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FOREWCFD

This report is a compilation of informetion obtained from open literature,
The report was prepared by Barry R, Emrich, Ceramics and Graphite Technical
Evaluation Section, Materials Information Branch, Applications Laboratory,
Directorate of Materials and Processes, Aeromautical Systems Division., This
* work was done under Project 7381, "Materials Application", Task 738105, "Ceramics
and Graphite Technical Evaluation".

This report covers work conmducted from 1 February 1962 to 1 August 1962,
It has been prepared and is presented as a part of Materials Central's informe-
tion activities on ceramics and graphite, Other reports reviewing the technology
of these materials will be issued in the future,

The author wishes to acknowledge the vital support of the following
Aeronautical Systems Division personnel; Captain YTuhas, Directorate of Foreign
Technology Amalysis, for providing translations from the Russian literature,

Mr. C, E, Butler and J. Krochmal, Directorate of Materials and Processes, for
interest in the work and supervisory assistance, and Miss Junie Banks, Director-
ate of Materials and Processes, for providing reprints and the typing necessary
in compiling the information,




ABSTRACT

A comprehensive review of the literature was made to assist in providing
background information needed for future work concerning boride materials.
The materials reviewed included solid bodies of TiB,, ZrB,, HfB,, VB,, NbB,,
TaBy, OrB; and ThB,. This compilation presents information on synthesis,
properties, and applications of the selected boride compounds, including
selected abstracts and articles,

This documentary search, by showing many gaps and wide scatter wvhere
information is available, demonstrates the need for the development of
authoritative scientific information on borides applicable to future tech-

nological requirements,
PUBLICATION REVIEM
This report has been reviewed and is approved,
FOR THE COMMANDER

D, A, SHINN

Chief, Materials Information Branch
Applications Laboratory

Directorate of Materials & Processes
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b 8 INTRODUCT ION

According to a recent Materials Advisory Board Committee report, (1)
borides exhibit desirable properties useful in many high temperature structural
applica vhere other materials would fail. Research data indicates that
above 2000°C (3632°F) certain borides can be produced with relatively good
strength and oxidation resistance, Borides can be used at temperatures and
environments where graphite and refrastory metals vill oxidise and whers oxides
are weak, The refractory borides have high electrical conductivity, intermedi-
ate thermal expansion and thermal condustivity,

Borides have properties intermediate between the carbides and oxides,
Their melting points are signifiocntly below the carbides, but oxidation re-
sistance 1s stated to be greater. In contrast to the oxides, the borides
retain their strength at high temperatures. Good chemical stability of the
borides indicates they can be used in contact with other materials such as
graphite, carbides, metal, and oxides with minimm reaction. To evaluate the
full potential of the borides, the state of development of these materials
mst be greatly advanced., Before initiating a program on the development of
borides, knovledge of past investigation is essential. This report was pre-

pared to assist in providing the beckground for sush a progran.

Since there are many boride compounds known to exist, it was necessary
to be somevhat arbitrary in selecting specific borides of primary interest.
This report covers a literature search on solid bodies of selected binary
boride compounds. The binary compounds were chosen on the bases of gaining
the most fundamental knowledge of borides in general. The diborides of
titaniuwm, siroonium, hafnium, vanadium, niobium, tantalum, and chromium, as
well as thorimm tetraboride were selected because of their potential use in
high temperature structural applications, and the faot that they are the high-
ost melting compounds known to exist in each of their respective equilibrimm

phase systems,

This report includes sections on synthesis, properties, and applications,
references, selected abstracts and articles. The synthesis section summarises
and briefly discusses the general methods used in obtaining boride rav materials

chemical reactions. The discussion is presented with comments viewed

through
toward synthesis of high purity diboride compounds.

The property section is a compilation of a rangs of properties with com-
parisons of properties obtained by various investigators. The majority of
this section consists of tables with selected abstracts and articles provided
in the Appendices. Only selected abstracts or articles published since 1954
are included, An article was included if it was the latest and most reliable
information on the subject and loss of detail wuld limit the valus of the
data. Some of the date listed in les may be of questionable value

on

Mamusoript released by author August 1962 for publication as an ASD Technical

Documentary Report. L




to purity, porosity, and thermal treatment. Nevertheless, this compilation

may be of value to materials engineers and research scientists since it indi-
cates work performed and references have been included for retrieval of original
publications,

The applications section covers potential high temperature technological
uses, with a brief discussion on industrial applications of the selected boride
compounds,

It is intended that this survey serve as a reference for materials engi-
neers in obtaining information to serve as a basis for prediction of test results
and decisions for future investigations, This compilation also summarizes the
methods for producing high purity borides and should acquaint the designer with
potential high temperature applications.

#As additional information, several sources of supply for high purity
diborides are tabulated, with cost and degree of purity provided. These sources
are for general information only, and are not intended to represent a complete
or necessarily precise indication of either mumber of scurces or cost of these
materials, They are provided simply to make this report as complete as practi-
cal at the time of writing.

II. BACKGROUND

The pioneering work on borides began around 1895 with the work of Moissan
(2), Tucker and Moody (3) performed some early work on zirconium borides in
1901, From the turn of the century to about 1945 very little attention was paid
to the borides., However, during this interval some investigations were performed,
the principal investigators of which included Wedekind (4), Krupp (5), Moers
(6,7), Andrieux (8), Meissner (9), Becker (10), and Anderson (1]3. An article
%onc):erning z large scale mamifacturing process of ZrB, was published by McKenra
12) in 1936.

