs energy function 

for the substance: 

(3 ) 

Symbolizing a generalized chemical reaction as 

S¿ » 0 ( 4 ) 

in which indicates a mole of the ith substance involved and is the stoi¬ 

chiometric coefficient (positive for products and negative for reactants). The 

Gibbs energy increment of the reaction AG°f' may be found by summation of 

the Gibbs energy functions and the enthalpies of formation, for the sub¬ 

stances involved: 

iCT £>¡<CÍ>¡ 
(5 ) 

From ACÍj the equilibrium constant of the reaction, K, maybe readily evalu¬ 

ated from the familiar relation: 

AG° = -RT In K ( <» ) 

R here represents the gas constant in appropriate units. 

Relatively few data exist on refractory borides because these mate¬ 

rials are relatively difficult to prepare and to characterize well in thermo¬ 

dynamically defined states. The present studies onNbB^^^j, and Tal^^jj 

owe much to the necessary preparative and analytical work done by Gerald 

Clay of Arthur D. Little, Inc. 

B. Experimental 

These low-temperature heat capacity determinations were made by 

high-precision quasi-adiabatic calorimetric techniques; the results were cal¬ 

culated with a high speed digital computer. 
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1 • Cryostat and Technique of Measurement 

Measurements were made in the Mark HI adUbatic. vacuum cryo¬ 

stat schematically similar to one previously described*1*, but modified and im¬ 

proved in several respects to give an instrument of greater compactness, me¬ 

chanical rigidity, and operating convenience. The cryostat is, however, not 

provided with an "economizer". Constantan thermocouples monitor the differ¬ 

ence m temperature between calorimeter and shield and between shield and 

ring. Three separate channels of recording electronic circuitry with propor¬ 

tional, rate, and reset control actions are used for shield control above 50°K. 

This instrumentation controls temperature to within about a millidegree over 

the temperature range and makes the uncertainty in the energy exchange negli¬ 

gible in comparison with other sources of error. 

The calorimeter is surrounded by a cylindrical adiabatic shield. 

The top, bottom and cylindrical sections of this shield are individually controlled 

by separate channels of automatic regulation which provide a.c. power to the 

respective shield heaters. Copper-Constantan thermocouples monitor the tem¬ 

perature difference between calorimeter and shield and between shield and the 

ring used to temper the gradient in the bundle of leads. Three separate channels 

of recording electronic circuitry having proportional, rate, and reset control 

actions regulate temperature differences to within a mi’Udegree over the range 

50° to 350°K. Below 50°K manual control of the adiabatic shield is employed. 

Energy exchange between the calorimeter and the surroundings is so reduced 

that it is negligible compared with other sources of error. The adiabatic method 

of operation has been described*1*. 

2. Calorimeter 

The copper calorimeter (laboratory designation W-35) with a 

capacity of 98 cc was specially constructed for measurement on the long rod-like. 
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zone-refined cylinders of the sample. It is gold plated on all exterior and inte— 

rior surfaces. It is similar to one previously described' ' except that only 

two vanes are employed. The sample space has a diameter of 3. 64 cm. and an 

internal length of 10.4 cm. The heat capacity of the empty calorimeter was 

determined in a separate series of measurements in which identical amounts 

of indium-tin (Cerroseal) solder for sealing the calorimeter and Apiezon-T 

grease for thermal contact with the heater-thermometer assembly were used. 

A small helium pressure was used to facilitate thermal equilibrium in the sam¬ 

ple space. . 

Temperatures determined with a capsule-type, strain-free, plati¬ 

num-resistance thermometer (laboratory designation A-3) contained within an 

entrant well in the calorimeter are considered to he in accord with the thermo¬ 

dynamic terr.oerature scale within 0.0 1°K. Temperature increments may, of 

course, he determined with more precision than absolute temperatures and are 

probably correct to a few tenths of a millidegree after correction for quasi- 

adiabatic drift. A 150-ohm Constantan heater was bifilarly wound on a grooved 

cylindrical copper sleeve closely fitted to the resistance thermometer. Apiezon- 

T grease permitted the ready removal of this heater-thermometer from the cal¬ 

orimeter. All measurements of resistance, potential, temperature, time, and 

mass are referred to calibrations made by the National Bureau of Standards. 

Relevant data concerning the determinations are presented in Table 47. 

3. Preparation and Characterisation of Sample Material 

The procurement of high purity, well characterized sample material 

is of prime importance in the performance of thermochemical measurements. In 

the present investigation, the zone-refining subtask is the principal source of 
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Table 47 

Experimental Data on Calorimetric Sample« 

Substance 

TaB 2.11 

TIB, 

SubsUnc# 

at 

NbB1.9bl 

TaB 
2.11 

TiB, 

Mas* of 
Sample (¾.) 

Gram formula 
mass 

Calorimeter 
(Cryostat) 

182.3345 

210.7972 

202.8139 

114.15 

203.78 

69. M 

W-35, (HI) 

W-35, (HO 

W-35. (Ill) 

Percent of Heat Caparity frorn Empty Calorimeter 

10 25 50 100 200 

80 70 65 

65 68 50 

55 80 75 

300°, K 

35 

49 

44 

30 

40 

23 

25 

35 

17 
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»ample material lor heat capacity mea»tirementi. A current research pro¬ 

gram haa provided heat capacity data for HfB^3* and ZrB^4*; these data 

were also obtained on »one-refined material. 

The niobium diboride was supplied as zone-refined, single crys¬ 

tal. single phase material with a stoichiometry represented as NbB, ». >. The 

tantalum diboride was supplied as zone-refined, polycrystalline, single phase 

material with a stoichiometry represented as TaB^ The titanium diboride 

was supplied as a high purity powder sample. Measurements were made di¬ 

rectly on the powder material for this compound. 

i. 1 Niobium Diboride 

The zone-refined product was obtained in the form of macro¬ 

crystalline rods about 6 to 8 mm. diameter, which were established to be single 

phase by me‘.allographic examinations and X-ray diffractional examination of 

several representative samples. Chemical analysis for Nb and B gave the fol¬ 

lowing results: 

Sample No. 

Wt. % Nb 

Wt. % B 

Total 

B/Nb Ratio 

435-2 

81.51 

18.45 

99.96 

1.945 

473-1 

82.01 

18.22 

100.23 

1.909 

477-2 

81.41 

18.69 

100.10 

1.973 

527-2 

80.93 

18.79 

99.72 

1.995 

531-3 

80.51 

18.71 

99.22 

1.997 

This represents an average composition of XbBj Analyses for nonmetallic 

Impurities indicate (in ppm): 142, C; 66. O; and 45, N. Quantitative spectro- 

graphic analyses show: 0. 1 3% Ti, 0.001?« Fe, and less than O.OOl?« Si by weight. 

Carbide, oxide, nitride, and metallic impurities a.e present in amounts too small 

to require correction of the heat capacity data. 

t 

i 

t 
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» 
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3.2 Tantalum Diboride 

The zone-refined rode were obtained in the form of polycrystal¬ 

line rods about 6-8 mm. diameter. X-ray diffraction and metallographic exami¬ 

nation* established this material at single phase tantalum diboride. Chemical 

analysis foi Ta and B gave the following results: 

Sample No. 576-5 659-3 

Wt. %Ta 89.11 88.56 

Wt. % B 10.92 11.56 

Total 100.03 100.42 

B/ta Ratio 2.04 2.18 

679-2 

88.55 

11.43 

100.03 

2.16 

675-3 

89.0 

10.9 

99.9 

2.05 

This represents an average composition of TaB^ jj. Averaged analyses for non- 

metallic impurities indicate (in ppm): 200, C; 22, N; and 29, O. Quantitative 

spectrographic analyses show: Ti, Si, and Cr in the range 0.001 to 0.01 % by 

weight. The complete description of the preparation and the detailed results of 

analyses are presented in Section V. These analyses-show that the impurity level 

is too low to require any corrections for the measured heat capacity. 

3. 3 Titanium Diboride 

The sample material was 'as received* high purity titanium 

diboride powder from Millmastor Chemical Company (Shipment No.2). The zone- 

refining procedure could not be successfully applied to this compound. The experi¬ 

mental difficulties are presented in detail in Section V. The averaged chemical 

analyses show (weight %): Ti, 68.85; B, 30.48; C, 0.12; N, 0.10; O, 0.11; and 

Fe, 0.06. The total Ti and B is 99.33; the total of the analyzed elements is 99.72. 

Spectrographic analyses indicate the following impurity levels (weight percent): 

Cr and Co, 0.1; Si and Ni, 0.01; Mg, Al, and Mo, 0.01-0.001; and alt other ele¬ 

ments 0.001 or not detected. The detailed results of these analyses and a dis¬ 

cussion of alternate available powder samples of titanium diboride are presented 
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h» Section III. The heat capacity data were calculated Cor a stoichiometry 

represented as TiB^; the averaged analytical results show a stoichiometry 

represented as 1 No corrections were made for impurity contributions 

to the measured heat capacity. 

C. Results 

1 • Heat Capacity and Thermal Data 

The experimental heat capacities are presented in chronological 

order at the mean temperatures of the determinations in Tables 48. 49, and 50. 

These data arc presented in terms of the defined thermochemical calorie equal 

to 4.1840 abs. joules, and an ice point of 273.15°K. These data have been cor¬ 

rected for curvature—i.e., for the difference between the measured AH/AT and 

the limit of (AH/AT) as AT approaches 0. The approximate values of AT used in 

the heat capacity determinations can usually be estimated from the increments 

between adjacent mean temperatures shown in Tables 48. 49 and 50. These heat 

capacity values are considered to have a probable error decreasing from less 

tlian 5% at 5°K, to 1% at 10°K, and to less than 0.17« above 50°K, but arc further 

subject to the purity of the sample as noted earlier. 

1.1 Niobium Diboride 

The thermal data on this composition are presented in Table 48 

and Fig. 78. 

1.2 Tantalum Diboride 

The thermal data are presented in Table 49 and Fig. 78. 

1.3 Titanium Diboride 

The thermal data are presented in Table 50 and Fig. 78. 

1.4 Zirconium Diboride 

The heat capacity data are presented in Fig. 78. These 

results were taken from a current investigation^^. 
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1.5 Hafnium Diboride 

The heat capacity data are presented in Fig. 78. These 

• results were taken from a current investigation^^. 

2» Thermodynamic Functions 

Heat capacities and thermodynamic functions at selected 

temperatures, as presented in Tables 51-55 are obtained from the heat capacity 

data by a least squares-fitted curve through the experimental points (carefully 

compared with a large scale plot of the data) and the integration thereof. Both 

the fitting and the quadrature arc performed by highspeed digital computer 

programs^. The thermodynamic functions are considered to have a precision 

indicated by a probable error of less than 0.1% ¿ibove 100°K. An additional digit 

beyond those significant is given in Tables 51 to 55 for internal consistency and 

to permit im.• rpolation and differentiation. The entropies and Gibbs energies 

have-not bee n adjusted for nuclear spin and isotopic mixing contributions and are 

hence practical values for use in chemical thermodynamic calculations. 

2. 1 Niobium Diboride 

Thermodynamic functions are presented in Table 51. 

2.2 T'antalum Diboride 

Thermodynamic functions are given in Table 52. 

2.3 Titanium Diboridc 

Thermodynamic functions are shown in Table 53. 

2.4 Zirconium Diboride 

Thermodynamic functions are shown in Table 54. 

2.3 Hafnium Diboride 

Thermodynamic functions are shown in Table 55. 
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Table 48 

4 

i- 
I 

Heat Capacity of Niobium Diboride (NbB j 

Av. Temp. Heat Capacity Av. Temp. Heat Capacity Av. Temp. Heat Capacity 
(°K) (cal/g.f.m.») (°K) (cal/g. f.m. ) ( K) (cal/g.f.m.) 

Series I Series III Series 111 (cont'd) 

7.74 0.0057 
8.94 0.0066 

Series U 

8.64 0.0061 
10.09 0.0082 
11.74 0.0097 
12.96 0.0115 
14.14 0.0132 
15.46 0.0157 
16.85 0.0193 
18.28 0.0229 
19.76 0.0284 
21.39 0.0335 
23.19 0.0420 
25.05 0.0518 
27.04 0.0666 
29.25 0.0868 
31.85 0.1176 
34.75 0.1637 
37.92 0.2282 

38.46 
42.23 
46.81 
49.22 
53.94 
59. 15 
64.98 
71.67 
79.63 
87.98 
95.92 

104.09 
112.42 
120.72 
129.29 
138.05 
147.04 
151.78 
160.23 
169.10 
178.07 
186.83 
195.44 

0.2408 
0.3411 
0.4923 
0.5838 
0.7805 
1.0240 
1.3184 
1.661 
2.082 
2.530 
2.929 
3. 339 
3.759 
4. 177 
4.607 
5.042 
5.481 
5.715 
6.. 121 
6.540 
6.954 
7.346 
7.727 

203.03 
211.65 
220.48 
229.49 
238.23 
247.12 
256.05 
265.06 
273. 19 
282.10 
290.82 
299.72 
309. 17 
318.83 
328.42 
337.71 
346.05 

8.058 
8.423 
8.781 
9.136 
9.469 
9.796 

10.103 
10.406 
10.669 
10.949 
11.211 
11.467 
11.728 
11.981 
12.221 
12.436 
12.635 

Series IV 

313.40 11.832 
322.59 12.069 
331.91 12.307 
341.21 12.515 
347.74 12.652 

,N 

*Thc gram formula mass of NbF. j is 114. 13. Conversion of the heat capacity 

to units of cal/gram atom is made by dividing the tabulated quantity by 2.963. 



üüfl MÉâSáià mkàm amMm 

Table 49 

Heat Capacity of Tantalum Diboride (TaB^ ||} . 

Av. Temp. Heat Capacity Av. Temp. Heat Capacity Av. Temp. Heat Capacity 
rt ' (cal/g.f.m.) (°K) (cal/g.f.m.) (°K) (cal/g.f.m.*) (°K) 

Serie* I Series I (coht'd) Series II (cont'd) 

126.62 
134.73 
143.67 
152.53 
161.50 
170.52 
179.67 
188.71 
197.77 
207.30 
216.98 
226.38 
235.74 
245.06 
254. 17 
263.08 
271.94 
281.07 
290.40 

5.306 
5.660 
6.050 
6.435 
6.826 
7.207 
7.590 
7.972 
8. 348 
8.736 
°. 125 
9.491 
9.842 

10.191 
10.497 
10.792 
11.084 
11.371 
11.656 

299.73 
309.07 
318.35 
327.49 
336.58 
345.64 

11.924 
12.185 
12.431 
12.673 
12.898 
13.104 

Series II 

6. 10 
7.01 

‘ 8.06 
9. 15 

10.31 
11.67 
13. 10 
14.54 
16.08 
T7.80 
19.65 
21.60 

0.0038 
0.0051 
0.0063 
0.0081 
0.0100 
0.0126 
0.0164 
0.0212 
0.0276 
0.0374 
0.0519 
0.0730 

23.67 
25.91 
¿7.97 
30.24 
33.24 
36.68 
40.35 
44.54 
49.26 
54.43 
60.47 
67.25 
74.37 
81.55 
88.20 
96. 16 

104.24 
112.58 
120.96 

0.1040 
0.1478 
0.2006 
0.2713 
0.3894 
0.5525 
0.7535 
1.0095 
1.3171 
1.658 
2.057 
2.480 
2.881 
3.276 
3.619 
3.983 
4. 332 
4.696 
5.063 

The cram formula mass of TaP2 jj is 203.76. Conversion of the heat capacity 

to units oi cal/gram atom is made by dividing the tabulated quantity by 3. 11 . 
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Heat Capacity of Titanium Diboridc 

Av. Temp. Heat Capacity 
(°K) (cal/g.f.m.*) 

Series 1 

138.02 
143.63 
150.87 
158.58 
166.94 

3.654 
3.947 
4.315 
4.703 
5.126 

Series II 

111.37 
118.25 
122.47 
130.28 
137.86 

2.324 
2.661 
2.870 
3.263 
3.650 

Series HI 

5.79 
6.44 
7. 10 
7.93 
8.78 
9.75 

10.83 
12. 12 
13.68 
15.40 

0.0016 
0.0021 
0.0026 
0.0036 
0.0054 
0.0074 
0.0083 
0.0091 
0.0100 
0.0108 

Av. Temp. 
{°K) 

17. 17 
18.96 
20.76 
22.60 
24.68 
26.88 
29.26 
32.02 
35.27 
38.83 
42.32 
45.95 
50.37 
55.50 
60.74 

Heat Capacity 
(cal/g. f. m. ) 

0.0119 
0.0137 
0.0161 
0.0194 
0.0235 
0.0291 
0.0358 
0.0456 
0.0606 
0.0813 
0. 1078 
0.1440 
0. 1998 
0.2841 
0.3944 

Scries IV 

59.74 
63.37 
69.02 
74.23 
80.02 
86.75 
93.87 

101.92 
110.68 
121.48 

0.3722 
0.4592 
0.6119 
0.7713 
0.9764 
1.2411 
1.533 
1.884 
2.294 
2.819 

Av. Temp. 
(°K) 

128.42 
135.88 
143.78 
152.39 
161.33 
169.96 
178.39 
187.32 
196.74 
206.02 
215.15 
224.41 
233.90 
243.40 
252.62 
261.69 
259.06 
268.23 
277.24 
286.27 
295.40 
304.48 
313.54 
322.91 
332. 18 
340.53 
347.25 

Heat Capacity 
(cal/g. Í. m. ) 

3. 164 
3.547 
3.951 
4.388 
4.841 
5.275 
5.690 
6. 122 
6.571 
6.997 
7.414 
7.819 
8.218 
8.610 
8.977 
9.315 
9.215 
9.555 
9.880 

10.192 
10.493 
10.785 
11.061 
11.334 
11.586 
11.823 
12.002 

The gram formula mass of TiP-2 is 69.52. Conversion of the heat capacity to 

units of cal/gram atom is made by dividing the tabulated quantity by 3.00. 
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Temp. 