Since 1945 renewed interest has grown and more intengive research has
been performed. Much of the first work was in determining the large mumber
of borides which are now known to exist, An investigation of the chemical and
physical properties was started under a Navy contract (13). In 1949 Kiessling
(14) and also work by Norton, Blumenthal and Sindeband (15) determined structure
of zirconium diboride, A mumber of diborides were investigated by Brewer and
co-workers (16) in 1951, Experiments on pressure sintering of the diborides
were reported by Glaser (17) in 1951, Between 1952 and 1953 Glaser and Post
(18-21) published four papers which included work on sirconium borides,

Schwarzkopf and Kieffer (22) reported a review of the processes involved
in the preparation of borides. Another review by Campbell (23) clearly showed
that the borides of groups IV, V, and VI had received most study up to 1956,
During this same interval Samsonov (2,) was performing some basic studies on
the borides,

#Selected data campiled from First Monthly Report under Contract AF 33(657)-
8635, 25 April 1962.




Epelbaum and Gurevich (25) in 1958, determined accurately the lattice
parameters of ZrBy. A brief description of binary and ternary boride systems
formed between high-melting metals and boron was presented in a book by
Samsonov and Portnoy (26) in 1960, A description of the fabrication methods
for borides was recently reported by Hausner (27). Another major investige-
bt;o:.:t thio%g;monthothmnie properties of refractory borides

Due to the lack of reliable information obtainable from the earlier
investigations and the recent technological requirements for improved materials
the Materials Advisory Board (1) recommended a plan for yearly expenditures
on boride studies, The result of their recommendation is now being realised
in Air Porce Contrast 33(657)-8635 vhich was initiated in May 1962,

II1. SYNTHESIS

The prisary interest of this section is to summarise the reactions which
ocour in obtaining diboride raw materisls used for further processing. Those
reactions or methods which would be most suitable for providing high purity
diborides were of special concern, Since this discussion on synthesis has a
high purity thems, a section on single orystals and procurement of high purity
diborides wvas included,

The six basic principle reactions involving synthesis of diborides or
borides in general are listed below (22,29):

1, PFusing the direct combination of metal with boron (Me £ By = MeB3).

2. Reduction of mixtures of metal oxides and boron anhydride with carbon

(Me0 4 Bzozr/ C — MeB, #£ C0), Sintering the powdered elements, metal hydride
and boron the oxides, below fusion temperature.

3. A thermite resction reducing a mixture of metal oxides and excess
?ﬁ(ﬁt&m) mizm, mgesim, o eilisce, (400 # B30 f K1 (Hg,81) —= Mab,
] x ‘ °

4o Reaction of the metal oxide, metal or metal hydrides with boron
carbide, vith or without the addition of B (Mo (MeO,MeH,MeC) £ BC £ B0
)baz/GO),or)bO/B‘c # C — MeB, 0).

5. Tlectrolysis of fused-salt baths contair ing the metal oxide, various
bhalide fluxes, and boron oxide (amnm/nhnm/%;mo
MeBo; example: a0 £ CaPFp £ 28203 £ 1 T10; —~ TiB; (23).

Vapor phase deposition (examples BfCl; # BoBr3 £ Hy — 4

6.
Kl £ HBr), Several methods are used in vapor deposition reections




Table I provides a quick summary to the investigations performed con-
cerning the six basic reactions and the diborides of interest for this specific
report, Most of the work to date has been perfarmed on titanium and sirconium
diborides, with relatively little work baving been done on the other diborides.

In general the literature points out that reactions 3, 4, and 5, which

for low cost commercial production and do not show promise for preparation of

controlled materials, Reactions 1, 2, and

the synthesis of high purity research specimens. The direct combination of

boron and the relevent metal is the most usual method used for the synthesis

of pure diborides. Sintering, hot pressing and vapcar depo

yield aggregates ready for final shaping, vhich may

for use than the fusion method. Recent study in the area of single crystal
by Linde Company (30, abstract im Appendix 2) will no doubt improve

the capebility of making ultra pure testing materials. Abstracts 2 - 10 of

TABIE I: REFERENCES ON SYNTHESIS OF SPECIFIC DIBORIDIS

References Listed by Symthesis Methods
Material| 1 2 3 4 5 "6 | ™y
me, [0, [16460,52[12,25,5 | 6,748 [815,.09, [628 %
2B, | L |18,5,51,52] 12,15,% | 37,53,5%,55| 15,38,60,61| 6 |%9,%
me; | 18 52 6,62
w, 12,52 % 18,77 g8 | 6
mB, 16,18,52 18,37 8,15 )
TaB, U,6,52 | 12 18, | 8,15, »
ol | u 52 5 38,58
™, 16,18

"Does not include references ooncerning coatings.
*iGeneral discussions on synthesis methods,

1. Synthesis of high melting diboride compounds
by solidifica from the L involves melting the metal directly with dorom
or heating presintered mixtures of the two materials, This wethod allows a
high degree of oontrol and generally produces a uniforaly rescted pure compound,

final product could be used as a source of diborides for subsequent sinter-
4




Early experiments did not provide pure borides, It was not until about
1949 that pure diborides were od using this method, Recent investigations
by Kieffer (30), Westbrook (31) show how the direct fusion process and pre-
sintering followed by melting can be used for obtaining materials suitable for

orystal growth,

Since the melting temperatures of the subject materials range between
chromium dibaride (= 2280°C, 4135°F) and hafnium diboride (= 3250°C, 5880°F)
electric arc, arc image, electiron beam or focused induction heating is suitable
for melting purposes. A graphite container is generally used to eliminate im-
purities during melting. An example of a laboratory arc furnace wvhich elimin-
ated impurities from ocourring between the liquid and crucible material or
reactive gas is shown in Figure 1. This specific furnace was used by Stanford
Research Institute (32, see abstrast in Appendix II) during a recent investiga-
tion on synthesis of high temperatwre materials,

Another technique proposed recently by Stanford Ressarch for synthesis
of high melting compounds which would require high pressure to prevent thermal
decomposition is termed implnsive shock, This method was demonstrated by the
Stanford Ressarch Institute (32) in the synthesis of boron phosphide. These
experiments consisted of placing mixtures of the two components into a mild
steel oylinder vhich was encased in a layer of explosive, The explosive was
detonated at one end, causing a peripheral detonation to sweep along the sur-
face of the cylinder with a velocity of about 7900 meters per second. A
oylindrical converging k wvave induced in the steel, produced g pressure at
the center of about 2 x atmospheres for approximately 5 x ].0"z seconds,

During this short time the temperature of the specimen reached several thousand
degrees Kelvin, Difficulties of this method were contamination of specimen vith
iron and control of process,

thi process daptab nrod pwe dibe
state reaction method can be used to discover compounds which would be unstable
at the highest temperatures and which would form only slovly at lower temperatures.
The metal powders of titanimm, sirconium, and hafnium are difficult to
prepare in a state of high purity, because these materials are highly reactive
vith oxygen., For these materials the use of oxide instead of the metal is
preferred dwring synthesis. Another reason for the use of the oxide in place
of the metal is their relatively low cost. This low initial cost is counter-
by the fast that oxides cause a reduction in reaction rates due to their
bulky state vhich exist so that undesired resction products can go off easily.
The hydrides (MeH;) are sometimes used for ing small quantities. They
are more expensive than oxides, but not much more expensive than the metals.
Boric oxide with its low melting point prevents the use of high reaction ten-
perature therefore reducing resstion rate. If very pure diborides are desired,
boron can be used by itself as a reducing agent. The reaction then proceeds

g
R
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as followvss 3MeOp § 10B —» ¢ 2203, This method eliminates the B03

in the reection, which my esllow reastion temperatures, permitting a
more rapid diffusion process, Carbon is the most coumon reduction material,
Carbon leaves no oxide residue, and it will reduce all metal oxides at elevated
uqm'atu('u; Boron must be added in definite amounts to form the desired
diboride (27).

The kinetics of sintering is a compromise between reaction temperature,
@ain growth and liquid formation, Since large grains reduce driving force
for resctions, smaller grains are desirable, however higher reaction
tures promote diffusion, The formation of a 1liquid is also undesirable,
because it causes the material to lump which greatly reduces the diffusion
process. A temperature of approximately 375°% below the melting point, is
generally used during this type of sintering prosess (27). Sintering has
been used extensively to prepare pure diborides by heating the mixed pulverised
elements or a metal hydride and boron in a vacuum, low pressure argon, or the
hydrogen emitted from the hydride (16), A simple sintering method used by S.
V. Samsonov and K, I. Portnoy (26) consisted of firing the boride specimens in
a resistance or induction type furnace, with graphite holders. The holder is
lubricated with lamellar graphite in glycerine suspension to eliminate adhesicn
botgon the sintered article and the holder, The furnace is heated to 600-
700C, specimens are then injected into the furnace., The furnace is brought
up to sintering point in one to three hours, held at the sintering temperature
for 15-30 minutes, and then cooled to 800 to 900°C, Thermal history for sinter-
ing of these borides are presented in Table I1I,

TABLE II: SINTERING SCHEDULES FOR CERTAIN DIBORIDES (26)

Holding Time
Si.ntorinf at Sintering Residual
Compound Temp (°C Tesp Mins. Porosity %
T8, 2200-2250 15 5-8
&B, 2300 15 3-6
CrB, 250 15 6

The sintering times and temperatures in eral will vary depending upon
specific diboride composition. R, Kiessling (14) prepared chromium barides g‘
sintering the mixed powders in evacuated silica tubes for 48-72 hours at .
Tantalum borides were vacuum-sintered for § howr at 1800-1900°C or for 100-150

hours at 1150° in evacuated silica tubes, Tb‘?hobum.dby&uomvm
Portnay for the case of Zri2 by the use of 130 Kg/om? of pressure during the

sintering process or a 60 Kg/om? ssure for a certain period of time followed
by a pressure increase to 130 Kg/ca? gave practically idemntical final densities
and shrinkages. After 20 minutes of sintering time the linear shrinkage was
approximately 28 percent.(26).




Since pure diborides undergo very little sintering except at very
temperatures (vhere thermal decemposition may become serious), hot pmuhh‘l:h
is generally used to produce massive bodies commercially.

Hot pressing forms a dense diboride body. However, contamination of the
diboride may ocowr due to carbon or other impurities from the graphite dies.

Glaser (17) showed that the borides of sirconium and titanium are stable
in the presence of carbon at temperatures up to their melting points., Jackso
and Palmer (33) produced a liquid phase during pressing of these two diborides
at temperatures around 2300°C, If hot pressing is used it should be carried
out in & vacumm to limit contamination around the surfaces of the dies. Im-
purities in this systen may also come from the diffusion of impurities in the
@aphite into the didboride specimen,

To provide a quantitative illustration of what to expect from diboride

powders during the sintering and hot-press forming operation, Tables 111, IV,
and ¥V were compiled from Sameonov's work,

TAELE III: EFFECT OF EQLDING TIME UNDER PRESSURE OF 120 Kg/em? AT
SINTERING TEMPIRATURE OF 2300°C FOR TITANIUM DIBORIDE (26)

T Wensity | Bestdual
| Compound ) Athout Total | g/owd ra-oM
4B, 0 5 5 3.78 16.4
3 2 5 | 3.9 13.9
4 1 5 3.96 12.4
45 0,5 5 | 426 8.0
5 0, 5 4e20 7.3

*Theoretical demsity (g/ca’) equals 4.5 for TiB,.