(°K) 

5 
10 
15 
20 
25 

30 
35 
40 
45 
50 

60 
70 
80 
90 

100 

110 
120 
130 
140 
150 

160 
170 
180 
190 
200 

210 
220 
230 
240 
250 

V*’ I! "W n-> 

Table 51 

Thermodynamic Properties of Niobium Diboride (NbB| 

(cal/°Kt g.f.m.») (cal/°K, g.f.m.) 

H° - H° -(G0-H°n>/T 0 "vw “ 0' 
(cal/g. f. m.) (cal/°K, g.f.m.) 

0.0044 
0.0024 
0.0152 
0.0283 
0.0516 

0.0011 
0.0055 
0i0098 
0.0158 
0.0243 

0.004 
0.036 
0.090 
0. 197 
0.390 

0.0003 
0.0019 
0.0037 
0.0060 
0.0087 

0.0950 
0.1681 
0.2788 
0.4292 
0.6145 

0.0372 
0.0569 
0.0861 
0. 1273 
0.1818 

0.746 
1.390 
2.491 
4.244 
6.841 

0.0123 
0.0172 
0.0239 
0.0330 
0.0450 

1.066 
1.578 
2.104 
2.624 
3.135 

0.3323 
0.5347 
0.7798 
1.0578 
1.3607 

15. 16 
28.36 
46.77 
70.42 
99.22 

0.0796 
0.1296 
0.1951 
0.2753 
0.3685 

3.640 
4. 143 
4.642 
5. 137 
5.626 

1.683 
2.022 
2.373 
2.735 
3. 106 

133.11 
172.03 
215.96 
264.85 
318.68 

0.4732 
0.5881 
0.7118 
0.8433 
0.9818 

6. 108 
6.580 
7.042 
7.492 
7.929 

3.484 
3.869 
4.25S 
4.651 
5.047 

377.35 
440.80 
508.91 
581.59 
658.70 

1. 1263 
1.2763 
1.4312 
1.5903 
1.7533 

8.352 
8.762 
9. 155 
9.533 
9.894 

5.444 
5.842 
6.240 
6.638 
7.034 

740. 12 
825.70 
915.30 

1008.8 
1105.9 

1.920 
2.089 
2.261 
2.435 
2.611 

The gram formula mass of NbB j 9^3 is 114.13. Conversion of the thermodynamic 

quantities to units in gram atoms is made by dividing the tabulated quantity by 2.963. 
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Table 51 (Cont’d.) 

Thermodynamic Properties of Niobium Diboride (NbB^ ^3! 

Temp. 

(°K) 

H° - H° 
P ^ o u 

(cal/°K, g. f. m. !'!) (cal/°K, g.f. m.) (cal^g . f. m.) (cal/ K, g.f, m.y 

260 
270 
280 
290 
300 

10.239 
10.569 
10.884 
11. 186 
11.473 

7.429 
7.812 
8.212 
8.597 
8.983 

1206.6 
1310.6 
1417.9 
1528.3 
1641.6 

2.788 
2.968 
3. 148 
3.329 
3.511 

310 
320 
3?0 
340 
350 

11.748 
12.008 
12.256 
12.491 
12.719 

9.364 
9.741 

10. 113 
10.484 
10.849 

1757.7 
1876.5 
1997.8 
2121.6 
2247.6 

3.694 
3.877 
4.060 
4.244 
4.427 

273. 15 

298.15 

10.67 

11.42 

7.94 

8.91 

1344 

1620 

3.024 

3.478 

*The gram formula mass of NbBj %3 is 114. 13. Conversion of the thermodynamic 

quantities to units in gram atoms is made by dividing the tabulated quantity by 2.963. 

* ■ * - * - % - * ** . — » ■ ■ > % ' e ' • a> •_ » % • - • 
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Table 52 

Thermodynamic Properties of Tantalum Diboride (TaB., j 

Temp. 

(°K) 

5 
10 
15 
20 
25 

30 
35 
40 
45 
50 

60 
70 
80 
90 

100 

110 
120 
130 
140 
150 

160 
170 
180 
190 
200 

210 
220 
230 
240 
250 

S° H° - H® 

(cal/°K, g. f.m. *) (cal/°K, g. f. m.) (cal/g.f.m.) 

-(G° - H°J/T 

fcal/°K, g. f. m.) 

0.0027 
0.0096 
0.0232 
0.0550 
0.1283 

0.2641 
0.4688 
0.7332 
1.0390 
1.3660 

2.026 
2.642 
3. 195 
3.692 
4. 152 

4.591 
5.023 
5.454 
5.887 
6.322 

6.756 
7. 187 
7.613 
8.032 
8.443 

8.846 
9.240 
9.623 
9.994 

10.352 

0.0009 
0.0047 
0.0108 
0.0212 
0.0403 

0.0747 
0.1299 
0.2092 
0.3129 
0.4392 

0.7468 
1. 1062 
1.4958 
1.9013 
2.3143 

2.7308 
3. 1488 
3.5679 
3.9879 
4.409 

4.831 
5.253 
5.676 
6.099 
6.522 

6.943 
7.364 
7.783 
8.200 
8.616 

0.003 
0.033 
0.110 
0.294 
0.730 

1.682 
3.487 
6.470 

10.887 
16.90 

33.87 
57.26 
86.50 

120.97 
160.2 

203.9 
252.0 
304.4 
361. 1 
422.2 

487.5 
557.3 
631.3 
709.5 
791.9 

878.3 
968.8 

1063.1 
1161.2 
1262.9 

0.0002 
0.0014 
0.0035 
0.0065 
0.0111 

0.0186 
0.0303 
0.0474 
0.0709 
0.1013 

0.1823 
0.2882 
0.4145 
0.5571 
0.7121 

0.8767 
1.0486 
1.2263 
1.4085 
1.594 

1.784 
1.975 
2. 169 
2.365 
2.562 

2.761 
2.960 
3.161 
3.362 
3.564 

^The gram formula mass of TaB2 j j is 203.76. Conversion of the thermo¬ 

dynamic quantities to units in gram atoms is made by dividing the tabulated 

quantity by 3. 11. 
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Table 52 (Confd.) 

Thermodynamic Properties of Tantalum Diboride (TaD2 j j) 

Temp. 
H°- H° -(G h°o>/t 

(°K) (cal/°K, g. f. m.*) 
fcal/°K, ü.f.m.) (cal/g.f.m.) (cal/°K. g.f.mj 

260 
270 
280 
290 
300 

310 
320 
330 
340 
350 

10.696 
11.024 
11.339 
11.640 
11.929 

12.209 
12.478 
12.736 
12.977 
13.196 

9.029 
9.438 
9.845 

10.248 
10.648 

1368.2 
1476.8 
1588.6 
1703.5 
1821.4 

3.766 
3.969 
4. 172 
4.374 
4.576 

11.044 
1*1.435 
11.823 
12.207 
12.587 

1942.1 
2065.5 
2191.6 
2320.2 
2451. 1 

4.779 
4.981 
5. 182 
5.383 
5.584 

273.15 

298.15 

11.12 

11.88 

9.57 

10.57 

1512 

1799 

4.033 

4.539 

*Thc gram formula mass of Tal 2 n 
is 203.76. Conversion of the thermodynamic 

quantities to units in gram atoms xs 
made by dividing the tabulated quantity by 3. 11. 
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Table S3 

Thermodynamic Functions of Titanium Diboride (TiB^) 

Temp. 

(°K) (cal/° 

C 
P 

K, f. m. ¢) 

S° 

(cal/°K, j.f.m.) 

H° - H°0 

(cal/g. f. m.) 

* (G° - H°0)/T 

(cal/°K, g. f. m.) 

5 0.0015 
10 0.0039 
15 0. C0S-1 
20 0.0151 
25 0.0244 

30 0.0380 
35 0.0587 
40 0.0896 
45 0.1341 
50 0. 1954 

60 0.3770 
70 0.6408 
80 P.9766 
90 1.3668 

100 1.798 

110 2.260 
120 2.746 
130 3.248 
140 3.757 
150 4.268 

160 4.776 
170 5.278 
180 5.770 
190 6.252 
200 6.722 

210 7.180 
220 7.623 
230 8.053 
240 8.469 
250 8.869 

0.0004 
0.0021 
0.0044 
0.0077 
0.0120 

0.0176 
0.0249 
0.0346 
0.0476 
0.0647 

0.1152 
0.1921 
0.2988 
0.4359 
0.6019 

0.7948 
1.0121 
1.2317 
1.511 
1.788 

2.079 
2.384 
2.700 
3.025 
3.357 

3.696 
4.041 
4.389 
4.741 
5.094 

0.002 
0.014 
0.044 
0. 102 
0. 199 

0.353 
0.591 
0.956 
1.509 
2.325 

5. 119 
10.142 
18. 18 
29.86 
45.65 

65.92 
90.93 

120.89 
155.9 
196.0 

241.3 
291.5 
346.8 
406.9 
471.8 

541.3 
615.3 
693.7 
776.4 
863. 1 

0.0001 
0.0007 
0.0015 
0.0026 
0.0041 

0.0058 
0.0080 
0.0107 
0.0140 
0.0182 

0.0298 
0.0472 
0.0716 
0. 1042 
0.1455 

0. 1955 
0.2544 
0.3217 
0.3973 
0.4807 

0.5714 
0.6690 
0.7730 
0.8829 
0.9983 

l. 1187 
1.2437 
1. 3728 
1.506 
1.642 

<!Thc „ram formula mass of TiB^ is 69.52. Conversion of the thirmodynamic 

quantities to units in gram atoms is made by dividing the tabulated quantity by 3.00. 
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Table S3 (Cont* d) 

Thermodynamic Functions of Titanium Diboride (TiB^) 

C 

(c&l/°K. 
P 
g.f.m. n 

s° 
(cal/°K, g.f.m.) 

If -H°0 

(cal/g. Í. m. ) 

-{G° - H°0)/T 

(cal/°K. g.f.m.) 

2M 9.254 
270 9.624 
2M 9.979 
290 10.316 
300 10.641 

5.450 
5.806 
6. 163 
6.519 
6.874 

953.7 
1048.1 
1146. 1 
1247.6 
1352.4 

1.782 
1.924 
2.069 
2.217 
2.366 

310 10.950 
320 11.246 
330 11.531 
340 11.807 
350 12.079 

7.228 
7.580 
7.931 
8.279 
8.625 

1460.4 
1571.4 
1685.3 
1802.0 
1921.4 

2.517 
2.670 
2.824 
2.979 
3. 136 

273.15 9.738 

298.15 10.583 

5.918 1079 1.970 

6.308 1333 2.338 

» 

i 

*The gram formula maas of TiB^ i> 69. 52. Conversion of the thermodynamic 

quantities to units in gram atoms is made by dividing the tabulated quantity by 3. 00. 

! 
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Table 54 

Thermodynamic Functions of Zirconium Diboride (ZrB^) 

Temp. 
t°Kl (cal/°K>8.f.m.n 

S° 
(cal/°K>g.f.m.) 

H° - H°0 
(cal/g.f.m.) 

-{G° - H°0)/T 

(cal/°K¿ g.f.m.f 

5 0.001 
10 0.0037 
15 0.0094 
20 0.0206 
25 0.0408 

0.0003 
0.0018 
0.0042 
0.0083 
0.0148 

0.001 
0.012 
0.043 
0.116 
0.264 

0.0001 
0.0005 
0.0013 
0.0025 
0.0043 

30 0.0762 
35 0.1354 
40 0.2250 
46 0.3456 
50 0.5026 

0.0251 
0.0409 
0.0645 
0.0977 
0. 1419 

0.549 
1.066 
1.953 
3.368 
5.474 

0.0068 
0.0105 
0.0157 
0.0228 
0.0324 

60 0.8986 
70 1.363 
80 1.858 
90 2.363 

100 2.870 

0.2672 
0.4100 
0.6541 
0.9021 
1. 1773 

12.404 
23.67 
39.76 
60.87 
87.03 

0.0604 
0.1018 
0.1570 
0.2258 
0.3070 

110 3.375 
120 3.881 
130 4.390 
140 4.900 
150 5.410 

1.4745 
1.790 
2. 121 
2.465 
2.820 

118.26 
154.54 
195.9 
242.3 
293.9 

0.3994 
0.5021 
0.6137 
0.7336 
0.8608 

160 5.917 
170 6.416 
180 6.904 
190 7.7379 
200 7.840 

3. 185 
3.559 
3.940 
4.326 
4.716 

350.5 
412.2 
478.8 
550.2 
626.3 

0.9946 
I.1134 
1.2787 
1.4298 
1.584 

210 8.286 
220 8.717 
230 9.134 
240 9.534 
250 9.919 

5. 109 
5.505 
5.902 
6.299 
6.696 

707.0 
792.9 
881.3 
974.6 

1071.9 

1.743 
1.905 
2.070 
2.238 
2.408 

260 10.285 
270 10.635 
280 10.967 
2VO 11.285 
300 11.589 

7.092 1172.9 
7.487 1277.6 
7.880 1385.6 
8.270 1496.8 
8.658 .1611.2 

2.581 
2.755 
2.931 
3. 109 
3.287 

^The gram form ila mass of ZrB, is 112.86. Conversion of the thermodynamic 
quantities to units ;n gram atoms is made by dividing the tabulated quantity by 3.00 
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Table 54 (Cont*d) 

Thermodynamic Functions of Zirconium Piboride (ZrB^) 

T em p. p 
<°Ky (ca!/°K, g.f.m.») 

H° - H°. 

Ccal/°K, g.f.m.) (cal/g. f. m. ) 

h°0)/t {G 
Ccal/°K, ff.f.m. ) 

310 
320 
330 
340 
350 

273. 15 

298. 15 

11.879 
12. 155 
12.412 
12.648 
12.878 

10.74 

11.53 

9.043 
9.424 
9.802 

10.176 
10.546 

7.611 

8.586 

1728.6 
1848.8 
1971.6 
2096.9 
2224.6 

1311. 

1590. 

3.467 
3.647 
3.828 
4.009 
4. 190 

2.811 

3. 254 

The gram formula mass of ZrB_ is 112.86. Conversion of the thermodynamic 
quantities to units in gram atoms is made by dividing the tabulated quantity by 3.00. 
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Table SS 

w: 

jç 
:-1. 
V-\ 

:¾ 
'•'.N 

S* J 

Ö 

* • 

£ 

'î< 

c 

Ö 

fcal/°K.Pg.f. m.-) (cal/^K.g.f.m.) (cal/g. 

5 
10 
15 
20 
25 

30 
35 
40 
45 
50 

60 
70 
80 
90 

100 

110 
120 
13f 
140 
150 

160 
170 
180 
190 
200 

210 
220 
230 
240 
250 

260 
270 
280 
290 
300 

Thermodyrmmic Function» of Hafnium Diboride (HfBy) 

H° - H° 0 
Í.TT».) 

-(G° - H°0)/T 

(cal/°Kt g. f. m. ) 

0.0016 
0.0055 
0.0172 
0.0440 
0.1045 

0.0006 
0.0027 
0.0068 
0.0148 
0.0303 

0.002 
0.018 
0.071 
0.214 
0.567 

0.0001 
0.0008 
0.0020 
0.0041 
0.0076 

0.2196 
0.3984 
0.6348 
0.9148 
1.221 

0.0S86 
0.10S1 
0.1731 
0.2637 
0.3758 

1.351 
2.870 
5.432 
9.291 

14.623 

0.0136 
0.0231 
0.373 
0.573 
0.0833 

1.852 
2.457 
3.0Q4 
3.497 
3.953 

0.6541 
0.9856 
1.3500 
1.7327 
2.1250 

29.98 
51.56 
78.92 

111.46 
148.73 

0. 1544 
0.2489 
0.3635 
0.4943 
0.6377 

4.390 
4.823 
5.258 
5.699 
6.143 

2.522 
2.923 
3.326 
3.732 
4.140 

190.45 
236.52 
286.92 
341.70 
400.90 

0.7909 
0.9519 
1. 119 
1.291 
1.467 

6.588 
7.031 
7.469 
7.901 
8.326 

4.551 
4.964 
5.378 
5.793 
6.209 

464.56 
532.65 
605.16 
682.02 
763.16 

1.647 
1.830 
2.016 
2.204 
2.394 

8.743 
9. 150 
9.547 
9.932 

10.304 

6.626 
7.042 
7.457 
7.872 
8.28S 

848.52 
937.99 

1031.5 
1128.9 
1230.1 

2.585 
2.778 
2.973 
3. 168 
3.365 

10.66i 
11.003 
11.331 
11.645 
11.948 

8.696 
9.105 
9.511 
9.914 

10.314 

1334.9 
1143.2 
1554.9 
1669.8 
1787.8 

3.562 
3.760 
3.958 
4. 156 
4.355 

‘'The gram formula mass of HfB, is 200.11. Conversion of the thermodynamic 
quantities to units in gram aton?s is made by dividing the tabulated quantity by 3.00. 
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Table 55 (Cont’d) 

Thermodynamic Functions of Hafnium Diboride (HfB^) 

^ C 
Temp. p 
t°Kl Ccal/°K. g.f« m. 

S° 
(cal^K, g.f. m. ) (cal/g.f.m. 1 

-(G° - H°0)/T 

(cal/°K, g.f.m.) 

310 1Z.Z38 
3Z0 12.516 
330 12.779 
340 13.029 
350 13.275 

10.711 
11.104 
11.493 
11.878 
12.259 

1908.7 
2032.5 
2159.0 
2288. 1 
2419.6 

4.553 
4.752 
4.950 
5.148 
5.346 

273. 15 11.11 

298.15 11.89 

9.23 1478. 3.822 

10.24 1766. 4.318 

e 
The gram 
quantities 

formula mass of HfB^ 
to units in gram atoms 

is 200. 11. Conversion of the thermodynamic 
is made by dividing the tabulated quantity by 3.00. 
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XVI. CALCULATION OF A fef FOR DIBORIDES* 

A. Introduction 

In order to define the thermodynamic stability of the diboridee at 

high temperature«, it is necessary to specify the free energy of the stoichio¬ 

metric diboride fi. e., x = atomic fraction of boron * 2/3) as a function ©I tem¬ 

perature. Thus, F11! 2/3.T] , the free energy of the r\ (diboride) phase must 

be specified^ . Definition of f’1 (dropping the argument) in units of cal/g.at., 

where one g.at. contains Avogadro's number of atoms, is given by equation(l). 