TABIE IVs DEMSITY OF SPECIMENS PROIDUCED BY HOT PRESSING WITH EXTERNAL LOAD
XEMOVED QN COOLING (mmgﬁ,mrms
MINUTES, PRESSURE 120 Kg/ea®) (26)

Tomp. at Which Load was Dn:? Besidual

Compond | _ Bemoved During Cooling % |  g/es” | Percsity
™8, 2200 3.26 .0
1750 3.25 28.5
1530 3N 4.0
1300 3.95 0.7
1050 417 7.8
20 420 7.3

The density decreases vhen the load 1s removed at 1300%; a seive




TABIE V: HOT PRESSING OF PRADUCTS FROM CERTAIN DIBORIDES (26)

Sinter Sintering Sintering Time Residual
Sompound T-!zigf Presswre (Xg/ow?)  Minutes  Porosity %
irB2 2350 120 10 0
) 2580 120 10 0
TaB, 2350 120 10 &9

A recent translation by Mersol (34) concerning the pressing and sinter-
ing of diboride powders is included in Appendix II for specific information
on this subject. The ariginal work reparted was performed by Babich, Portnoy
and Samsonov (35),

Jackson and Palmer's (33) hot pressing for TiB; and ZrB, showed the final
densities to be 89.7 and 93.8 g/cc, respectively, Samsonov, et al., (26) as

shown in Table IV produces TiB, baving only 0.6 to 1 ent residual sl
in the sintered prguct. The dation in results ng'.::n been owb; w

difference in impurities, since the purity of the products were not reported.

Other hot forming methods which might have application far producing dense
uncemented diborides are hot isostatic pressing and extrusion. The isostatic
process, developed at Battelle and also used by General Electric Compeny at
Cinoinnati, makes use of a hot gas as the pressurising fluid, The advantages
of this method are: (1) faster densification than at room temperature; (2) tends
to form desirable oriented fabrio; (3) capable of producing perts not feasible
bty hot pressing, The major disadvantage of this system at the present time is
the temperature limitation (1650°C, 3000°P).

Hot extrusion doss not appear to be a likely prospect because of its
dependence on transforming the brittle diborides to a moderately plastic
condition, This trglition is slov and ocours at relatively high tempera-
tures (1265%, 2310°7).

3.

N . on o D4 v q ), e sl ad Baron Uxid ’ .
This thermite reaction, sometimes referred to as carbothermic,
» 8ilicothermic, etc., reduction is based on the metal oxide and
0; being reduced by ome of the metals and the intermediate products plus the
ted boron reacting to form diborides, This method has two basic faultss
(1) The metal oxide farmed with the reducing metal must be separated from the
boride product or else an impure product will be obtained. (2) Also, due to
oxide formation, the composition of the resulting boride i1s difficult to con-
trol, Because of its basic contamination difficulty, only commercial grades
of diborides would dbe produced, This method, like method mmber 2, uses the
cheapest rav materials for the production of diborides, that is the axides of
the metal and boron, This method ig basically the same as method mmber 2,
except reduction is accomplished by means of & metal, rather than by carbomn,
Therfore, similar process temperatures would apply far both methods.

AN
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ods tvo tnd thr«, but boron co.rbido

M uud as the reduction material, The boron carbide is a high density
crystalline material and is commercially available, vhich is vhy it is often
used today. This process is reacting the powders of the metals or their oxides
wvith baren carbide at approximately 2000‘C (3630°F) in a graphite container,
The major disedvantage of this method is the carbide cntamination, The con-
tamination is reduced by the presence of excess B03; however the excess By03
linits the controlling of the boron content of the product, For these reasons
this method, like previous method, would not be satisfactory for use in making
highly pure, controlled diborides,

Another means of obtaining borides using this same concept is by hot

pressing mixtures of boron carbide with the refractory metals or their hydrides
(36). As mentioned in Method 2 the hydrides, which are used as the metal-con-
taining reagent, forms less oxidisable diborides than the metals and are not
moch more expensive, Since the hydrides are considerably more expensivs and
difficult to obtain in some cases than the metal oxides, they are generally
used for making ssell tities. The hydrides of titanium and sirconiwm
decompose about (1114°F) and 900-1100%C (1662-2022°F), producing the metal
powders. The hydrogen, given off by the hydrides, provides a highly desiradble
:;:olphoro for preparation of pure diborides, but because they are so volatile

reaction is farced to occur at atmospheric pressure and high temperatures
1900-2000°%C (3463-3642°F) (26),

G. A, Meorson and G, V. Semsonov (37, Article 2 in Appendix II) investi-

ted a vacuum process using the foll reactions B,C 4C —22
$20." The lower mnut.rg":%rmgtoobuu ‘b’y‘thhmm.sé
reaction is 1100- or approximately 800°C lower than pnvim mentioned

graphite tube hydride reaction, Their work was based on removing carbon as
CO from boron carbide using the oxygen of the oxide, additional carbon in the
form of cardbon black, and combining the boron with the high-melting metal to
forn the corresponding boride, Since the process involves reducing chemically
stable oxides with the formation of a gas (CO), the study of the conditions
for performing the process under vacwunm was made, The purpose of the vacuum
was 10 reduce nitration or oxidation of the products, and act as a catalyst
for the entire reaction., This method is used as an example, but it illustrates
mgmlwpodmimmummm“mvolﬂﬂ&uthdatw
using vacwum technology. Methods two, three, and four are basically
a roducti. on process, differing primarily in the materials used for reducing
metal, metal oxide or mestal hydride,

In swamery the so-called baro carbide method of producing diborides is
carried out in a vacuum to produce pure powlers or in a hydrogen atmosphere
in a graphite~-tube furnace to produce technical-grade borides.

5. Diasd-Salt Electrolysisi The fusion slectrolysis method basically
consists of placing a mixture of metal oxide, boron, and other fluxes into a
bath container and then heating the solid mixture to solution by means of
graphite electrodes. This method is sometimes used when the potentials and

EE.
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other characteristics of the ions of a material make it difficult or impossible
to synthesize by reduction with carbon or other methods,

Electrolysis is carried on at a temperature slightly above the melting
point of the electrolyte., The electrolyte is usually a fluoride compound,
which also acts as a flux, The final boride product being heavier than the
fused electrolyte precipitates out. The fused electrolyte is then poured out,
and the precipitated products are washed with H,0 and dilute HC1,

This method is best suited to the large scale production of diboride
powders of commercial purity directly from naturally occurring raw materials,
Fusion electrolysis is considered inefficient for most practical applicatioms
because of high electrical power cost and the fact that further processing
of the final product is required., Another problem associated with this method
is the inability to control the metal: boron ratio of the deposited material.,

The first work on this method was performed by Andrieux (8), and later
investigated by Sindeband (38). Some work by Sindeband showed the impurities
to consist of graphite, both constituents and a small excess of metal or boron,

The compositions and electrolysis conditions for producing titanium and
zirconium diborides as listed by Campbell are provided in Table VI,

TABLE VIs FUSION ELECTROLYSIS OF ZIRCONIUM AND TITANIWM DIBORIDES (23)

o EMF Current
Bath Composition Temp( C) Volts Amp Product
MgOAMgF 2B, 054110, 1000 7 20 T4B,
a0k aF 428,0,4110, 1000 T4B,
CaOfbaF,/2B,0341/8 Zr0, 2rBy(99.6%)

6. Chemical Vapor Depogjtion: This method produces borides in massive
form or as coatings, by depositing elements or compounds in the solid state
from a chemical reaction of vapors onto a heauted surface. This technique is
sometimes referred to as "gas plating", "wvapor plating" growth method or "vapor
deposition”, There are various aspects of interest within this method, such
as direct boride deposition, codeposition, and pyrolysis, The study of pyrolytie
synthesis (39), flame sprayed coatings and plasma deposition or plasma arc heat-
ing are new areas of ceramic technology which are closely related to this con-
cept, Experimental and development studies have been performed by various agencies,
primarily for defense use purposes, on refractory borides for coatings, Since
the primary purpose of this report is concerned with diborides as a structural
material no further discussion will be performed on coatings,

Magsive deposits prepared by this technique are built up atom-by-atom,
thereby providing a potential of preparing borides of near~theoretical density.




Rocket nozzles and other re-entry surfaces can be obtained by proper control

of the deposition conditions, Chemical vapor deposition technique may be used
to prepare high purity ceramics, or to form ceramic materials at temperatures
below those required in conventional technology. It may also be used in filling
voids in porous bodies, Disadvantages of the vapor deposition technique is the
difficulty in controlling the metal: boron ratio and in the forming of large

or camplex shapes,

Only small amounts of barides of high purity are presently prepared by
the direct decomposition of the halides of the metals and boron, The halide
gue%u'e mixed with hydrogen and decomposed at temperatures around 1100 to
1200T, on inert wires or on wires of the specific metal., The metal and the
boron deposit simltaneously from the vapor phase and form the diboride,
This direct deposition method was first used by Moers (6) and studied later
by Walther (40). Powell, Campbell, and Gonser (41, VanArkel (42) and Becker
(10) bave reviewed the early work,

Two recent investigations concerning gas phase reactions which were not
directly associated with diborides, but could very likely be used for produc-
ing them, are studies by Stanford Research Institute (32), and Arthur D, Little
(43). Abstracts of both these stulies are available in Appemdix I,

The Stanford effort was a plasma-arc heating system, The major limita-
tion in gynthesis was the wide range of thermal history of the collected mater-
ials, The variation in degree of heating was caused by particle sise differ-
ences and effect of plasma impinging on previously deposited materials, new
phases which occcur as a result of gas-gas interactions are considerably diluted
by unreacted mterial.

The Arthur D, Little investigation was primarily a development of vapor
depoeition apparatus for obtaining temperatures above 1700°% and produsing
shapes of { by 8 in sises. They showed feasibility of directly depositing
siroonium and hafnium diborides by thermal decomposition of the corresponding
mﬁ..o

The optimm deposition temperatures for the various metal borides of
interest have been listed by Campbell, et al, (44) as follows: titanimm-boride
(1000-1300%, 1830-2730°F), sirconium boride (1700-2500%C, 3090-4530°F),
bafnium boride (1 s 3450-4890°F), vansdium boride (900-1300%, 1650-
AR e i R e e B TRt e o R o

y 20 o Raising the 4 tion temperature and redusing the
omoentration of balides in the vapor promotes the development of coarse grains
in the product, Increasing the depositicn rate with high halide comoentrations
or lowering the substrate temperature causes the precipitation of a
material, In both cases, the product seems to be purer then original volatile
compounds, Since a great deal of the recent work on vapor deposition has been
on highly anisotropic BN or C, some means of comparing or relating them with
the barides is eseential, Unfortunately, it appears that they are basically
different, in that barides do not possess the stacking advantages of highly
anisotropic materials, Therefore, the vapar-deposited TiB, and in mas-
sive form will probably not show a significant difference in s from




hot pressed products., Advantages that might be expected from material pre-
cipitated from the vapar are listed:

1. High density and resistance to oxidation.

2. PForming dense borides in shapes that are not readily adaptable
to hot pressing.

3. Produce a ultra fine powder for rapid densification on hot
pressing.

In codeposition there exists the potential of forming two phase systems
baving a more intimate dispersion of the two phases than can be formed by
normal ceramic techniques. This method consists of depositing the diborides
from a mixture of halide vapors which contain the same halogen. The practica-
bility of preparing such materials ‘n massive form for large scale use is
presently questionable,

Depositing borides by the thermal decomposition of the correoponding metal
borohydride has been performed with titanium, sirconium, and hafnium, o 2
isation temperatures required for these materials were listed by Campbell (“g
as followss

-20 to /25°c
20 to /25
<30 to £25%
150 to 200%

The deposition temperatures range around 200 to 300°%C, These campounds
deposit more readily at reduced pressure., This method is not suitable for
large scale production, since most of the borohydrides decompose, to some
extent, at room temperature,

7o ﬁg&m The most recent studies performed with diboride
crystals is primary concern in this report. The two investigations of most
recent interest were performed by Kiffer (30) and Lynch, et al (45). Abstracts
of both these reports is found in Appendix II. These two studies deal with
TiB,. A study is presently being perfaimed by Arthwr D, Little under an Air
rorco contract concerning some refining methods for producing single crystals
of 2rB; and HfB;, General information concerning earlier work of single di-
boride cryltaln can be obtained in references 22 and 23.

The objective of the investigation by Kiffer was to produce single crystals

in sises suitable for property measurement. The sises were to be at least 1/4
inch diameter and 1/2-inch long. No reports nn the preparation of this size
crystal were found in the literature. A proprietary method was developed for

owing TiB, orystals. The method was similar to the Verneuil method in that

mi rav material, in a hot gas stream, is deposited on the molten sur-

face of the crystal baingmpm. A arc heat source was used instead of the
usual combustion (] stal was shielded from sur
vith argon. The gp.w:lng crymc&lo, was a cylinder and wimo that
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the axis was vertical, The top of the crystal was kept molten by a flame
impinging on it, Growth occurs vhen a supply of powdered raw material passes
through the flame onto the molten surface,

The powders usually used for growing new crystals by the Verneuil tech-
nique were specially prepared., The particle size must be controlled to avoid
mcleation of new grains and to produce a uniform dispensing material, In
viev of this, TiB, powder used was synthesized directly from the elsments,

The titanium was minus 200 mesh powder purchased from Union Carbide Metals
Compeny. The boron was crystalline powder (greater than 99% boron), minus 100
mosh, purchased from U, S. Borox and Chemical Corporation,

The single crystal pieces obtained from this method contained 67.4 weight
percent and 69,1 percent titanium, 30.7 and 30.9 percent boron. Stoichiometric
T4B, contains 68.€8 percent by weight titanium and 31,12 percent baron.

The investigation undertaken by Lynch, et al., of the Directorate of
Materials and Processes at Aeronautical Systeas Division was to determine and
develop the best possib.e methods and tecbniques of sectioning, mounting, grind-
ing, polishing, and etching of single-crystal and polyocrystalline TiB,, This
report is the first ane that presents metsllographic techniques and procedures
to characterise the diborides and establish a basis for future development work.
All the specimens used were supplied by the Linde Company.

The techniques determined by this investigationm to be the best for
mhnicdpropnrationot!‘ﬁzornuh is shown as reported in Figure 2.

The best etchants were determined to be a solution of 5 parts concentrated
lz;l: 5 parts concentrated » and 4 to 10 parts distilled H30; or for the
) golyﬂ.e method & mixture of 6 parts methanol to 1 part comcentrated HyS0,,

8. D Air Force Contract 33(657)-
8635 initiated on 4 May 1% by %a, Egarpouud of Cambridge, Massachusetts
ws to investigate boride compounds for very high temperature applications, The
selected information provided in this report was obtained from all dats sheets
solicited by Manleds at the time this report was written, Tables VII - XI sm-

mrise the proowemsnt information available at that time,
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CUTTING BREAKING
MOUNTING
MOUNTING PRESS PRE-MADE PLASTIC SETTING AT ROOM TEMPERATURE
CLAMPING DEVICES
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GRINDER CUTOFF WHEELS POLISHING WHEELS
GRADE 230- MESH
DIAMOND

FLATTENING
e
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GRADE 45 DIAMOND

|
GRADE 30 DIAMOND
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Figure 2, Schemetic of Metallographic Procedure for TiBy (ke L3)
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FINE POLISHING
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POLISHER POLISHER

GRADE | DIAMOND

ELECTR OLYTICAL CHEMICAL

LINDE A OR LINDE B POWDER

RESULT:
A WELL- POLISHED SURFACE
ETCHING
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Fegare 2. (Pemt'd) Schemstic of Metsllographic procedure for TiBp (Ret 45)
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TABLE VII: PROCUREMENT SOURCES FOR TiBj

Purity mr.’ﬁég_

Source Miorons Cost

Americen Potash & Chemical Co| 99.1 6212 $15/1b 1-4 1lbs
99 Park Avenue $12/1b 5-24 1bs
New York 16, New York