Fn + (^Cp^dT-T ( T"1CpT,dT cal/g.at. ( l > 
Jo Jo 

where ^[0°¾ is the enthalpy of the (stoichiometric) n phase at 0°K and 

Cp1' *Cp*[Tl is the specific heat of the n phase. 

Similar expressions can be written for the free energies of pure 

boron, and the pure metal component of n, F^e. In the cases of the pure 

components, solid phase transformations, and melting must be represented by 

additional free energy contributions. 

The free energy of formation of the diboride, AF , is defined as 

AF1’ = F11 - -j l£¡e- J F° » AH^tO0^ + AF^[Tl cal/g.at. < 2 ) 

where AH110°K] -is the enthalpy of formation of the diboride at 0 K and AE^, [ T] 

is the temperature dependent part of the free energy of formation. 

*L. Kaufman, ManLabs, Inc. 

* Square brackets will be used exclusively to denote functional relations. 
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The latter term includes differences in specific heat between the t) phase and 

the pure components (i.e., Cp-l/3 Cp^^- 2/3 Cp^) in addition to free energy 

increments due to phase changes. The quantity AF.J[T] as defined as 

AeJ![T] =-T(times) A fef cal/g.at. ( ï ) 

when A fef is the difference between fef for a g.at. of t| and the sum of l/3 fef 

for metal and 2/3 fef for boron. 

Since calculation of the individual fef's require a great deal of experi¬ 

mental data on specific heat, heats of melting and transformation etc., most of 

which is currently not available, a simple method for predicting and estimating 

such data is required. The method used for this purpose^is detailed in the 

following sections. 

3. Boron 

(41 
Boron exists in several crystallographic forms , the a rhombahedral 

form being stable below 1100°C and the ß rhomhohcdral form stable above 1500°C. 

The exact temperature of the ß transition has not been clearly fixed nor has the 

identity of other possible polymorphs of pure boron been established. The range 

of uneerti.inity in transition temperature, and other possible polymorphs, indi¬ 

cates that the free energy and entropy differences between the polymorphs of 

boron are small. 

In line with the methods used earlier^ - ^ [or describing the specific 

beat of metals, alloys, and compounds, the specific heat of boron is approximated 

as follows 

r.p -Cv^I (1 f 10“4T) +y r cal/ß.at.°l ( 4 ) 
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where 0 is the Debye temperature. is the Debye specific heat function'5*6 , 

y is the electronic specific heat coefficient, and 10 TC^tjt] is an approximation 

to the Cp-Cv correction*1"3*. Assuming 0B = 1270°K and y = 0 the specific 

heat and entropy of boron can be computed as shown in Fig. 79. Comparison 

of the calculations w-ith measurements*^*®* of Cp vs T shown in Fig. 79 yield 

excellent agreement. Thus, these parameters which are tabulated in Table 56 can 

be used to represent the specific heat of solid boron. It should be noted, that the 

experimentai data (as well as the calculation) do not show discontinuities corres¬ 

ponding to phase transformations. 

The melting point of boron, Tg, is generally taken to be 2300°K. With 

an estimated entropy of melting of 2.3 cal/g.at. K. the difference in free energy 

between solid and liquid boron is estimated as 

AFb‘ ~L = 2. 3(2300°K-T) cal/g.at. { 5 ) 

C. Titanium 

0). The thermodynamic properties of titanium can be described as follows 

0 = 365 K, y = 8.25 x 10 cal/g.at. K . This electronic specific heat coeffi¬ 

cient appears appropriate for low and high temperature calculations. Above 1155°K 

the <y, h.c.p., form transforms to a b.c.c., p , form. The difference in free 

energies between these forms has been tabulated*** and can be represented for 

the present purposes by Eq. 6, 

AF^p - 0.91(1155°K-T) cal/g.at. ( 6) 

B.C.C. titanium molts at I941°K Tj.. , and AE^.*1" is estimated 

Af|".*L 2. l(1941°K-T) cal/g.at. ( 7 ) 
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í Table 56 

Thermodynamic Properties of the Pure Elements 

Required for AF^i Cali iilations 

Element 0 

°ïT 
E 1270 

Ti *03 

Zr 260 

Kf 200 

Xb 235 

Ta 2*0 

y 

cal/g. at. °K¿ 

AS 
,f^-3 

cal/g. at. °K 

0 - 

8.25 X 10"4 1155 

7.1 X 10"4 1143 

6.3 X 10"4 2033 

6.0 X 10“4  — 

6.0 X 10“4 - 

- 2300 

0.91 1941 

0.91 2125 

0.9 2495 

- 2770 

- 3270 

AS (fusion) 

cal/g. at.°K 

2.3 

2.1 

2.1 

2.1 

2.3 

2.3 

T°K 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

Xon-Vibration, Temperat jre-Dependent Free 

Energy Terms for ihc Pnre Elements 
^ o 

n tí 

o.o -1.0 

0.0 -1.5 

0.0 -1.9 

0.0 -2.5 

0.0 -3.4 

-0.2 -4.4 

-0.7 -5.4 

-1.2 -6.5 

-1.3 -7.5 

(kcal/g. at. ) 

Zr Hf 

-1.0 -0.6 

-1.4 -0.8 

-1.7 -1.0 

-2.1 -1.3 

-2.7 -1.7 

-3.6 -2.1 

-4.5 -2.8 

-5.4 -3.7 

-6.4 -4.7 

Nb Ta 

-0.6 -0.6 

-0.8 -0.8 

-1.0 -1.0 

-1.2 -1.2 

-1.5 -1.5 

-1.7 -1.7 

-2.0 -2.0 

-2.4 -2.4 

-3.2 -2.7 



D. Zirconium 

The Debye temperature of hep zirconium*1* is Z60°K with 

^ *7.1 X 10 cal/g.at.°K^. This electronic specific heat coefficient appears 

appropriate for low and high temperature calculations. Zirconium undergoes 

an ß transition at TQ "*^= I143°K for which has been tabulated*1*. 

For present purposes this difference can he approximated by 

0.910143^-1-) cai/g.at. (8 ) 

7 = 2125 K for Zr and AF^ ^ is estimated as 

AF^r'L = 2.1 (2125°K-T) cai/g.at. ( 9 > 

E. Hafnium 

Specific heat measurements on h.c.p.. (1, hafnium (5°K-350oK) have 

been performed by Walcott*9* who found ; 200°K and y" = 6. 3 x lO^cal/g.at. 

o Z 
K the latter value is consistent with the high temperature measurements (500 — 

1800°K) of Fieldhouse and Lang*10*, t””’** for hafnium is 2033°^11,12*, and in 

the absence of experimental enthalpy of transformation data, is estimated 

by choosing a value similar to the corresponding values for Ti and Zr. Thus, 

AFHf*^r 0.9 (2033°K-T) cal/g.at. (10 ) 

With = 2495°^1 ^*, thv¿ free energy of fusion is estimated as 

AF^L : 2.1 (2499°K-T) cal/g.at. (ll } 

F. Niobium 

Low temperature specific heat data for h.c.c.,/J, Nb (1-4°K) yields 

a very high value*6* , y= 19.5 x 10"4 cal/g.at. °K2, for the electronic specific 



heat coefficient. By comparison, the high temperature Y values for Ti and 

Zr^ are 5.7 x 10_* and 4.4 x 10“4 cal/g.at.°K^ respectively. High tempera¬ 

ture measurements of Cp^*’covering the range 500-2000°K (i. e. for 

indicate a value 6 x lO“"* cal/g.at.°K^. The latter value is adopted and 

when coupled with the entropy of Nb at ¿93°K^^ yields = 285°K. Niobium is 

stable in the b.c.c. form up to T = 2770°K^^. The free energy of fusion is esti¬ 

mated^ ^as 

AF^L- 2.3(2770°K-T) cal/g.at. ( 12 ) 

G. Tantalum 

Low temperature specific heat data^ for b.c.c., P, tantalum (1-4 K) 

yield - 13.5 x lO""* cal/g.at. °K^, However, the results of Sterrett and Wallace^ 

(12~530°K) and Taylor and Finch^,8) (950-3230°K) suggest T^a* 6x 10-4 cal/g.at. °K2 

as being more appropriate for the high temperature (T>9) range. The former 

study^^ inc*ii:atcs 0^- 2 30°K. Tantalum remains b.c.c. up to T = 3270°K^ Con¬ 

sequently, the free energy of fusion is estimated^^ as 

AF^l"*L ' 2. 3(3270°K-T) cal/g. at. ( >3 ) 

H. ¿electronic Specific Heat Coefficients for Diborides 

Westrum has measured the specific heats of ZrB^*^, TiB^,, 

NbB j, and TaB, .. over the range 5-350°K. The data for all of the com- 
1.9o3 11 ^ 

pounds appear in Section XV of this report. Plotting V.'estrum's data as Cp/T vs T 

in the range 5-20°K, where the T? law should hola for vibrational terms, yield 

Fig. 80 . These data indicate values of for TiB¿, ZrB^, and HfB¿ less than 

1 x 10-4 cal/g.at. °K2. The y1 for NbB¿ and TaB¿ or. ine other hand lie closer to 

2 x 10-4 cal/g. at. °K2. For purposes of the following calculations, the y*1 values 
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for TiB^f ZrB^» and HfB , '.'ill be neglected. It should be noted that similar 

measurements by Westrum^^ on ZrC yields y less than 1 x 10~* cal/g.at. °K^. 

L Vibrational Specific Heat of Diborides 

In order to analyze or predict the specific heat of the diborides, an 

equation similar to Èq.4 will be used. 

In order to compute Cp [ T], the specific heat is represented by 

C?n[ T] 

who re 

,=(..3 3Cv[—t2/iCv[ 

( 14 ) 

(1 h 10"4T) +> T cal/g. at. UK 

<0L>2mm* = ''Í'2mb ( 15 ) 

Eq. ^ implies that the applitudes of vibration of both atoms are 

equal. Simil.-triy, the entropy is defined as 

( 16 » 

S = 1, , T| + l°"4l-Tl0I[lu/T] ) + 2/ í(S[h^ / T] + 10"4U[0j/T] )+}' T cal/g.at.°K 

where S{ is the Debye entropy function^ ^ and Ufjjr ] is the Debye energy func- 

tion^",**'\ The 10*4 U[^] terms arise from the Cp-Cv correction. Since Eq. 15 

specifies in terms of knowledge of S[ 298] for the diborides fixes 

0?, and «2 fsince *,n has been fixed). The data given by Westrum for S[ 298] , 
Me B 

which are shown in Table ^ were used to evaluate and . These values 

. ...- _r-n r -rl 
were 

in Table 57 and in Figs. 81 through 85. 

The Debye temperatures of the metal atoms and boron atoms for each 

of the compounds can be interrelated by means of a H Lindemann type formula" as 

indicated :n reference (2). 

ÖMe = 130 V l/3(Tn,l/2 (MMe) l/2 { 17 , 

then substituted into eq. 14 to com pute Cp [ T] . The results are shown 
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Table 57 

k; 

{J 
y 

Summary Comparison of Experimental and Calculated 

Low Temperature Specific Heat Data (cal/g.at.°K) 

,1/2 

[*-> r 
TiB- ZrB. HfB, 

Oba. Calc. Obs. Calc. Obs. Calc. 

0.008 
0.065 
0.599 
1.42 
2.24 
2.96 
3.55 
4.03 
2.27 

0.012 
0.099 
0.641 
1.43 
2.22 
2.93 
3.53 
4.01 
2.27 

0.014 
0.168 
0.976 
1.80 
2.61 
3.31 
3.86 
4.29 
2.93 

0.031 
0.214 
1.04 
1.64 
2.56 
3.20 
3.74 
4.19 
2.93 

0.081 
0.473 
0.804 
1.47 
2.70 
3.29 
3.80 
4.23 
3.44 

» 620°Kt a 1302°K 

y1* = 0 cal/g. at. °K2 

a440°K, a 12770K 0^f 

y1! - 0 cal/g. at. °K2 y 

320 *)g a 1299°K 

n - 0 cal/g. at. °K2 

NbB 

T°K 

1.963 

Obs. 

TaB 2.11 

Calc. Obs. Calc. 

25 
50 

100 
150 
200 
250 
300 
350 
S[298) 

0.017 
0.207 
1.056 
1.90 
2.67 
3.33 
3.87 
4.29 
3.01 

0.034 
0.259 
1.117 
1.92 
2.68 
3.32 
3.89 
4. 35 
3.05 

0.041 
0.439 
1.33 
2.03 
2.71 
3. 32 
3.83 
4.24 
3.40 

0.073 
0.465 
1.38 
2.05 
2.68 
3.27 
3.79 
4.23 
3.43 

» 425°K, »J} = 1245°K 
ND li 

y - 2 X 10 ^ cal/g. at. K 

0' a 320, o’! « 1 309°K 

2 X 10-4 cal/g. at. °K2 
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where V is the volume per gmatom in cm^ (Table 60), T^ ia the melting point 

(Table SSJandM^^is the atomic weight of the metal. The calculated ®j^e value* 

for TiB2, ZrB2. HfB2# NbB2# and TaB^ are 619, 429, 319, 438 and 321°K 

respectively. . These values compare favorably with the experimental value* 

given in Table 57. Thu*, combination of Eqs. (15) and (17) can be used to 

adequately describe the vibrational specific heats of the diboride*. 

J. Comparison of Observed and Calculated Low Temperature(5-350OK) 

Specific Heat Data 

Table 55 shows the comparison of the low temperature specific heat 

data. In view of the fact that the calculated values were obtained on the basis of 

a one parameter evaluation (plus Eq. 15). the agreement is quite satisfactory 

Moreover, because of the "force fit" of the 298°K entropy, the 8 values tabulated 

' should be accurate for the free energy calculations performed below. 

K. Comparison of Observed and Calculated High Temperature Specific 

Heat Data 

Figs. 81 through 85 compare experimental data and calculations for 

TiB2(22"25), ZrB2i24-28). H£B2{24*25). NbB2i25). and TaB^25*. While the data 

reflect results obtained on a wide range of materials varying considerably in 

impurity content, stoichiometry, etc., the differences between different investi¬ 

gation are quite large. Much larger in fact than can be attributed to chemical 

effects. ZrB, is a good case in point where the experimental values vary from 

6 to 9 cal/g. at. °K at 2000°K. In the opinion of tjhe present author, this indicates 

that the high temperature specific heat measurements are in need of improve¬ 

ments! Under these circumstances, the high temperature comparison between 

calculated and observed specific heat seems quite satisfactory. 



L. Calculation of T] and the Free Energy of Formation Function 

With the foregoing background, it is now possible to perform the 

numerical calculations of AF^I[T] indicated by Eqs. 2 and 3. For 

purposes of illustration, it is convenient to consider the case in detail. 

Refererce to Tables 54 and 55 suggest that 0^..= 620°^ = 1302°K, 

8_ = 1270°K, and 0-.. = 365°K. Consequently, the vibrational contribution to 
B Tl 

afJItJ is 

^(Fli£5_l - F[-^l! ) f 3ÍI t-î^-1 - F[i^] ) cal/g. at. °K 

where Fl^] is the Debye Free Energy*1 ***. At high temperatures, this difference 

can be approximated by 

RTInrtMe0Me(<5,2t0B)"2cal/ii“lt* ( 18 } 

Eq. 18 must be supplemented by several terms in order to complete 

the AF^ [Tl function. The First term arises from the electronic specific heat 

coefficients, i.e., 

-O.ST^yV 1/3 rMe-2/Î yn) cal/g.at, (19 ) 

The sum of 17 or 18, and 19 would accurately represent 

j£ there were no phase transformations in the metal or in boron. For 

1155°K< T< 1941 a term equal to -1/3(0.9(1155°K-T) to account for the Ot—ß 

transition in Ti must be added. Between 1941°K and 2300°K, this additional term 

becomes -l/3(0.9(ll55°K-T)+2. l(1941-T». For T>2300°Kf the additional term 

is equal to -1/3(0.9( 1155°K-T) + 2. l(l941-T»-2/3{2. 3(2300-T)). 

In order to simplify representation of the computations, it is convenient 

to define 0° as the non-vibrational temperature-dependent free energy terms for 

the pure elements values are shown in Table 54 . For the case of boron 9° 
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t" 

T°K 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

Table 58 

Temperature Dependent Component of the Free 

Energy of Formation of the Diboridea 

AF/n , T(AFn[T] ^AH [OJSLi =-T(times)Af. e. f. 

(kcal/g.at.) 

TiB, Z 

*1.9 

2.3 

2.6 

3.0 

3.6 

4.3 

5.1 

6.0 

6.9 

7.8 

ZrB. HfB. NbB. 

+ 1.7 

2.1 

2.4 

2.8 

3.1 

3.8 

4.6 

5.4 

6.2 

7.0 

+1.5 

1.8 

2.1 

2.4 

2.7 

3.2 

3.9 

4.7 

5.6 

6.5 

+0.9 

1.0 

1.1 

1.3 

1.4 

1.7 

2.1 

2.5 

3.1 

3.6 

at high temperature« 

/r^x2!!“2 - n ~2 

T^K 

AFj= RTinO^e-1^)2^2- i/2r" T - 2/wb 

3250 3330 3520 3270 

279 

TaB- '2 

+1.0 

1.1 

1.3 

1.5 

1.6 

1.9 

2.3 

2.7 

3.3 

3.9 

3370 

------ 



is zero below 2300°K since V= 0 and the free energy 

morphs are neglected. Above 2300°K, boron melts. 

aFT ' RT1"nM.0M.|0B|2,0Bl'2-°-5TÍ 1/Î0M. 

differences between poly- 

On this basis, 

- 2/36 J cal/g. at. ( 20 ) 

Table 56 shows the values of AF^![T] which is equal to -T times 

Af. e.f. Clearly these values are very significant. Hence, the free energy of 

formation and the enthalpy of formation are not equal. 