U. S, Borax & Chemical Co 99.4e3 | 5-10 §10.50/1b 020 1bs
Research Laboratory

Nev Products Development Dept
412 Cresent Way

Anaheim, California

Kawecki Chemical Company 99.5 325 | §11.50/1b
22 Rast 42nd Street
Nevw York 17, New York

Cooper Metallurgical Co 99.2 «80 | $181,00/1b
Cleveland, (hio

Millmaster Chemical Corp 99,5 =325 | $€14.00/1b
99 Park Avenus
Nevw York 16, New York

TABLE VIII: PROCUREMENT SOURCES FOR ZrB,

Puri
Source £ v IBE Cost

U, S. Borax & Chemical Co 97.740.2 | 5-10 $10.50/1b 0,20 1lbs
Research laboratory =
Nev Products Development Dept
412 Cresent VWay

Anaheim, California

Carborundum Company 96.83 $85.00/1b 2,0 lbs
Nev Products Division
Niagara Falls, New York

Cooper Metallurgical Co 98.84 80 | $295.00/1b
Cleveland, Ghio

Millmaster Chemical Carp 97.55 3-5 $25.00/1b
99 Park Avenue
Nev York 16, New Yark
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TABLE IX:

PROCUREMERT SOUFCES FOR NbBo

Source

Purity
£

Cost

U. S. Borax & Chemical Co
Research laboratory
New Products Development Dept

412 Cresent Vay
Anshein, California

Kawecki Chemical Compeny
22 East {2nd Street
Bev York 17, New York

Cooper Metallurgical Co
Cleveland, Ghio

Millmagter Chemical Corp
99 Park Avenue
Nev York 16, New York

99.99

99.32

98.5

$105.00/1b 20 lbs

$105,00/1b

$454.00/1b

$100,00/1b

TABLE X:

PROCUREMENT SOURCES FOR TaBy

Source

Purity

Mesh

Cost

U, S, Borax & Chemical Co
Ressarch lLaboratory

Nev Products Development Dept
412 Cresent Yoy

Ansheim, Califcrnia

Kawvecki Chemical Company
2 Rast 4i2nd Street
Bev York 17, Bevw Yoxk

Cooper Metallurgical Co
Cleveland, (hio

Millmaster Chemical Corp
99 Park Avenue
Bev York 16, Nevw York

99.99

99.99

99.36

99.00

=100

$70,00/1b 20 1be

$70,00/1b

$454.00/1b

$81,00/1b
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TABLE XIs PROCUREMENT SOURCES FOR HfB,

Purity
Source Cost
Carborundun Company 97434 $420,00,
New Products Division /ib
Niagara Falls, New York
233 Brosdway
Bow York, New York

IV, PROPERTIES

Generali The information contained in this section is based primerily
on diborides of the transition metals. A detailed knowledge of properties of
these materials is lacking, The literature points out the insufficiency of
property data concerning the barides., The transition group of diborides are
characterised by the properties listed below:

l, High ”lting point,
2, Extreme hardness.
3., High thermal conductivity.
4o High electrical conductivity.
5. Corrosion resistance similar to the carbides and silicides,
6, Solubls in fused alkalis,
7. Considerable solubility in acids, especially nitric acid.
8. Shbhinthopronmoofmbon;ﬂ is unstable
9. Oxidation resistance at high tempera 1z 3.22")‘8 exceptional.
10, llonoofthnd.iboriduhampmmtw

11, All diborides exept ZrB, are weakly paramagnetic (65).

The structure of the diborides of groups 4A, 5A, and 6A of the periodic
classification is similar to that of graphite. These borides have alternate
layers of metal and boron atoms normal to the c-axis, each metal atom having
twelve equidistant boron neighdbors. The boron plane consists of atoms in a

hexagonel arrangement,

Data on the high temperature stability of the borides is scarce, but
investigations by Kiessling (14) indicated that borides of the transition
olements are similar to the hydrides, carbides, and ni‘irides of these elemsnuts,
in wvhich stability decreases with increasing atomic mmber of the transitiom
olement vithin the period, Borides are more resistant to cddstion than the

sbove types of materials. They resist oxidation up to 1200%-1300 (2192°r-
2372°F) in air, although mporﬁ.chl o::idatim occurs at 1m tupm
Vanadivm diboride is axidised apprec (1832°r-2012°r)

and tantalum boride tnoo°ctolzoo°c -212°r Zirconium diboride
is fairly resistant up to 1300% uoo°é2?¥37 192arh) Cirgoutum dibardd

boride up to 1400%C or 1500% (2552°r-2732°r), a.lthough some cd.do film is
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formed at these higher temperatures (43). Chromium borides is reported to
resist oxidation at high temperatures.

%‘-b" ight ratio of TiB; is not exseeded by any other bulk
-.mm from (2912°F) to above zooo°c (3632°P) (43). Very little
information on tensile, compressive, bending, impact and stress rupture
strength is availabls,

A fovw of the values vhich are available include the flexural
titanium diboride (96 percent theoretical density) which has been reported
be 35,000 psi from 25%C to 2000%C (7v°r.3632°r) vith a modulus of elasticity
6 x psi. The compressive strength bhas been reported as 97,000 psi at
room temperature., For sirconium diboride modulus of rupture values are
from 8,000 to 29,000 psi at room tempera go v:l.thatcmilootrongthofzs,'loo
psi and a modulus of elasticity of 50 x

No systematic search of the thermal shock properties of the borides has

RSA

mm«-byhot-pnung. The purity is generally greater than 97 percent
but very littls study has been campleted on high-purity materials,

The property data recarded on the following pages includes only informs-
ticn available in the literature concerning all types of properties of specific
compounds and thorium tetraboride, The variation of properties
as published is explained by the fact that most of the data is of msamurrements

E

with inoamplete background on purity, porosity, and heat treatmsnt, Unfortumately

the reliability of the data is difficult to estimate but nevertheless is inter-
oesting and poesibly of some value as a guide for the materials engineer.