M. Comparison of X-Ray and Specific Heat Pebye Temperatur s 

The X-ray measurements of Debye temperatures which are reported 

in Section VIII yield values of S[2983K] of 3.0 cal/g.at. K for HfB^ and 2.5 cal/ 

g.at.°K for ZrB¿, These values are within 10% of the measured values of 3.42 cal/ 

g.at. °K for HfB2 and 2.93 for ZrB2(sco Table 55 ). The X-ray values were com¬ 

puted by summing the vibrational components in the "a” and "c" direction and 

utilizing equation 16. 
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ha *UM 

XVn. HEAT OF FORMATION* 

A. Introduction 

The purpose of this subtask is to perform measurements of lhe 

enthalpy of formation. of the diborides, by means of combuUion 

or fluorine bomb calorimetry. Specimens of suitable diboridcs have been sent 

ro W. Hubbard of Argonne National Laboratory and E. Huber of Los Alamos 

National Laboratory for this purpose. A tabulation of materials sent for mea 

sûrement is given below. Since 298] is required in the evaluation of 

AF^T] (see Eq. (I) of Section XVI and note that the difference between 298] 

an t A! "[O^K] is relatively small ) a method of estimating AHnl 298] for diborides 

wh*-re reliable data is absent has been developed. Subsequent portions of this sec- 

M-r . ontiin a discussion of this procedure, the present values for 298]. the 

. «mptsitipnal dependence of AH’’! 298] . and the free energy of formation of the 

îihorh'e*. 

r ^ Summary of Materials Provided for Fluorine Bomb and Combustion 

Calorimetry 

The following materials were sent to Dr. Ward N. Hubbard, for the 

•v termination of the heat of formation by fluorine bomb calorimetric techniques: 

Material Supplier 

r.: (’»> . S. Borax 

r;r , («il MUlmaster 

i:fP2(fil) Wah Chang 

v»,p , L'.S. Borax 

Arthur D. Little 
'. 'N 

r-r,(*l) Kawecki 

Arthur D. Little 

f K tuiman. Mani.ahs.Inc. 

T^2.Il 

Quantity 
(Grams) 

100 

100 

50 

100 

¿0 

100 

20 

Physical State Reference 

Powder 

Powder 

Powder 

Powder 

Zone-refined Rods 

Powdc r 

Zone-refined Rods 

Sec. Ill Table 1 

Sec. Ill Table I 

Sec. IIITable ■ 

Sec. Ill Table » 

Sec. IV B. 

Sec. IIITable l 

Sec. IVE 



The following material* were sent W Dr. Elmer Haber, Jr. for the 

determination of the heat of formation by combustion bomb calorimetric 

technique*: 

Material Supplier 

TiB2 (ffl) U.S. Borax 

HfB2 (f 1) Wah Chang 

TaB2 (II) Kawecki 

C. Consideration of the Presently Available Data on the heat of Formation 
of the Diboride* 

Table 57 summarize* the value* reported for the heat* of forma¬ 

tion of the diboride* of titanium, zirconium, hafnium, niobium, and tanta¬ 

lum through 1962. The values are given in keal/mol rather than kcal/g.at. to 

avoid introducing additional confusion on this subject. As indicated in Sec. XVI 

and Sec. XX, a gram atom basis will be used in all of the thermodynamic con¬ 

siderations in this study. However, in view of the wide disparity in results (see 

Table 59) It seems most prudent at present to quote values in units of keal/mol 

which is the general practice. 

Reference to Table 59 shows that a variety of "measured" and "esti¬ 

mated" values have been suggested for several of the diborides. Brewer and 

Haraldson have estimated limits for AlV1 by considering phase equilibria and 

competing boride-carbide reactions0*. Samsonov0* has estimated AH’1 values 

by employing a method similar to the calculation of Kubaschewski^ *. In 

Kubaschewski's method, which has been successfully applied in correlating 

the enthalpy of formation at 298°K of NaCl and CsCl type oxides, nitrides and 

carbides, the heat of formation is considered to be a function of the percentage 

of a corrected volume change, AV'fo. 

Quantity 
(Grams) 

100 

100 

100 

Physical State 

Powder 

Powder 

Powder 

Reference 

Sec. ni Table I 

Sec. in Table 1 

Sec. UI Table l 
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a¡aag»aais ^3 * 

TiB, 

ZrB, 

HÍB- 

NbB, 

TaB, 

a. 

b. 

c. 

d. 

e. 

f. 
8* 

h. 
« 

i. 

Table 59 

Heats of Formation Suggested for the Diboride» (1962) 

2981 in kcal/mol * -3AH '[ 298] in kcal/g.at. 

Measured Values 

52(0 

(kcal/mol) 

5<H5(ß) 

Estimated Values 

' (kcal/moU 

(c) 

76.7(h)+1.5 

32 

63.1 

70 (b) 72' 

(d) 58(i) >78 

(a) 

(a) 

73 

65 

(d) 

(<ft 

74.2 (O 

>36 (*) 59 (<*> 

> 52 (a) 63' (di 

Notes 

Ref. 1 Estimated from Pnase Equilibria. 

Ref. 2 Determined from vapor pressure measurements. 

Ref. 3 Determined from vapor pressure measurements. 

Ref. 4 Calculated from gram-atomic volume of formation by Kubaschewski 1 

method. 

Ref. 5 Mass spectromctric measurements. 

Ref. 6 Mass spectrométrie measurements. 

Ref. 7 High temperature calorimetric measurements. 

Measurement of the heat of combustion, E. J. Huber, Jr., E.L. Head, and 

C. Holley: unpublished research (see ref. 8). 

Ref. 9 Mass spectrométrie measurements. 
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• JW.. p**. 

Where 

AV*?. » 100 (e V - 2V'i/iV) ( I ) 

In this equation, V is the volume per gram atom of the compound and 

e is a numerical factor which converts V to an equivalent volume which the com¬ 

pound would have if it were in the f.c.c. form. In addition SV* is the sum of the 

atom fraction of metal times the atomic volume of metal and the atom fraction 

of boron times the atomic volume of boron where both atomic volumes are com¬ 

puted on the basis of a coordination number of twelve. Samsonov^ does not in¬ 

dicate the values of c and the atomic volume of C.N. 12 boron which were used 

(4) in his computation . 

Table 60 shows the quantity 

AV°% = 100(Vn-2VO)/2V° ( 2 ) 

where Vn is the volume per gram atom of the diboride and V° is the volume per 

gram atom of boron and metal at 298°K. The calculation of this simple volume 

change does not allow for the conversion of all of the structures to the close 

packed state. However, it suggests that the TiB^, ZrB^» 8rouP should 

have heats of formation which are larger in magnitude than NbB^ *nd TaB^. As 

was mentioned previously, Samsonov's estimates' are difficult to reproduce 

since he docs not state the numerical values of the coordination transformation 

factors used in his computations. 

The measured values of AH** fall into three catagories, direct deter¬ 

minations of Ali'"' by calorimetric techniques (i.e. yielding -SOJISand -76.7+1.5 

keal/mol for TiB^and Zrb^ respectively), evaluation of AH’* from high tempera¬ 

ture mass spectrométrie vapor pressure measurements (i.e. yielding -32 and 

-52 keal/mol for TiB^ and -58 keal/mol for ZrB¿) and calculation of AHn from 
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Table 60 

asfísa-5'5'« 

Simple Computation of the Volume Change Attending 

The Formation of the Diborides (298 K) 

Element Volume Diboride Volume AV°% 

cm /g.at. cm /g. at. 

B 

Ti 

Zr 

Hf 

Nb 

Ta 

4.60 

10.64 

14.02 

13.45 

10.83 

10.86 

5.15 

6.17 

5.97 

5.48 

5.32 

-22.1 

-21.2 

-20.9 

-18.0 

-17.4 

analysis of /apor pressure-temperature curves which has been performed by 

Samsonov and co-workers (i.e. -70. -63, and -74 kcal/mol for TiB^. ZeB^ and 

HfB¿ respectively). It should be pointed out that the "Heat of Formationf values 

determined on the basis of high temperature vapor pressure measurements are 

incorrect because of the assumption that an^ AF^.(t] are zero (see Table 58). 

D. Evaluation of Literature Data and Estimation of the Enthalpy of For¬ 
mation ot Diboridcs 

Recently, Margrave and Hubbard^* have reported a value of 298] * 

-72 kcal/mole * -24 kcal/g.at. for ZrB^. This value was obtained by,fluorine bomb 

calorimetry using well characterized specimens of high purity. At about the same 

f 121 
time, Goldstein and Trulson' ' have reported a mass spectrometer vapor pres¬ 

sure value of AF^t 2400°K] : -58 kcal/mole or -19.3 kcal/g.at. According to the 

formalism developed in section XVI 

AFT,[2 »00l - AH^l 0°K] + AfI! [ 2400] cal/g.at. ( 3 ) 

«¡This value was originally1reported as a "AH" i.e. assuming ACp = 0. 
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Substitution oC AFn[ 24001 *-1?. 3(,2)kcal/g.at.. and AF^l 2400] = + 3.8 kcal/g.at. 

from Table 56 of section XVI, yields, 

AHn[0°Kl s -23.1 kcal/g.at. =-69. 3 kcal/mole ( 4 ) 

tor ZrB, derived from the mass spectrometer study. This vaiue is rn relatively 
£m i \ W 

( H) 
good agreement with the fluorine bomb measurement of 

AHnl298j =-24 kcal/g.at. = -72 kcal/moitf ( 5 ) 

for ZrB_. because the difference between 298] and A 0°K] is only 300 cal/mol 

or 100 cal/g.at. 

Applying the same procedure to the mass spectrometric measurement 

of AFT,[2300°Kl = -52 kcal/mol = -17. 3 kcal/g.at. on TiB* obtained by Schissel 

( 6 ) 

AF*'! 2400] a —17.3 kcal/g.at. sAH^lO0^ + 3.9 kcal/g.at. 

and Trulsonf^ yields 

or 

0°Kl =-21.2 kcal/g.at. = -63.6 kcal/mol ( 7 ) 

for TiB- 

On the basis of the correlation between the volume change on formation 

of a compound and the enthalpy of formation, it is useful to consider the approxi¬ 

mation 
AHn[ 0°K] -- CAV°% ( 8 ) 

where AV^. values arc those tabulated in Table 60. and C is a constant. On the 

basis of Eq.S. 
af',( t| : cav'v, * afJ ITl (?) 

Substitution of tbo abmumuntionud valuos tor TiD2 aud ZrB, into E,.( 9 ) yield, 

the following equations. 

This value was originally reported as a "AH" assuming - 0. 
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’ for TiB, -17.3 « C(-22.1) + 3.9 kcal/, gat. C *0 > 
f ¿ 

» for ZrB, -19.3 aC(-2l.2) + 3.8 kcal/g.at. (H > 

and -24 =C{-21.2) kcal/g.at. C »2 ) 

Eos. I0-I2 yield three values of C corresponding to 8.96, 1.89» and 1.1S 

kcal/e.at. respectively. Averaging yields a value 

C = 1.1 kcal/g. at. or 1100 cal/g. at. Í 13 ^ 

This quantity can be used to estimate AH^[ 0°K] for HfB^, NbB2» 

and TaB2 until measurements (see section B) become available. Table 61 shows 

AKn[0°K] , and AF^t T] tor the diborides. 

E Consideration of the Compositional Variation of the Heat of Formation 

The thermodynamic expressions derived for the compositional and 

temperature dependence of the free energy of the diborides, F^l x, Tj , developed 

in section XX can be used to represent the compositional dependence of the heat 

of formation. Applying the relation 

H = F - T 9F/3T ( 14 ) 

to these equations yields 

AH^tx.T] -AH^t 2/3, T] = (y-l)AHnl 2/3. T)+(y/3 + x-DH^ ^y/3^)«^ (15) 

when a and dar/dT are small. 

In this equation AH^l x, Tj is the enthalpy of formation for a variable 

composition, AHn[ 2/3, T] is the enthalpy of formation of the stoichiometric di¬ 

boride. Hn and . arc the enthalpies of formation of boron and metal sub- 
Met 

lattice vacancies, y is the ratio of lattice sites to atoms, and a is the vacancy 

concentration parameter. (See section XX for complete definitions). When 

x < 2/3, y : 3(1 -x) thus 

Hn = (AHn[x] -3(1-x)AHn[ 2, 3) )(2-3x)‘1 ( 16 ) 
B + 
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Table 61 

The F ree Energy and Enthalpy of Formation of 

Diboridea in k cal/g.at. 

(to convert to k.cal/mole, multiply by three) 

TiB, 2 

-21.2 

TiB, 

T°K 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

-19.3 

-18.9 

-18.6 

-18.2 

-17.6 

-16.9 

-16. 1 

-15.2 

-14.3 

-13.4 

ahí o°ki 

ZrB, HÍB. 

■23.3 -23.0 

AFn(Tl 

ZrB, Hi 3, 

-21.6 

-21.2 

■20.9 

-20.5 

-20.2 

■19.5 

•18.7 

■17.9 

17.1 

16.3 

-21.5 

-21.2 

-20.9 

-20.6 

-20.3 

-19.8 

-19.1 

-18.3 

-17.4 

-16.5 
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NbB, 
2 

19.8 

Ta B, 
2 

-19.1 

NbB. TaB, 

18.9 

-18.8 

-18.7 

-18.5 

18.4 

18. I 

17.7 

17.3 

16.7 

16.2 

-18. 1 

-18.0 

-17.8 

-17.6 

-17.5 

-17.2 

-16.8 

-16.4 

-15.8 

-15.2 
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When x> 2/3, y 5 3/2x, hence 

Hjje^ * (AH^tx] -(3x/2)AH^[ 2/3] )(3x/2 - i)-1 < '17 ) 

lince Section XX indicates 

HMe+ * ^6,000 -2. 2/3, 0°K} cal/g.at. ( I» > 

and 

HB<. *-13,000 - 2. 5 2/3,0°K] cal/g. at. ( 19 ) 

■ubstitutioh of Eq.( 19 )into ( 16 ) yields 

AH^lxl -AH,1[2/3] »-(2-3x)(1.5AHT,[ 2/3]+13,000) cal/g. at. ( 20 ) 

for x< 2/3, while substitution of ( 18 ) into ( 17 ) yields 

( 21 ) 

AHn[x] -AHn[2/3l »(1.5x - 1)(26,000-1.5 AHt,(2/3]) cal/g. at. 

for x> 2/3. 

These equations can be used to estimate the change in the enthalpy 

of formation with deviation from stoichiometry. As expected, Eqs.( 20 ) and 

( 21 ) indicate increases in the enthalpy of formation (i. e. the enthalpy of 

formation becomes more positive, or less negative) as the composition departs 

from X ■ 2/3. 
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XVIII. PHASE BOUNDARIES* 

A. Introduction 

Accurate descriptions of the compositional limits of the diboride 

phases are essential to the ultimate utilization of these materials in various 

environments and to the application of the thermodynamic models proposed for 

these systems. A comparison of the available information for the five systems 

of interest indicates that the diborides of titanium« niobium, and tantalum are 

stable over a significant'range of composition while the diborides of zirconium 

and hafnium are stable in a very narrow region near stoichiometric Mel^* 

Nevertheless, significant changes in thermodynamic properties are predicted 

for even the narrow regions of homogeneity and these changes can. markedly 

influence the vaporization and the oxidation properties of these materials. 

From a more general viewpoint the accurate description of the entire 

phase diagram for each system of interest is required for many technological 

applications and theoretical studies. 

The determination of the compositional range of stability of the 

diboride phases requires the use of several different techniques. The choice of 

a particular technique is governed by the range of temperature for a given experi¬ 

ment and the compositional region of interest; that is, metal rich, or boron rich, 

relative to the composition of the diboride phase. The experimental procedures 

originally planned for this subtask were: (1) a study of diffusion couples between 

the zone refined diboride and metal, or boron, and (2) a study of'’off-stoichio¬ 

metric" alloys in the two-phase regions on both sides of the diboride phase. 

Vapor pressure measurements in Section XIX were considered as a complementary 

technique for providing data on the compositional variation of the diboride phases. 

*E. V, Clougherty, L. D. Blackburn, ManLabs, Inc., Cambridge, Mass. 
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In addition, extreme compositional limits were calculated for the equilibria 

between metal and diboride and between boron and diboride. These calcula» 

tions yielded extreme compositional limits because the presence of inter» 

mediate phases was neglected. 

Experimental difficulties stemming from the physical characteristics 

of the available zone refined material, the absence of well defined phase dia» 

grams, and the high vapor pressure of elemental boron in the temperature 

regions of interest have hampered the performance of the planned experiments 

using diffusion couples. Since the zone refining procedure could only supply 

ZrB^ and HfB^ as useful material for this subtask, the use of high purity metal 

and boron was attempted for diffusion couple experiments. At the outset it 

was thought that the latter experiments would circumvent the experimental 

problems associated with the availability and the feasibility of the ztonc refined 

diboride material and would supply ancillary information on the phase diagràms.' 

In practice, the presupposed advantages of the metal/boron diffusion couples were 

not realized. Successful diffusion couples were prepared for Zr/ZrB^ in the 

temperature range from 1000° to 1500°C. An apparently incorrect designation 

of the metal - diboride eutectic temperature in this system caused experimental 

failures for attempted diffusion couples above 1650°C. Additional experiments 

-included equilibration of a two phase alloy, boron rich ZrB^ + a second phase at 

1770° and 1850°C. Vapor pressure measurements for NhB^ as a function of 

composition at temperatures above 2000°K were used to define the high tempera¬ 

ture phase field of NbB^. 

In the course of the present investigation it became apparent that 

very little experimental information was available for the five metal-boron 

phase diagrams of interest. A careful examination of the summary presented 
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in the monograph by Samsonov and Portnoy^ revealed the absence of any 

original phase diagram work for these systems by these authors. In general» 

no references to experimental work for these systems have appeared in the 

recent literature. Accordingly, it was considered appropriate to present the 

available information on these diagrams as part of this final report. 

B. Phase Diagrams 

1. General Considerations 

A review of the literature on transition metal-boron phase 

diagrams indicates that serious experimental problems can interfere with 

the determination of an accurate equilibrium diagram. Three important 

factors which complicate the experimental work are: 

a. Very high melting temperatures 

b. Slow solid-state reaction rates 

c. Boron vaporization 

The very high liquidas temperatures in transition metal-boron 

systems prohibits the use of conventional thermal analysis, which is the basic 

technique for determining this portion of a diagram in lower melting point 

systems. Sample container material can be a source of specimen contamination 

leading to false results. Consequently, there is little experimental data available 

for the very high temperature regions of the phase diagrams. 

Extremely slow reaction rates in the solid state make it very 

difficult to achieve equilibrium and can lead to considerable superheating and 

supercooling of the various intermediate phases. The true temperature range of 

stability of an intermediate phase may be difiicult to assess, either because an 

invariant reaction (i.e. cutectoid or peritcctoid reaction) escapes detection 
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entirely« or because the determination of the range of temperature for a 

detectable reaction is subject to considerable error. These problems of 

solid-state equilibria are so serious, that apparently much of the reported 

work based on the interpretation of non-equilibrium structures. For example, 

investigators often find three or even four metal-boron phases present in 

samples annealed at several different temperatures, but under equilibrium 

conditions three phases can coexist only at an invariant temperature, while 

four phases can never coexist at equilibrium in a binary system. 

Finally, boron losses from the surface can produce composition 

gradients within a specimen and thus lead to erroneous conclusions regarding 

equilibrium. For example, in addition to introducing an error in the average 

composition, boron vaporization may lead to the appearance of new phases on 

the surface. This surface phase can have equilibrium properties which are not 

characteristic if the homogeneous sample of the average composition. Under 

these circumstances, the construction of an accurate phase diagram depends 

largely on the skill of the investigator in designing experiments and interpreting 

the results. 

Much of the published work does not contain sufficient detail of 

the experimental procedures and the results to determine how the investigators 

handle these various factors. Therefore, a critical evaluation of the various 

metal-boron phase diagrams is not possible. In general, it appears that the 

intermediate phases which can occur are well established, while the exact details 

of the diagram, i.e. the invariant reactions, may or may not be correct. The 

following summary of phase diagrams of interest in this program is a collection 

of the diagrams as reported by the various authors. 
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f 2. TiU.nium-Boron Sytem 

The phase diagram determined by Patty, Margolin, and 

Nielsen^ is shown in Fig.86. Although equilibrium could only be achieved 

at low boron contents, the authors were able to construct the higher boron 

(up to TiB^) portion of the diagram by an analysis of cast and heat-treated 

structures.* Except for some uncertainty in the temperatures of invariant 

reactions, this diagram appears to be essentially correct. 

The structures of the intermediate ./hases in the titanium- 

boron system arc summarized in Table 62. Although several authors reported 

a face-centered cubic structure for TiB, the work of Decker and Kasper^ * has 

established that this phase has an orthorhombic (B27) structure. 

3. Zirconium-Boron System 
(4) . 

The phase diagram reported by Glaser and Post is shown 

in Fi?.87. Schedlcr^ has proposed a different temperature range for the 

ZrB phase. The alternate diagram is shown in Fig. 88. With the available 

information, it is not possible to judge which of these diagrams is more accurate. 

Experiments conducted in the present program show that the 

reported eutectic temperature is too high. Our results indicate that the 

eutectic lies below 1650°C. Further, the cutectoid decomposition 

temperature of ZrBl2 is higher than 1730°C. The results of diffusion * 

couple experiments at 1000° and M00°C are in ac.cord with the phase diagram 

(5) 
proposed by Schedler . 

*It is interesting to note that the cast structures proved quite helpful 
ral of the invariant reactions (i.c# cutcctic, pentectic, etc«)* 
night also be vsod with success in further studies of the other 

classifying seve 
This technique r 

in 

metal-bo ron diagrams. 
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Table 62 

Intermediate Phase« In the Titanium-Boron System 

Phaeg Structure 

Ti^E Tetragonal 
Tetragonal 

Ti3 Cubic(B-l) 
Cubic(B-3) 
Cubic(B-l) 

Orthorhombic(B27) 

TiBj Hexagonai(C32) 
Hexagonal 
Hexagonal(C32) 

Hexagonal(C32) 

Hexagonal(C32)* 

^2®5 Hexagonal(D8^J 

66.4-66.7 a/o B, See Section VIH. 

ParameteraÇA) 

a s 6.10 
c « 4.53 

or a a 5.24 
c ■ 7.602 

a »4.26 
a > 4.20 
a > 4.26 

a >6.12 
b > 3.06 
c > 4.56 

a > 3.03 
c > 3.21 

a > 3.028 
c > 3.230 

a > 3.030 
c a 3.229 

a = 2.98 
c =13.98 

Reference 

10 
2 

10 
11 
2 

3 

12 
10 
2 

13 

23 
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The intermediates phases in the zirconium>boron system 

are summarized in Table 63. The monoboride has been indexed as a face- 

centered cubic phase, but the establishment oí the orthorhombic (B27J struc¬ 

ture for TiB^ and HfB^ suggests that ZrB may also be orthorhombic^. 

4. Hafnium-Boron System 

The phase diagram reported by Nowotny et al^ is presented 

in Fig. 89. The structures of HfB and HfB^ «are summarized in Table 64. 

3. Niobium-Bo ron System 

(8) 
Nowotny, Renesovsky, and Kicffer' * have reported the phase 

diagram shown in Fig. no. In the same paper, these authors presented a similar 

diagram for the tantalum-boron system (see Fig. 91). However, as discussed 

(9) in the following section, Lcitnakcr* ' has proposed a tantalum-boron diagram 

which differs from that of Nowotny et al^. If the work oí Leitnaker should prove 

to be correct in the tantalum-boron system, the niobium-boron diagram should 

be reinvestigated. 

The structures of the intermediate phases in the niobium- 

boron system arc collected in Table 65. 

6. Tantalum-Boron System 

(8) 
The diagram proposed by Nowotny et al* ' is shown in Fig. 91. 

Leitnaker^^ has determined a partial diagram, shown in Fig. 92, which differs 

(9) significantly from that of Nowotny and co-v/orkcrs. "According to Leitnaker 

TaB has a higher melting point, Ta2B is stable oiuy at high temperatures, and 

the liquidus curves must be considerably higher than the reported values. 

This apparent discrepancy should be resolved. 



Table 63 LT » 

Í: 

I*. 4 

I **• 
K( 

B 

B: 
S 

S 

Intermediate Phage« in the Zirconium - Boron System 

Phase Structure 

ZrB 

ZrB, 

Cubic(Bl) 
Orthorhombic(B27) 

Hexagonal(C32) 

Hcxagonal(C32) 

Hexagonal(C32) 

Hexagonal(C32) 

Hexagonal(C32)* 

ZrB 12 
Cubic(Bl) 

Cubic(Bl) 

*65.2-65.4 a/° B* See Section VIII. 

Pa ramctcrs(A) 

a » 4.65 
NONE REPORTED 
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a « 3.170 
c » 3.533 

a ■ 3.170 
c = 3.533 

a a 3.169 
c a 3.530 

a a 3.168 
c a 3.528 

a a 3.171 
c « 3.527 

a a 7.408 

a a 7.408 

Reference 

4 
7 

12 

4 

14 

13 

4 

15 
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Table 64 

Intermediate Phase» in the Hafnium - Boron Sytem 

Phase Structure Parameters(A) 

HfB Cubic(Bl) 

Orthorhombic(B27) 

HfB, Hexagonal(C 32) 

Hexagonal(C32) 

Hexagonal(C32) 

Hexagaual(C32) 

*66.3 */o B# See Section VIII. 
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a * 4.62 

a » 6.50, 

b a 3.21. 

c ■ 4.82, 

a = 3.141 
c ■ 3.470 

a s 3.1410 
c - 3.4761 

Reference 

16 

6 

16 

6 

7 
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Table 65 

Intermediate Phase» in the Niobium-Boron System 

Phase Structure Parametera(Â) Reference 

Nb3B2 Tetragonal(U3Si2) a « 6.173 
c » 3.274 

NbB Orthorhombic(B27) 

Orthorhombic(B27) 

NbjB^ Orthorhombic 

Orthorhombic 

OrthorhombicfMnjB^J 

NbB2 Hexagonal(C32) 

Hexagonal(C32) 

Hexagonal(C32) 

Hexagonal(C 3 2) ^ 

HexagonalfCSZ)^* 

HexagonalfC 32) 

a * 3.292 
b *8.713 
c *3.165 

a * 3.298 
b *8.724 
c * 3.166 

a * 3.30 
b * 14.1 
c * 3.13 

* a * 3.305 
b * 14.08 
c a 3.137 

a * 3.110 
c a 3.264 

a * 3.089 
c a 3.304 

a * 3.Ill 
c a 3.260 

a = 3.093 
c a 3.305 

a = 3.107 
c a 3.282 

8 

13 

17 

13 

17 

8 

13 

17 

12 

18 

18 

*65 a/o B; ¢¢70 a/o B, See Section VIII. 
AAA -a 

66.6 /o B, See Section VIII. 
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The structures of the various intermediate phases in the 

■: 

.s:, 

■0 

tantalum "bo ron system are summarized in Table 66. 

C. Experimental Procedures 

I. Diffusion Couples 

Diffusion couples are formed by placing two dissimilar metals 

in intimate contact with each other and allowing intordiffusion to occur until 

equilibrium is attained at elevated temperatures. The materials used contain 

only two elements and the diffusion couple will consist of layers of as many 

single phases as are present between the two starting compositions. In addition 

the total compositional ranges of the phases will be present. In the presen* 

study it was originally proposed that two couples be made for each refractory 

boride: l) metal plus metal diboride, and 2} boron plus metal diboride. By 

analyzing the diboride from its edge to the interface in each couple with an 

electron microprobe it is possible to determine the compositional limits at the 

equilibrating temperature* 

The following is the general procedure used for studying 

diffusion couples: 

a. Wafers of the metals, the diborides, and boron are cut to 

approximately 0.25 inches in diameter and 0.080 inches thick. 

b. The wafers are prepared as parallel metailographic sur¬ 

faces, using the normal procedures. 

c. After preparation, the wafers are inserted into pressure 

welding jigs (cf .Fig.93 ) similar to those developed by E. M. Passmore^1^. 

The pressure welding jig operates on the principle of differential thermal 

expansion. 
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Table 66 

Intermediate Phases in the Tantalum - Boron Syaterw 

Phase Structure Parameters (A) Reference 

Ta2B Tetragonal 

Tetragonal 

a = 5.778 17 
c = 4.864 

a = 5.785 13 
c = 4.867 

_ 8 

a = 5.779 9 
c = 4.8644 

a = 5.778 19 
c = 4.864 

a = 6.18. 

c = 3.28^ 

a = 6.172 8 
c « 3.280 

a = 6.175 9 
c = 3.284 

a = 3.276 17 
b = 8.669 
c = 3.157 

same as above 1 3 

Tctragonal(Cl6) 

Tetragonal 

Tetragonal 

Tetragonal 

Tetragonal! UjSi^) 

Tetragonal 

Orthorhombic 

Orthorhombic 

Ta3B2 

TaB 

T*3B4 

Orthorhombic(CrB type) ■ ® 

OrthorhombiciMnjB^type) - ® 

Orthorhombic - 37 

Orthorhombic --- 3 3 
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Table 66 (ContMy 

Phase Structure Páramete rs(A> Reference 

TaB 
2.57 Hexagonal(C32> a =3,060 

c » 3.290 

Hexagonal(C 32) a a 3.057 
c = 3*291 

TaR 1.78 Hexagonal(C 32) a = 3.097 
c = 3.227 

li 

17 

13 

Hexagonal(C32) 

TaB^ HexagonaI(C32) 

TaB2 Hr>xasonal(C32)<' 

a » 3.099 
c = 3.224 

a =3.085 
c a 3.240 

17 

8 

66. 1 Vo R» Sec Section VIII, 



then heated to the deeired d. The assembled jigs are 

temperatures for a time sufficient to allow the diffusion interface to move 

approximately 0.020 inch. 

e. Initial examination is metallographic. The diffusion 

couple is sectioned perpendicular to the polished surface, then metallo- 

graphically prepared, etched, and examined, for weld soundness, diffusion 

depth, and appearance of intermediate phases. 

f. The diffusion couples are prepared for microprobe analysis 

using mechanical polishing techniques. The diboride phases arc then scanned 

perpendicular to the interfaces by an electron microprobe analyrer. A plot of 

composition versus distance from the interface, extrapolated to both the metallic 

and boron interfaces will give the terminal compositions of the diboride at the 

equilibrating temperature. 

2. Off-Stoichiometric Alloys 

A complementary method for studying the compositional limits 

of the diboride phases is to make a series of alloy, in the two phase field, to the 

left and right of the diboride phase. The compositional limits are given directly 

by electron microprobe analysis; in the two phase field only the amounts of the 

two phases change with composition. 

In the course of the program on the rone refining subtask, several 

samples of two-phase alloys were prepared in the preliminary experiments for 

a given diboride. Such high purity material can be useful for the phase boundary 

determinations. This supply of two phase alloys must be complemented by a 

series of arc-melted samples. The two-phase alloys are equilibrated at tempera¬ 

ture. Metallographic analysis before and after equilibration is used to check the 

samples prior to the electron microprobe analysis. 
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3. Vapor Pressure Measurement» 

In principle, the measurement of vapor pressure as a function 

of composition and temperature can he used to obtain phase boundary data* 

In practice this may be the oniy technique for obtaining such data at very high 

temperatures, but the measuring technique does not lend itself to applications 

which involve a large number of samples. Accurate and precise measurements 

are extremely difficult to obtain; the nature of the measurements require a 

considerable length of time for completion. 

D. Results and Discussion 

1. General Considerations 

Before discussing the available results it is appropriate to 

consider the experimental limitations of the techniques that are applicable to 

phase boundary determinations. Hich temperature limits for the diffusion couple 

technique are set by the eutectic temperatures which lie between metal and 

diboride and between boron and diboride. The two-phase alloy technique can 

be used to extend the temperature range up to a region where a liquid phase 

becomes the second phase in equilibrium with the diboride. In practice, still 

lower operating temperatures may he fixed by the relatively higher vapor 

pressure of boron. Low temperature limits are set by time requirements for 

the attainment of equilibrium for either technique. The limitations of the vapor 

pressure technique arc operational as discussed in the previous section. 

In the present study the diffusion couple technique was chosen 

for the lower temperature regions. The physical characteristics of the available 

zone refined material limited the application of this technique to the Hf-3 and 

the Zr-B systems. As an alternate procedure an attempt was made to prepare 
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diffusion couples between boron and metal. The high vapor pressure of boron 

caused a reaction on the surface of the metal which produced the diboride 

phase but a diffusion couple as such did not form. From these results (Table 

65) it now appears that neither boron/diboride couples nor two phase alloys 

involving boron as a second phase would be feasible for these systems. 

In the light of the variety of experimental difficulties concerning 

the attainment of equilibrium and the limited availability of physically sound 

diboride samples, the problems in the determination of the compositional limits 

of the diboride phases in particular and the problems in the determination of the 

phase diagrams in general should be investigated from the semi-theoretical 

approach which has been successfully applied to the refractory metal carbides^^. 

In this report the extreme phase boundary limits of the diboride phase were 

calculated from the previously reported thermodynamic modeli^^ and the 

available experimental data. The calculation of tae more important aspects of 

the metal-bcron phase diagrams must await the determination of several points 

from experimental phase diagram work and the compilation of additional thermo¬ 

dynamic data. 

2. Zirt.onium-Roron System 

The experimental program for the phase boundary determinations 

in the Zr-B system was planned on the basis of the available phase diagram 

data. The /.one refining subtask supplied both physically sound single phase 

material and a limited quantity of high purity two phase alloys. High purity zir¬ 

conium metal was available from ManLabs inventory; this material was character¬ 

ized by qualitativ«? spectroscopic analysis, vacuum fusion analysis for hydrogen 
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and nitrogen, and metallographic procedures. High purity sone refined boron 

was purchased from the Eagle Picher Co. Accordingly, both the two phase alloy 

technique and the diffusion couple experiments were initiated for this system. 

As indicated in the section on phase diagrams, the available 

information suggests twodifferent temperature ranges of stability for the mono- 

borida phase, and two different crystal structures. The latter disagreement is 

also found in the Hf-B and the Ti-B systems. 

Experimental conditions and results for diffusion couple experi¬ 

ments and for two phase alloy equilibration are presented in Table 67. The for¬ 

mation of a liquid phase in the attempted diffusion couples. 2r/ZrB3, at tern- 

peratures above 1650°C and the consequent loss of metal and boron prevented the 

attainment of equilibrium in these experiments. Metallographic examination of the 

original Zr/ZrB^ interfaces for the latter experiments showed a eutectic struc¬ 

ture. The photomicrograph of a typical area is presented in Fig. 94. These re¬ 

sults demonstrate that the eutectic temperature between Zr and the metal-boron 

phase is less than 1650°C; this conclusion is contrary to both of the reported.phase 

diagrams (see Figs. 87 and 88) for this system. The indentification of a face cen¬ 

tered cubic monoboride in the quenched specimens and possibly in the eutectic 

can not be related to the equilibrium at 1650°C at this time. Further, in any 

attempt to draw conclusions from these results concerning the controversy over 

the structure of the monoboride, it is important to note that these experiments 

were performed in argon in a carbon tube furnace. Accordingly, the phase 

identified by X-ray diffraction as face centered cubic in the experiments summa¬ 

rized in Table 67. as the monoboridc, could also be a ternary cubic phase of metal, 

boron and carbon with a slightly different lattice parameter. Carbon stabilization 

of cubic phases of the metals of Groups IVa and Va is well known. 





The results ol the two phase »Uoy equilibration at 1730°C 

and the Zr/ZrBj diUosion couple experiments at 1000°C and 1400 C confirm the 

reported narrow rang, of homogeneity for ZrBj but are not in accord with the 

proposed****^ eutectold temperature for ZrB|2. In addition, metallog p 

inspection of the two-phase .Hoy equilibrated a. .730=0 show some evidence 

for a eutectold structure. The average sirconium composition in the region of 

this structure is 4J '/o Zr. B/m. = 11. The absence of one intermediate 

phase between Zr and ZrBj in the diffusion couple experiment at 1000¾ is in 

accord with the phase diagram reported by Schedler'5». The composition limit, 

determined a. 1000» (8/M. = 1.09) and 1400»C (B/m. - 1.97) are in reasonable 

agreement with the calculated maximum Umi.s for these temperatures, /Me s 1.97 

•ml B/M. - 1.91 respectively in Table 6». The composition limit determined 

at 1730»C. ( “Ale • 2.02), is considerably below the maxinmm calculated 

Bmit. (B/M. V 2.10), 1» Table 6«. This latter difference may be due to the 

appearance of a Bquid phase or ZrB,, will be investigated when more dam are 

available . 





3. Calculation of Maximum Limit» of Solubility of the MeB^ Pto»e 

This calculation is made ignoring any intermediate compound phases 

which may exist between pure metal Me, the tj phase, and pure B on the phase 

diagram, and assumes that there is little solubility of Me in B and B in Me. The 

quantity is defined as the true metal rich boundary and as the true boron 

rich boundary of the MeB^ phase on the real phase diagram. If x^^ and x^ are 

the phase boundaries of the n phase, calculated by assuming no intermediate 

compound phases and little solubility of Me in pure B and B in pure Me then 

X x. < X < 2/3 
qMe ql 

xnB> xn2 > 2/3 

( i ) 

( 2 ) 

Eqs. 6 and 11 of Section XX yield 

IntZ-ÜJC^eM"1/6 = -(RT)-1 (-13.000-^10^-0.75^^-0.5^ 

“ 1 ln^Me °Me 
C 3 ) 

while Eqs. 7 and 14 of Section XX yield 

ln(3x ,,-2)4-1^6 =-(RT)'1(26,000+O.SAH^CO0^ -Z^gJ-ôlnOje”1 (4 ) 
no 

By using Eqs. 3 and 4 along with the numerical results for 

the parameters detailed in Sections XVI, XVII, and XX, values of xnMe and 

x for the diborides of interest can be computed over the range 800° -2000 K. 
t|B 
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Tabla 68 

Calculated Maximurr Limit« of the MeB^ Phage 

i)Me 
:(B/Me) at x 

TjMe 

800°K 

TiBz 0.666(1.99) 

ZrB2 0.666(1.99) 

HfB2 0.666(1.99) 

NbB2 0.664(1.98) 

TaBz 0.660(1.94) 

TiB2 0.668(2.01) 

ZrB2 0.668(2.01) 

HfBz 0.668(2.01) 

NbB2 0.668(2.01) 

TaB2 0.668(2.01) 

1200°K 

0.662(1.96) 

0.664(1.98) 

0.664(1.98) 

0.653(1.88) 

0.646(1.82) 

16eiaK 

0.656(1.91) 

0.660(1.94) 

0.659(1.93) 

0.640(1.78) 

0.629(1.70) 

xt)B: tB/Me> at xtjB 

0.668(2.01) 

0.668(2.01) 

0.668(2.01) 

0.668(2.01) 

0.668(2.01) 

0.669(2.02) 

0.671(2.04) 

0.670(2.03) 

0.670(2.03) 

0.669(2.02) 

2000°K 

0.650(1.86) 

0.655(1.90) 

0.655(1.90) 

0.625(1.67) 

0.589(1.43) 

0.674(2.07) 

0.679(2.10) 

0.677(2.10) 

0.675(2.08) 

0.673(2.06) 

These values are based on the considerations of Section XX and are tentative. 
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XIX. VAPOR PRESSURE* 

A. Int roduction 

The purpose of vapor pressure measurements on the diborides is 

two-fold: (1) to establish the boundaries of the diboride phase, and (2) to deter¬ 

mine the vapor pressure over this phase and the associated thermodynamic 

properties. 

For niobium diboridc, the first material to be investigated in the 

present program, the vapor pressure of each element changes with composition 

in the single phase NbB^ region and remains constant over the two phase regions. 

XbB^-B and Xb^B^-NbB^. The limits of the diboridc phase may be found by 

measuring the rate of evaporation, or of effusion, of NbB^ sUrting with the two 

phase system NbB¿-B. Boron will evaporate preferentially moving the system into 

the two phase region NbjB^-NbB^. During this experiment the isothermal evapora¬ 

tion rate curves will consist of three parts: (1} a constant rate controlled by the 

boron pressure over boron saturated with niobium and by the niobium pressure in 

equilibrium with boron rich NbB^, (2) a decreasing rate of boron evaporation 

commencing with the disappearance of the boron phase and an increasing niobium 

vaporization rate, where evaporation is governed by partial pressures in equilibrium 

with the single phase NbB^ of changing composition, (3) a constant rate controUed 

by the boron pressure over the metal rich limit ot NbB^ and by the niobium pressure 

over boron rich N'bjB^. 

In general, the vapor composition over the two phase regions could be 

established either by analyzing the initial material and the unevaporated sample 

c P* E« Blackburn, Arthur D. Little, Inc., Cambridge, Mass. 



or by analysis of the condensate. If the, weight fraction of boron in the condensate 

from the two phase region is Xfl and the total evaporation rate is G, the pressures 

of boron and metal over the two phase field will be given by 

Pn « X G \l ZrRT ( i ) 

B B SÇ- 

and - 

p.. = ( i - X,.) g vTnrr (2) 
M ii* -xj-- 

where G is in g/cm2/»ec. R is the 8a* T the absolute temperature 

and Mw and M_ the atomic weight of metal and boron respectively. Since 

the vapor pressure of pure niobium is sufficiently lower than that of pure 

boron, very little error is introduced by assuming that the total pressure is 

equal to the vapor pressure of boron over niobium diboride. 

All of the data obtained on the diborides of titanium, zirconium, and 

hafnium have been found by the Knud sen method using tungsten, graphite and B4C 

cells. This method has been used because it was found that the diborides appear 

t_ have low evaporation coefficients {from 0.025 to 0.1). Since evaporation rates 

may be influenced by reaction with the cell, pressure measurements were made by 

the Langmuir method. A series of experiments on niobium rich NbB2 has been made 

and the results are reported below. Measurements have also been made on pure 

niobium for two purposes: {1) to check the apparatus, and (2) to obtain data on 

niobium which is more consistent with the diboride data for the calculation of 

activities than are the literature values based on measurements in other laboratories 

using other equipment, 



The equipment for this research may be conveniently divided into three 

Part*: W vatuum baisnee, (¾ vacuum system« and (3} furnace and controls. The 

apparatus is shown in Figs. 95. 96 and 97. 

I. Vacuum Balance 

The rate of evaporation (or effusion) is detected by measuring 

rate of condensation of vapor on a target suspended from an automatic recording 

vacuum microbalance. The balance consists of a quarts truss beam supported 

vertically at the fulcrum by fine quarto fibers. The hangdowns at the end of each 

arm are also quarto fibers sealed directly to the beam and to quartz hooks. The 

balance is held at the null position automatically by an electromagnet acting on a 

magnet rod suspended from one arm of the balance. The null position is detected 

with a variable permeance transducer which surrounds a steel rod hanging below 

the magnet rodi When the balance is displaced from its null a signal is generated 

by the transducer controller which drives a potentiometer through a servo mechan¬ 

ism. The potentiometer changes the current flowing in the electromagnet restoring 

the balance to its null. The current which is proportional to the weight change is 

recorded continuously. 

Measurements on niobium were made using a one mil platinum 

target on a quarts frame. Interaction of the target with the magnetic field of 

the induction coil produced an apparent weight loss of around 0.5 |xg/°C sample 

temperature. This effect was appreciably reduced by replacing the platinum foil 

with thin cover glass. Since the generator output is controlled during an experi¬ 

ment, variations in apparent weight with the magnetic field are minimized. 



Fig. 9¾ - Vacuum Microbnlancc, Induction Furnace and Pumping System. 
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Fig. 96 Vacuum Microbalance, Induction Furnace and Degassing Oven. 
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2. Vacuum Sy»tem 

The vacuum* system is designed to achieve pressures in the 

ultrahigh vacuum range 10~* torr or better. It consists of a Consolidated 

PMCU 721 diffusion pump, a fòreline trap, and a 5 cubic foot/min 

mechanical pump. The pump is isolated from the vacuum system by a 

zeolyte trap which adsorbs any oil vapor which may back diffuse into the 

system. -Dow 705 fluid with a room temperature vapor pressure of 

3 X IO’10 torr is used in the diffusion pump. 

The zeolyte trap and the test of the system is built inside a 

large degassing oven capable of reaching a temperature of 500°C, The 

vacuum system is made of stainless steel. Pyrex glass and ko va r. All 

joints are sealed with metal gaskets of gold or copper. Both the electro¬ 

magnet and the transducer mentioned above are mounted outside the balance 

so that they may be removed during bakeout. The system has been pumped to 

-9 
pressures as low as 2 x 10 torr. 

3. Vacuum Induction Furnace 

The furnace is shown in Fig, 95. It is constructed of 304 stainless 

steel with a water jacket welded around 'V« body of the furnace. All seams 

were heliarc welded and all flanges (Varian and Ultek vacuum flanges) are 

sealed with copper gaskets as are the joints in the rest of the system. There 

are two observation ports with shutters to eliminate coating of the windows by 

the evaporating sample. One window is on the side of the furnace permitting 

the sample to be sighted through the turns of the work coil. The other window 

(not shown) is on top of the furnace. A high vacuum rotary feedthrough, 

manufactured by Varian, drives the base of the sample tripod through a beveled 

gear. This allows the sample to be rotated about its vertical axis. 
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I»tter feature may be used to determine the difference, if 

any, between effusion of the diboride from a diboride Knudsen cell and 

.•='»!-oration from the sample surface. This difference may be studied in the 

following war. A diboride cell is made with an effusion orifice near its 

edge, and screens are placed between the sample and the target. The screens 

i**!«* ‘n them which arc placed so that they are between the orifice and 

target. With the screen aligned over the orifice both molecules from the 

surface the orifice strike the target, but the fraction from the surface may 

be calculated from the earlier measurement of the surface alone. 

The furnace also has a six-inch access port on the side and a 

demountable induction lead feedthrough. The latter, made by Varian, is 

attached to the system through a four inch port (not shown) and consists of a 

four“incb, high purity alumina disk sealed to a copper cylinder which is 

welded to the stainless flange. The radio frequency leads go through two holes 

in the alumina disk and are sealed with copper gaskets. 

4. Degassing Oven 

The degassing oven may be seen in the photograph of the equipment 

(Fig. 9ÓI. The oven which is four feet high, five feet v/ide and three feet deep 

rolls c\<sr and around the equipment on rails. A door swings across the front 

to completely enclose the system. This oven, capable of reaching 500°C, is 

heated with strip heaters totaling 22.5 kilowatts. It is controlled by a Chromolux 

thermostat to + 10°C. The oven has stainless sheet interior, five inches of 
/ 

insulation and aluminum sheet exterior. The bottom of the oven remains 

stationary around the tube leading from the induction furnace to the diffusion 

pump located below and outside the degassing oven. 
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5, Induction Furnace ControJ.» 

The sample temperature is maintained constant by fixing the 

power input to the work coil. This is achieved by attaching a feedback coil 

to the induction furnace output leads as shown in Fig. 97. The output from 

the pickup coil, rectified and attenuated is fed to a recorder-controller. 

Output from the controller is used to regulate the induction furnace through a 

magnetic amplifier and saturable reactors. Since the output of the generator 

is recorded, it is possible to determine the constancy of power to the sample. 

In the experiments on niobium this system maintained the sample temperature 

above 2000°C to 4°C as determined by optical pyrometer readings. Inasmuch 

as the temperature is held constant, frequent optical temperature measure¬ 

ments are unnecessary during an experiment. 

C. Experimental Results 

Measurements have been made on the evaporation rate, melting point 

and emissivity of niobium. Results have also been obtained on the evaporation 

rate of boron rich Nbl^ over a range of composition. 

1. Niobium Vapor Pressure, Melting Point and Emissivity 

* 
A high purity niobium sample furnished by ManLabs was machined 

into a cylinder 0.632 cm in diameter and 1.436 cm high. Two blackbody holes, 

each 0.0089 cm in diameter and 0.4 cm deep were drilled in the side of the 

sample, one above the other. One hole was approximately 0.4 cm from the top, 

the other was an equal distance from the bottom. The sample had three small 

holes drilled in the bottom to facilitate mounting it on the points of a tungsten 

j--—------ 

Spectroscopic analysis indicate faint traces of Mg, Si, Fe, Cu, Mo, and Ag. 



tripod. The weighed sample was centered inside a half inch diat>i^ters seven» 

turn work coil. A weighed target consisting of a square quarts frame covered 

by 1 mil platinum sheet was suspended 5 cm above the sample from one arm 

of the balance. 

After evacuating the system the sample was gradually degassed. 

During degassing the pressure never exceeded 3 x 10 ^ torr. The vacuum 

level at measurement temperature for evaporation rates was between 1 x 10 ^ 

' ■ -8 ' 

and 4 X 10 torr. In calculating the am3'*~t of vapor striking the target, 

both atoms evaporating from the side and from the top of the sample 

were considered. Thfe cosine law is assumed to apply, so that the contribution 

from the side of the sample constituted a =mall fraction of the total. Atoms 

striking the water-cooled copper work Coil were not reflected to the target. 

Rather, sharp shadows were observed within the apparatus indicating a 

niobium condensation coefficient near unity. At the conclusion of this series 

of experiments the sample and target were weighed on an analytical microbalance 

to establish the condensation coefficient of niobium vapor on platinum. The ratio 

of the measured weight gain of the target to that calculated is 0.959. This 

value seems to be well within the experimental errors involved, which include 

the deviations from uniform temperatures over the sample surface. 

The sample was placed in the apparatus a second time to measure 

its melting point. The sample was heated gradually to the melting point by 

increasing the control point on the recorder-controller. During this experiment 

temperatures of the two blackbody holes and the surface were measured. It 

was found that the hole nearer the t.p of the cylinder was 11° higher in 

temperature than the lower hole. The temperature was increased until the top 
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hole filled in while the bottom hole remained intact. The sample was held 

at this temperature for ten minutes during which several readings were made 

of the bottom hole. The evaporation rate was determined simultaneously. The 

pressure in the system during the melting point experiment was 1 x 10 torr. 

At the completion of this investigation the window was calibrated for absorp« 

tion over a wide range of temperatures. The temperature read in the bottom 

hole was corrected for the eleven degree difference between the two holes and 

for the window absorption. A new Leeds and Northrop optical pyrometer which 

had been calibrated by LtN against a Bureau of Standards calibrated lamp was 

used for all the preceding temperature measurements. Literature values for 

the melting point of niobium may be compared with results from this study in 

Table 69* Little agreement between investigators is to be noted. 

Table 69 

Niobium Melting Point 

Authors 

This Research 

•U) Riemann Sc Grant 
(Stull Sc Sinke) 

Hansen, et al^ 

Wilhelm, Carlson St Dickenson1 

(4) 
Rogers St Atkins' 

Schofield^ 

.(5b) 

(3' 

Date 

1963 

1936 

1951 

1954 

1955 

1957 

Principal 
Impurities 

Melting Point 
°C 

2414 

2498 + 40 

2410 

2420 

2435 

2468 jh 10 

_ . i—, 2415 
Dushman* 

All but one of these melting points are above the temperature found in this 

research. Riemann and Grant made two measurements of melting point using 

0.02% Sn 

0.18% C 

0.5% Ta, 0.25% C 

1.9% Ta 



niobium wire* The first of these was done by increasing the current through 

the wire and observing the current at which melting occurred. From their 

current*-temperature plot obtained by using an optical pyrometer and Whitney*s 

value of 0. S74 for the emissivity, they obtained a melting point.of ¿517 C. 

A second measurement was made in which the temperature of the wire was 

measured optically just before melting occurred. This time they found 

2457°C for the melting point. Giving more weight to the first measurement, 

they chose 2*1980Ç (or 277(1°K) as the melting point. 

The relatively high tantalum content {1.9¾) in Schofield*S 

sample should result in a higher msiting point* although it seems unlikely that 

this could increase the melting temperature cinugh to account for the difference 

between his measurements and those found by most other investigators. 

The emissivity of niabium as measured in this research is 

compared to literature values in Table 70. 

Table 70 

Emis sivity oí Niobium 

Author 

This Research 

Whitney^ 

Smithells^ 

Temp. Range 
°C 

1700—2400 

1300-2000 

< mp 

Wave Length 
Microns 

0.65 

0.667 

0.65 

Emissivity 

0.365 

0.374 

0. 49 

The vapor pressure data arc given in Table 71 and plotted in 

Fig. 98. Values from Riemann and Grant . and from Speiser, Blackburn 

(8) 
and Johnston' ’ are also plotted. 
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Table 71 

The Vapor Pressure of Niobium 

Run No. 

1 

2 

3 

4 

5 

6 

7 

8 

Time, 
Tf °K Sec. 

2602 4500 

2663 2340 

2529 6600 

2489 18600 

2452 24600 

2624 3300 

25^9 5880 

¿687 660 

Weight gain 
of target, ng 

Rate of Evap. of Nb 
g/cmyeec x 10* 

124 

116 

57 

110 

101 

115 

116 

10.9 

19.7 

3.42 

2.35 

1.63 

13.8 

7.82 

78 46.7 

PreMuro 
atm x 10® 

12.7 

23.1 

3.92 

2.66 

1.83 

1$.5 

9.0 

55.3 

Table 72 gives the thermodynamic functions for niobium using Stull 

(91 
and Sinke*s' values for the gas and solid. The heat of vaporization. 

AH: = 174. 8 keal/g-atom may be compared to that calculated by Stull 

and Sinke, from Riemann and Grant, ^ AH: = 176. 8 keal/g-atom and 

to Speiser, Blackburn and Johnston's' ' value, AH: = 171.8 keal/g-atom. 

Table 72 

Run No, 

1 

Thermodynamic Calculations for Niobium 

-R ln P - A fef (gas-solid) 
T, K cal/mole/deg. cal/mole/deg 

AH : 
keal/g-atom 

2602 31.56 
2663 30.37 
2529 33.89 
2489 34.66 
2452 35.40 
2624 31.16 
2559 32.24 
2687 28.63 

35.69 
35.68 
35.70 
35.70 
35.71 
35.73 
35.69 
35.68 

175.0 
175.9 
176.0 
175.1 
174.4 
175.5 
173.8 
172.8 

Avg. 174.8 + 0.8 
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Spelaer, et al* euggeeted that the difference between their date 

and that of Riemann and Grant could be due to the fact that the latter authors 

used emissivitiee to determine their temperatures* In the present research 

values for the emissivity were measured in. good agreement with those used by 

Riemann* At 2500 K* Riemann^s temperatures would be about 5** lower than 

those in the present work based on the slight differences in emissivity (see 

Table 70). 

The spread in the heats of vaporization found in the two previous 

studies and the present one is within that fou/xd for man/ oth>:r elements and 

compounds. Although pressure measurements with a parti .ular set of instru¬ 

ments can be reproduced quite precisely* the agreement bet veen laboratories 

is rarely this good. The difficulty can be appreciated if one considers the melt¬ 

ing points reported for niobium (Table69). Here a scatter of 88°C. has been 

found by a number-of careful investigators* Sample impurities could account 

for many of the differences but the samples reported melting at the extremes 

of the range appear to be very pure. An error in the temperature of 88°C 

would change the heat of vaporization* AH * by about 6 kcal/mole. This is 

slightly greater than the spread of 5 kcal/mole between the three sets of 

measurements* 

Temperature* however* is only one of the variables* A factor 

of two in the pressure (lumping the remaining variables) would result in a 

change of more than 3 kcal/mole in A H at the temperatures studied here. 

2. Vaporization of Single Phase NbBj, 

A boron rich sample of NbB2 zone refined at Arthur D. Little* Inc* 

was machined with a spark gap tool* Two blackbody holes (1 mm diameter) 

were drilled* one above the other in the side of the cylindrical sample* The 



■ample wa« 0.68 cm in diameter and 1.85 cm high. A portion of the bar 

from which this sample waa machined was set aside for chemical and X-ray 

analysis. 

After sealing the weighed sample in the furnace the system waa 

pumped to the 10-® torr range and slowly heated to temperature in order So 

-6 
degas it. During the initial heating the pressure rose to the 10 torr range, 

but soon dropped to 10”7 and 10"® torr. Six measurements were made between 

1940 and 2140°K. The chronological activity of boron for these experiments 

decreased rather sharply. From the shape of the curves (target weight gain 

vs time) it appeared that the boron evaporation was diffusion limited. Thus, to 

uniformly distribute the boron in the sample it was annealed for one hour at 1900 K 

between each successive measurement. The remaining measurements were made 

between 2I0P and 2200°K for periods usually less than 30 minutes. 

Since it was thought that the condensation coefficient of boron on 

the glass target was less than one, both the sample and target were weighed 

after a number of measurements. The fraction of vapor adhering to the target 

compared to that striking it was calculated from the geometry of the system, 

using the cosine law, the sample weight loss, and the target weight gain. This 

fraction is computed to be l.07b+ 0.035 indicating that virtually no vaporization 

from the target occurs. Since targets were replaced frequently.the boron layer 

forming on them was probably too thin to peel and flake off. The deviation from 

unity is within experimental error. 

Table 73 gives the results of measurements on the single phase 

diboride sample. Each series corresponds to a sot of measurements made without 

breaking the vacuum. The sample to target distance varied from series to series 



Table 73 

The Vapor Pressure of Boron Over Singlf Phase NbB. 

* B/Nb 
Series Ratio T.°K 

Time 
sec. 

Weight Gain 
of Target 

. ug 
pIW 
atm X 10 9 

I 

n 

m 

IV 

V 

2.093 1998 1560 

2.084 2105 600 

2.061 2068 660 

2.040 2128 786 

2.020 2134 1314 

2.017 2089 804 
2.014 2097 558 

2.004 2107 552 

1.997 2095 1380 

1.996 2186 558 
1.990 2163 1410 

1.982 2171 1860 

1.971 2102 5400 

1.963 2100 8100 

1.939 2109 4350 

1.922 2128 2850 

1.912 2119 1470 
1.897 2135 4500 
1.896 2133 4650 

1.889 2129 8100 

1.883 2143 4920 

74 

87 

87 

100 

180 

68 

35 

37 

62 

70 

40 

280 

190 

270 

230 

110 

150 

100 

50 

130 

150 

55.6 

175.0 

162.0 

159.0 

161.0 

98. 1 

73.0 

86.8 

52.2 

149.0 

33.6 

18.4 

8.58 

8.13 

12.9 

9.48 

2.50 

5.47 

2.64 

3.94 

7.51 

e 
Total sample area a 4.67 cm 

2 
The percentage of the total vapor adhering 

to the target varies with the distance to the sample. These percentages 

determined experimentally are as follows: 1( 5.60; II, 5.41; III, 5.79; 

IV, 5.60; V. 2.76. 
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resulting in different fractions of vapor adhering to the target. The pressure 

was ^»Iculated from equation (I), where Xg was considered equal to one. 

Two sets of chemical analyses at different laboratories were 

obtained to determine the composition of the sample. A piece cut from the end 

of the sample yielded the following results: niobium. 83. 27%; boron, 15.66%. 

Since the boron content found was inconsistent with X-ray analysis (indicating 

only NbB^ present) a second analysis was sought. Two small metallographic 

specimens taken from the same bar as the vapor pressure sample were analyzed 

giving: niobium, 78.3%; boron, 20.9%. These results diverged so much from 

the earlier analysis that it was necessary to use another approach for establish¬ 

ing the composition. 

To calculate composition, data was used from measurements made 

on the two-phase system NbB^-N'bjB^. Results from these experiments are 

given :n Table 74. N'owotny etalj10^ have measured the lattice parameters as 

a function of composition for NbB^ and have established the phase limits as 

1.90 arl^ 36 a* 1600 C, Using these authors' lower limit for the 

’ boride, the two phase experiments and single phase measurements, it is 

possible to establish a composition of N'bBj r)() for the intersection of the two 

sets of data. With this fixed point and the sample weight losses, the composi¬ 

tions were computed for all the single phase material. The boron concentrations 

are tabulated in Table73. On the basis of Fig. 99, and Table 66 it appears that 

rt. ,( 1 °) 
the reported boron rich limit corresponding to Nbfij 's incorrect and that 

the true value lies closer to NbB, 
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Table 74 

The Vapor Pressure of Boron Over Nb^B^»NbB^ 

Run T,°K 
Time 

sec. 

Weight Gaht 
of Target 

__ 

Presa, of B* a o 
atm X 10° log Pft/PB 

1 

2 

3 

4 

5 

2285 3600 75 

2266 5940 90 

2296 2400 70 

2288 1U320 330 

2279 4800 140 

6.41 1.874 

4.62 1.899 

9.00 1.789 

9.85 1.699 

8.96 1.696 

* 2 
Total sample area is 4.35 cm . Weight change of the sample and target showed 
that 2.48% of the total vapor adheres to the target. 

A number of Knudsen vapor pressure studies have been made on 

boron with a considerable spread in the heat of vaporization. Recently Paule 

and Margrave^ ^ measured the vapor pressure by the Langmuir method. 

They calculated a heat of vaporization of 136.9 kcal/mole. Since the present 

study was also done by this method it is believed that more consistent results 

would be obtained if Paul and Margrave's pressures were used to determine 

the activity of boron than if the Knudsen measurements were used. 

Table 75 lists the logarithm of the boron activities normalized 

to 2150°K. The corrections necessary to convert Op toflr2150 were »nade by 

using Kaufman's equations (see section XX. Table 76 ). 

for X < 2/3 log a = - fly- log p^/ (3) 

and 

for X > 2/3 log «ï = + Y~rTCT~ + C2 3 log PB^PB ^ 

where Cj and are constant at constant x. 
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Table 75 

tí 

£ 

Boron Activity in NbB^ at 2150 K 

B/Nb 
Ratio 

2.095 

2.084 

2.061 

2.040 

2.020 

2.017 

2.014 

2.004 

1.997 

1.996 

1.990 

1.982 

1.971 

1.963 

1.939 

1.922 

1.912 

1.897 

1.896 

1.889 

1.883 
0 

* 

* 

« 

* 

-logOTg = - log KB 
4/0 

0.114 

0.384 

0.149 

0.532 

0.569 

0.494 

0.676 

0.772 

0.802 

0.907 

1.450 

1.780 

1.529 

1.536 

1.413 

1.703 

2.209 

2.009 

2.304 

2.095 

1.935 

2.116 

2.109 

2.049 

1.946 

1.928 
* Boron activity in two-phase region at 2150 K from data in Table 74 
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The data in Table 75 are plotted in Fig. 99 where they may be 

compared to the activity curve* predicted by Kaufman: 

for X < 2/3 

*" P2/Pß * - 3ftT00-* y ln °B ô B + ltt W(i-144l/3 {5i 

for X > Z/i 

ln Pq /pß -+^-+3 In 0‘1+ 2"lln4^22S=2l W 

The derivation of these equations- is explained in Section XX. There 

is good agreement between the i-ieasured values and those calculated by 

Kaufman. 
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XX. THERMODYNAMICS OF STABILITY* 

A. Introduction 

Sections XV to XVIIof this report deal with the integral thermodynamic 

properties of the dtborides such as specific heat, enthalpy, and free energy oC 

formation. This section is concerned with a more detailed consideration of the 

"shape" of the free energy-composition curve which in effect determines the 

vapor pressure of both species over the compound and hence, congruency con¬ 

ditions, phase boundaries and stveral other important properties. The thermo¬ 

dynamic model proposed^ for a two sublattice compound phase has been speci¬ 

fied for the diborides in order to permit calculation of the temperature and com¬ 

positional dependences of the vapor pressure of metal and boron atoms over the 

diborides. These calculations although tentative in nature do provide a semi- 

quantitative assessment of the current state of knowledge of these important 

properties. In addition they permit calculation of the composition of congruent 

vaporization of the diborides. 

B. Implementation of the Thermodynamic Model 

The thermodynamic development^ consists of an application of the 

Schottky-Wagner modcl^* ^ to a two-sublattice compound where vacancies of 

both components are the only defects allowed. If the fraction of B and Me sites 

which are vacant at stoichiometry is small then^» 

AFn[ T,2/3] a -l/3FMe+ -2, 3FE+ t RTln 4I//3/3a ( 1 ) 

where AF^tX, 2/5] is the free energy of formation of the compound in calories/g. at. 

j*. 

L. Kaufman, ManLabs, Inc. 
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as a function of temperature at x»2/3. In Eq.( 1 ), ^ie+ and %+ ar® th* ^re* 

energies of formation of Me and B vacancies in MeB^, while 30/41^3 is the frac¬ 

tion of metal and/or boron sites vacant at stoichiometry. 

Reference to Sections XVI and XVH of tins report indicates tH&t 

• ( 2 > 

AF^t T, 2/3] = AH^Kl *RTI«e^0^)2»í T2 - 1/^^-2/¼° 

where <|>g and the appropriate 0's are specified in Table ( 56 ) Section 

XVI. 

Analysis^ of the NaCl type phases TiC, ZrO, TaC, ZrN, TiN, and 

XiO resulted in values of -RTln fl/{l—Zoi) of-about 40,000 cal/g.at. for the car¬ 

bides, 28,000 cal/g.at. for the nitrides, and 8000 cal/g.at. for TiO. A value of 

38,000 cal/g.at. was obtained for ZrO.,. From the analysis of the Schi*»sel-Trulson 

vapor pressure data for TiB^ 

RTln a : -32,000 cal/g.at., ( 3 ) 

ÍN'1 

.V 

ÿ 

FTi+l2300°Kl- 61,800 cal/g.at.. ( 4 ) 

and 

I^+[2300oK]= 35,000 cal/g.at. 

F.. . = -2. 5 AH 
Me+ 

( 5 ) 

If these values are taken to be representative of all of the diborides then 

^IVk] + 26.000 + IRTlnO foT* )^4^3-^+1.5^7^ 

+ *Me caI/«-at- 
( 6 ) 

*B+ 

and 

=-2.5AHn[0°K] -13,OOO+SRTlnOgtoJ)-^1/9 3"1/3 + <5>° cal/g.at. { 7 ) 

RTlnOf = 1.5 AHn[0OKl cal/g. at. ( 8 ) 
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Combination of Eq». . 6 to 8 above permit explicit calculation of 

the vapor pressure of metal and boron as a function of temperature and composi¬ 

tion over the diborides. This calculation can be performed by using the values 

tabulated In Sections XVI and XVII of this report along with the relations derived 

in reference 1. The results are 

and 

T* - F¿ « RT In pi [ 2/31 /Pß » -Fß+ - RT ln 30(4 
-1/3 

( 9 ) 

( 10 ) 

These equations give the pressure of metal, P^jei ^/3], and boron 

Pgi2/3! as a function of temperature for the stoichiometric compound. In these 

equations, p^ and p° are the vapor pressures of pure Me and pure B at the tem¬ 

perature in question. 

Numerical calculaiiot. of the vapor pressures tor x / 2/3 can be per¬ 

formed when Of2 is much sm.-.’tcr than (2/3-x>2 by usine: the following equations^1*. 

For x < 2/3. 

*3e- *£• » *Tlnl>Mel*l/PMe 3 W * ^ln(2-3x)2 27'1 «^(l-x)"2 ( 11 ) 

ij- » RTlnpJtxl/pJ = -Fb+ f RT Inx(2-3x)”1 ( 12 ) 

while for x>2/3 

51.- - RT to fM.l 'l + RT ^ 21 ' ' 13 ’ 
-1 -1 ( 14 ) r2-FB°=RTlnP^[xl/p2 =-Fb+ + 2"1 RT In 4(3x-2) 2?" x 

Thus Eqs.(I -14 ) completely specify the thermodynamic properties. 

These equations are approximate and some of the parameters may oe changed as 
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mor« data (i. e. • experimental AH^Ít^K] values, see Section XVII) develop. 

However,for the present they reproduce the information available for the free 

energy of formation (and its temperature dependence) cf the diborides to within 

5%. In addition, they reproduce individual vapor pressures of the elemental 

components over the diborides (presently available) to within a factor of 1.3. 

C. Calculation of the Vapor Pressure of the Diborides as a Function of 
Temperature and Composition 

In order to calculate the vapor pressure of both components it is con¬ 

venient to rearrange Eqs. 9-14 as shown in Table 76 . Values for the 

vapor pressure of the pure elements used in these calculations are given in 

Table 77. while the values for the other parameters are given in Sections 

XVI and XVII. Table 78 contains a tabulation of the compositional dependent 

terms in Eqs. 8-14 for convenience in performing the computations. The 

computed log p-X-T curves for the diborideo are shown in Figs. 100 through 

104, These curves have been drawn without taking into account the actual 

phase boundaries of the diboride. Naturally the equilibrium between the diboride 

with higher and lower borides will limit the compositional range over which these 

calculated curves apply. Conversely, the curves can be used in the calculation of 

the phase boundaries of the diborides. 

It must also be pointed out rather strenuously that these curves are 

tenUtive and although they do represent the best current description of the situ¬ 

ation, they are subject to revision as new enthalpy of formation data become 

available. 

Nevertheless a consideration of the general features of these curves 

provides considerable insight into some of the important thermodynamic features 

of the compounds under consideration. Examination of Figs. 100 to 104 indicates 
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Table 76 

Approximations for Calculating the Temperature and 

Compositional Dependence of the Vapor Pressure of Diborides 

X less than 2/3 
(B/Me less than 2) 

X = 2/3 
(B/Me = 2) 

X greater than 2/3 
(B/Me greater 
than 2) 

JUPMo/PMc- 

(-26,000 - 2^11^( 0°K] 

-1.5yV-o° >/RT 
Me' 

* 31" 0L°m« 

(-26,000 + AIlnt0°Kj 

. 1.RT 

(-26,000 + 2. 0°Kl 

* -r¿- r-° j/RT 
-óMe 

Tln6{l-x)/41/3(îx-2) 

ÍÜPb/¿ 

(+13,000 + 2.5AHn[0°Kl 

-ô°)/RT 

3 In 

+ ln(2-3x)2/9(l-x)241/3 + ln 3x/(2-3x)4 
1/3 

(+13,000+ 0°K) 

-ò°)/RT 

(+13,000 + 0. 25AHn(0OKl 

-«b>/rt 

+ 2"1 ln 41^3(3x-2)/3x 

K : 

r 

I 

•-.s 

- 3S2 - 



Table 7T 

Vapor Pressure oí the Pure Element» 

(Values Tabulated are Cor, -log p(atm)) 

T°K B* Ti* Zr Nb«» Ta ++ HI tl 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

21.19¿ 16.89! 

16.366 12.853 

12.927 9.999 

10.354 7.870 

8.360 6.222 

6.769 4.921 

5.473 3.889 

4.414 3.032 

3.539 2.309 

2.792 1.691 

2.147 1.157 

1.585 0.690 

24.376 30.889 

19.112 24.417 

15.379 19.797 

12.585 16.335 

10.415 13.646 

8.683 11.499 

7.2Î54 9.746 

6.143 8.289 

5.188 7.058 

4.366 6.011 

3.635 5.131 

3.033 4.381 

33.436 24.667 

26.649 19.378 

21.799 15.602 

18.159 12.771 

15.327 10.575 

13.061 8.817 

11.206 7.382 

9.657 6.217 

8.346 5.246 

7.219 4.412 

6.243 3.692 

5.387 3.062 

* 

+ 

t 

++ 

tt 

JANAF 31 December 1960, AH® * 131.399 kcal/mol.(ref. 5) 

JANAF 31 December 1960, AH?= 111.838 kcal/rnol.(ref.5) 

JANAF 30 June 1961, AH^* 145.105 kcal/mol. (ref. 5) 

STULL Ct SINKE 1956, AH® = 177.500 kcal/mol. (ref. 6) 

STULL fr SINKE 1956, AH®* 186.800 kcal/mol. (ref.6) 

STULL It SINKE 1956, pressure values recalculated using 

AH® = 146 kcal/md.(ref.7) 



Table 78 

Numerical Value» of Gompogitional Term« 

B/M» X 

1.85 0.649 
1.86. 0.650 
1.87 0.652 
1.88 0.653 
1.89 0.654 
1.90 0.655 
1.91 0.656 
1.92 0.658 
1.93 0.659 
1.94 0.660 
1.95 0.661 
1.96 0.662 
1.97 - 0.663 
1.98 0.664 
1.99 0.666 

ln(2-3x)2/9(l-xl24l/3 

- 6.44 
- 6.56 
- 6.80 
- 6.92 
-7.14 
- 7.23 
- 7.40 
- 7.82 
- 8.05 
- 8.32 
- 8.64 
- 9.02 
- 9.50 
-10.14 
-11.07 

ln 3x/4^(2-jx) 

3.14 
3.20 
3.33 
3.40 
3.51 
3.57 
3.66 
3.87 
3.99 
4.13 
4.30 
4.49 
4.74 
5.06 
5.53 

2.01 0. 668 
2.02 0.669 
2.03 0.670 
2.04 0.671 
2.05 0.672 
2.06 0.673 
2.07 0.674 
2.08 0.675 
2.09 0.676 
2.10 0.677 
2.11 0.678 
2.12 0.679 
2.13 0.681 
2.14 0.682 
2.15 0.683 

ln 6(1-x)/41/3(3 x-2) 

5.77 
5.21 
4.87 
4.58 
4.37 
4.20 
4.05 
3.92 
3.80 
3.70 
3.60 
3.51 
3.36 
3.29 
3.22 

2~1ln4l/3(3x-2l/3x 

-2.78 
-2.60 
-2.42 
-2.29 
-2.19 
-2.10 
-2.02 
-1.97 
-1.91 
-1.86 
-1.81 
-1.77 
-1.70 
-1.67 
-1.63 
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Boron/Titanium Ratio 

Figj IQO . Tentative Calculated Vapor Pressure of Tita- ium (p^) and Boron 

(P?v) over TiB2 
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T| 

Fig. 101 - Tentative Calculated Vapor Pressure of Zirconium (pZr) 

and Boron (p^) over (ZrB2). 
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I 

Boron/Hafnium Ratio 

Atomic Fraction of Boron, x. 

Fig. 102 - Tentative Calculated Vapor Pressure oí Hafnium (f»^) Boron 

(Pp ) over HfR2. 

I 

I 
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Boron/Niobium Ratio 
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that the compounds under present consideration fall into three groups i. e., TiB^» 

ZrBjj and HfB^, and NbB^ and TaB^. 

Reference to Fig. 100 indicates that over the temperature range 

1600°K< T < 3200°K, the vapor pressure of Ti and B are of comparable magni¬ 

tudes and that the p!L;[x] and p^?[x] curves cross at values of B/Ti less than» 

but close to 2.00. However, for ZrB^ and HfB^, Figs. 101 and 102, the vapor 

pressure of Me is lower than that of B and although the curves do cross in the 

range 1600-2400°K, the composition of intersection is farther from 2.00 (on' 

the metal rich side). Moreover, this composition moves farther from 2.00 with 

increasing temperature until at 2800-3200°K the curves do not cross. In the case 

of NbB2 and TaB^, Figs. 103 and 104 , the vapor pressure of metal is so much 

lower than that of boron that there is no crossover. The significance-of the cross¬ 

over is associated with congruent vaporization and will bo discussed in detail below. 

Apart from the use of these curves in predicting and interpreting con¬ 

gruent vaporization, they can also be used in phase boundary calculations and in 

designing the best "non-stoichiometric" compositions for oxidation resistance. 

Now that these curves are available, (albeit tentative) an effort will be made to 

use them in the abovementioned applications. 

It must be re-emphasized that these curves, based on £qs. 1-14 

are tentative and are based on fragmentary data. However, they do represent a 

complete description of all cf the currently available data. As new information 

becomes availabe, modifications of the assumptions made earlier will undoubtedly 

be necessary. 

D. Calculation of the Composition of Congruent Vaporization 

The condition for congruent vaporization is 

'2<mbAWI/¿ ( U ) 
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The factor 2 in Eq. 15 should more accurately be replaced by 

x/(l-x). However for the present considerations, this quantity will be close 

enough to 2 to make this refinement unnecessary. Eq. 15 shows the signific¬ 

ance of the crossover point in Figs. 100 to 104 since the r.h. s. of Eq. 15 

varies between - } for TiB^ to : 1/2 for Eqs. I to 14 can be sub¬ 

stituted into Eq. 15 to obtain an analytical expression for the congruently 

vaporizing composition (xc) which is 

(39, 000 + 4. 0°Kj *^e"1* ^ ^ 
( > ; 

I RT 

Reference to Figs. 100 to 102 shows that is a function of tempera- ' 

ture. Eq. 16 can be used to compute xc. At 2400°K calculations for TiB^, ZrB^ 

ano ^^2 Yield Xc^^"xc e9ual 1«99, 1.92, and 1.89 respectively as compared with 

values of 1.91 for ZrB^ reported by Leitnaker*^^ and 1.96 for HfB^ reported 

by Krupka' . Although the agreement between the calculated and observed values ■ 

of xc is not as good as what might be desired, the large temperature dependence 

of this quantity indicated by Figs. 101 and 102 and Eq. 16 illustrate the dif- 
! 

ficulties which must be anticipated in attempting to determine experimentally. 

Finally, it is worth pointing out a consequence of these calculations 

that has already been noted experimentally. Reference to Figs. 100 and 101 

shows that small changes in composition in the vicinity of the crossover point can | 

yield large changes in the ratio Pß/P^e* 

1 

On 29 Jan. 1963 at a meeting Symposium on "Preparation and Thermodynamic 1 
Properties of the Group IVa Diborides" Jointly sponsored by Arthur D. Little 
Inc. and ManLabs and held at Acorn Park, Cambridge, Leitnaker indicated 
that his previously reported value of 1.91 should bo revised to 1.97. 
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APPENDIX A 

Tables 79 through 90 contain analysis of the materials procured for 

this program. A full description of the suppliers providing these materials 

is as follows: 

U. S. Borax Research Corp. - New Products Division 

412 Crescent Way, 

Anaheim, California 

Attn: Mr. Grover Collins 

Kawecki Chemical Company 

220 East 42nd Street 

New York 17, N. Y. 

Attn: Mr. Michael C. Weston 

Millmaster Chemical Corporation 

99 Park Avenue 

New York lb, N. Y. 

Attn: Mr. George F. Smith 

Wah Chang Corporation 

100 Church Street 

New York 7, N. Y. 
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Table 79 

Preliminary Analysis uf U. S. Borax TiB^ (#1) v\ 

(Jarrell Ash Co. ( Newtonville, Mass.) 0 

Na 

M* 

A1 

Si 

Ca 

Cr 

Mn 

Fe 

Co 

Ni 

C* 

0.001% 

0.001% 

0.001-0.01% 

0.001% 

0.001-0.01% 

0.001% 

0.001% 

0.01-1% 

0.01-1% 

0.001% 

0.001-0.01% 

The following elements were not 
detected: 

L#if Be, K, V, Zn, Ga, Ge, As, 
Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, 
Pd# A.g, Cd, In, Sn, Sb, Te, Cs, 
Ba, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu, Hf, Ta, W, Re, Os, Ir, Pt, 
Au, Hg, TI, Pb, Bi, Th, U. 

I 

I_ 
.- v ' 

■*\V- 
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Table 80 

Chemical Analysis of U.S. Borax TiB^ (#1)» /o 

(LeDoux and Co., Teaneck, New Jersey) 

Sample #F Sample #G 

Ti 68.61 68.50 

B 31.17 30.85 

C 0.094 0.099 

Fe 0.10 0.09 

O 0.43 0.43 

N 0.073 0.066 

Total 100.47 100.25 

Ti+B 99.78 99.35 

B/Ti 2.003 1.99 

w / 
Quantitative Spectrographic Analysis, /o 

(LeDoux and Co. t Teaneck, New Jersey) 

Sample F* 

A1 0.005 

Cr 0.001 

Cu 0.001 

Fe 0.11 

Mg 0.001 

Mn 0.002 

Si 0.005 

V 0.01 

Zr 0.001 

K 0.001 

Sample F* 

68.94 

30.88 

0.11 

0.11 

0.46 

0.058 

100.56 

99.82 

1.985 

^Sample F* was taken from the same batch as samples F and G. 
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Table 81 

PreUmînary Analysi» of Millmaatcr TiB^ (§2) 

(JarreÛAsh Co. , Newtonville, Mass. 

The following elements were detected at the indicated impurity levels 

(weight percent): 

Cr, Fe, Co 

Si. Ni 

Mg. Al. Mo 

Cu. Ge. Sn 

Mn. Ag. Cd 

The following elements were not detected: Li, Be, Na, K, Ca, V, Zn, 

Ga, As, Rb, Sr, Y, Zr, Nb, Ru, Rh, Pd, In. Sb, Te. Cs, Ba. La. Ce, Pr, 

Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, lr, 

Pt, Au, Hg, TI, Pb, Bi, Th, V. 

0.1 

0.01 

0.001-0.01 

0.001 

0.001 

V' \ ' 

.N .•> 
•»- 

'■'.'•'A'' 
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Table 82 

Chemical Analysis of Millmaster TiB^ (#2) 

(Donald Gurnsey, Metallurgy Dept., M.I.T.) 

Element 

T£ 

B 

C 

O 

N 

Fe 

Total 

w > 
/° 

69.0 

30.0 

0. 10 

0.06 

0.1C 

0.06 

100.00 

Borön to Metal Atomic Ratio: 1.965 

(National Spectrographic Laboratories, Inc. 6300 Euclid Avenue, 
- Cleveland 3, Ohio) 

Element 

Ti 

B 

N 

C 

O 

w, v / 
/o 

68.71 

30.96 

0.02 

0. 13 

0. 15 

Bo ron to Metal Atomic Ratio. 1.997 
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Be 

Na 

M* 

A1 
» 

Si 

Ca 
k 

Ti 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Nb 

Mo 

Ag 

Table 83 

Preliminary Analysia of U.S. Borax ZrB, (#1) 

(Jarrell Ash Co., Newtonville, Mass.) 

0.001% 

0.001-0.01% 

0.001-0.01% 

0.001-0.1% 

0.001-0.1% 

0.01-1% 

0.001-0.1% 

0.01-1% 

0.001% 

0.01-0.1% 

0.001-0.01% 

0.001-0. 1% 

0.001-0. 1% 

0.001% 

0.001% 

0.0001-0.001% 

Cd 0.001% 

Sn 0.001-0.01% 

Hf 0.001-0.01% 

The following elements were not 

detected (i.e. below 0.0001%): 

Li, K, V, Zn, Ga, Ge, As, Rb, 

Sr, Y, Ru, Rh, Pd, In, Sb, Te, 

Cs, Ba, La, Ce, Pr, Mb, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, 

Yb, Lu, Ta, W, Re, Os, Ir, Pt, 

Au, Hg, TI, Pb, Bi, Th, U. 
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Table 84 

Chemical Analyses of U. S. Borax ZrB^ (#1), /o 

(LeDoux and Co. , Teaneck, New Jersey) 

Zr 

B 

C 

N 

O 

Fe 

Sample 

80.42 

18.01 

0.35 

0.20 

0.52 

0.048 

Total 99.548 

B+Zr 98.43 

B/Zr 1.889 

(Note: Hí = 0.01 - 0.001%) 

Sample #2 

80.56 

17.87 

0. 34 

0.20 

0.52 

0.051 

99.541 

98.43 

1.871 

Sample £3 

81.04 

18,27 

0.31 

0. 17 

0.55 

0.04 

100.38 

99.31 

1.902 

i 

V-.-. 

VS 

o 

W / 
Quantitative Spectrographic Analysis ( /o) 

(LeDoux and Co., Teaneck, New Jersey) 

Co 

Cr 

Cu 

Fe 

Mg 

Mn 

Mo 

Ni 

Si 

Ti 

V 

Sample #3 

0.001 

0.007 

0.001 

0.04 

0. 002 

0.001 

0.01 

0.005 

0.001 

0.05 

0.001 
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Table 85 

Preliminary Analysis of Kawecki TaB^ (|1) 

(Jarrell Ash Co. ( Newtonville, Mass.) 

>10%: Ta, B 

0.1%: Fe 

0.01 - 0. 1%: Al, Ni 

0.001 - 0.01%: Mg, Si, Ca, Ti, Mn, Zr, Cu, 

The following elements were not detected: Li, Be, Na, K, V, Cr, Co, Zn, 

Ga, Ge, As, Rb, Sr, Y, Mb, Mo, 

Ru, Rh, Pd, Ag, Cd, In, Sb, Sn, 

Te, Cs, Ba, La, Ce, Pr, Nd, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 

Lu, Hf, W, Re, Os, Ir, Pt, Au, Hg, 

TI, Pb, Bi, Th, U. 
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Table 86 

Chemicaijfe.Talygie of Kawecki TaB^ (iMt_Aj 

(Dona*¿ Curnscy, Metallurf«-Dcpt, . Vt.I. T. ) 

{LeDoux and Co., 
Teaneck. New Jersey) 

Element 

Ta 
B 
C 
N 
O 
Fe 

Total 

Sample A 

89.4 
10.38 
0.38 
0.018 
0.55 
0.12 

100.83 

Sample B 

89.3 
10.35 
0.34 
0.013 
0.52 
0.11 

100.63 

Sample B 

88. 31 
10.38 
0.38 
0.0064 
0.83 
0. 13* 

100.04 

Sample C 

88. 19 
10.25 
0.36 
0.0038 
0.83 
0.09* 

99.72 

Boron to Metal Atomic Razjj. . 1.942 1.967 

Qnantrs-tve Soe;t-ographic Analysis { /o) 

(LfcDocí. md Oí. . Teaneck, New Jersey) 

Elerntie 

Al 
Ca 
Cr 
Fe 
Mg 
Mo 
Na 
Nb 
Ni 
Si 
Ti 
V 
Zr 
K 

Sample B 

0.005 
0.01 

'0.01 
0. 13 
0.007 
0.C1 
0.001 
0. 25 
0 01 
0.003 
0.005 
0.001 
0.08 
0.001 

Sample C 

0.005 
0.01 
0.01 
0.09 
0.005 
0.01 
0.001 
0. 19 
0.01 
0.003 
0.005 
0.001 
0.06 
O. 001 

VnaNíedby quantitativ« *Tv:troRr*phic technique. 
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Table 87 

Preliminary Analysis of Wah Chang HfB? {#})_ 

(Jarrell Ash Co., Newtonville, Mass.) 

The following elements were detected at the indicated impurity level 

(weight percent): 

Fe 0.1% 

A1 0.001-0.01% 

Ti 0.001-0.01% 

Mn 0.001-0.01% 

Cu 0.001% 

Mg 0.001% 

Cr 0.001% 

Si <0.0001% 

The following elements were not detected: 

Li, Be, Na, K, C, V_, Co, Ni, 7.n, Ca, Cc, As, Rb, 

Sr, Y, Zr, Nb, M<># H«. Rh» pd» AS» Cd* In* 

Sn. Sb, Te. Cs. Ce, Ba. La, Pr, Nd. Sm, Fu, Gd, 

Tb, Dy, Ho, Er, Tm, Yb, Lu, Ta, W_, Re, Os, Ir, 

Pt. Au, Hg. TI. Pb. Bi, Th, U. 

I 
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Table 88 

Chemical Analysis of Wah Chang HfB, (#1) 

(Analysis by Donald Gurnsey, Metallurgical Dept., M.I.T.J 

Elle ment 

Hf 

B 

N 

C 

Fe 

O 

Total 

89.0 (Duplicate) 

10.6 (Triplicate) 

0.017 

0. 14 

0.083 

0. 10 

99.84 

Boron to Metal Atomic Ratio 1.967 
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Table 89 

Preliminary Analysis of U.S. Borax NbB -, (#2) 

(Jarrell Ash Co. , New-tonville, Mass.) 

The folic ’ng elements were detected at the indicated impurity levels 

(weight percent): 

0. 1 

0.01 - 0.10 

0.01 

0.001 - 0.01 

0.001 

<0.001 

- Fe, Ti 

- Al, Si, Cr 

- Ni, Mg 

Sn, Ag, Cu 

- Ge, Mn 

- Be 

The following elements were not detected: 

Li, Na, K, Ca, V, Co, Zn, Ga, 

As, Rb, Sr, Y, Zr, Mo, Ru, Rh, 

Pd, Cd, In, Sb, Te, Cs, Ba, La, 

Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 

Ho, Er, Tm, Yb, Lu, Hf, Ta, W, 

Re, Os, Ir, Pt, Au, Hg, TI, Pb, 

Bi, Th. U. 

- 374 - 