Thermel Proverties:
TABLE III: MELTING POINTS
Melting Points in s Centigrade

Material (2) m’ ( ’ (43) (26)
148 2960 2900 2960
B, 2680 3050 3040 3040
EeD, 3100 5 3240 2000 3250
™, 2100460 3 2400 2100 2400
by 2900 3050 2900 3000
TaB, O 3200 3000 3100
OrB, 1850 190045 2450 1850 2200
™D, 2500




TABLE XIII: TABULATION OF MELTING POINTS QF DIBORIDES*

Low
Material Degrees C Degrees ¥ Degrees C Degrees ¥
T1By 2980 5395 2900 5250
irB, 3050 5520 2680 4855
BfBy 3250 5880 3000 5430
B 2400 4350 2100 3810
lhgz 3050 5520 2900 5250
TaB, 3200 5790 3000 5430
CrB, 2280 435 1850 3360
B, 2500 4530 — —

*Values represent high and low sides of a range as recerded in Table II1I,

TABLE XIV: THERMAL EXPANSION (26)

Expansion (x10°5 per C)
Temperature Average Specific
Diboride Range % @ Average
B, r8-1000°C (1830°F) 5.5
0=1.200°C 6.63
148, 0-1200°C 5.5) 5.1
BB, 0-1200% 5.8
B, 0-1200% 7.5
MmB, 0-2200°% 7.9] 8.3
TaBy 0-1200°C 5,12
OrB, 0-1200°C n.1

Directions of the & and ¢ axes,
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Expansion, AL per L, in 10" Inches perinch

Incipient Meiting
of Specimlen — .
$=2.80x10 %insin.7°F
+10.0 | -+ B
+5.0 - — ¢ -
$:=3.80x 10 %in.zins°F *
o/ —
-5.0 - 1 o
-10.0
-15.0
yd Initial Length = 3.1530 in.
Final Length = Incipient Meiting
-20.0 / 4610°F - Specimen Deterioration
Over-all Slope = 3.18 x 10 %in./in./F
{70°F to 4000°*F)
-25.0
o] 1000 2000 3000 4000 5000
Temperoture~*F

Figure 4., Therzal Expansion of Tantalum Diboride (kef 83)

Specimen supplied by General Electric Company. Pressed and sintered
96.5% of theoretical density, density equels 12,15 g/cm? 3/4" diameter
X approximately 3" length, Test method: graphite tube dilatometer.
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+20.0

\Fmol Exposure-3

v

+15.0 \
£ $=3.60x10%in./in.s°F ’/3
s —'
® A
a +lo. A Second Expolsuu-z
g td ~ \. Firgt Exposure - |
E I/
[ ]
'o { 7 “
: "5.0 y / ]
- $23.50x10 % in/in./*F
- 7/
H 7
[-§
-
<q
8
g
4
”
(1]

-10.0

=18.0
0

Figure 5 .

Temperoture -*F

i 2 3
Initiol Lengths = 2.9470in. 29450in. 2.9463 in.
Final Lengths= 2.9450in. 2.9463in. 29416 in.
4730° F- Specimen Deterioration
Over-cll Slope= 3.32 = lO“in./in./'F
(70°F to 4000°F)
4 A
1000 2000 3000 4000 5000

Thermal Expansion of Zirconium Diboride (Rsf 83)

Specimen supplied by Norton Company, Hot pressed, 70-75% of theoretical
density, density equals 4.14 g/cm, 3/4* dismeter x approximately 3°*

length. Test method:

24
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Thermal Conductivity - Btu/he/ £27°F Zin.

LVOpor

Emission

o) 1000 2000 3000 4000 3000
Temperoture - °F

Figure 8. Thermal Conductivity of Zirconium Diboride (Ref 83)
Specimen supplied by Norton Company. Hot pressed, 70-75% of theoretical

density, density equals L.l g/cm?, 3/4° dismeter x approximately 3/4°
length. Test method: Radial heet flow calorimeter.
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Thermal Conductivity = Btu/ hr/ tt¥e€/in.

800
3
1
\ ) -
%sg._——o—-e——r"aji
Melting
% 1000 "2000 3000 2000 5000

Temperoture - °F

Figure 9. Thermal Conductivity of Tantalum Diboride (Ref 83)

Specimen supplied by General Electric Company. Pressed and sinter=d,
96.5% of theoretical density, density equals 12.15 g/cm, 3/4°
diemster x approximately 3/4° length. Test Method: Radial heat
flovw calorimeter.
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TAELE IVI: THERMAL CADUCTIVITIES

c vi

Diborid 1(‘°c§ m Cal sec=l, om=2, ::dgg- :’m/u/nzﬁr/m Reference
TiB, 23 | 73.4 0,058 168.2 26,7
T4B, |200 | 392 0.063 183.0 n

ZrB, 23 | 73.4) 0,058 168,2 26,71
ZB, |200 | 392 | 0,055-0.060 159,6=174.1 n

WbB, 23 | 73.4 0,040 116,0 26,43,T1
NbB, (200 | 392 | 0.047-0.062 136,3-180,0 n

TaB, 20 | 68 026 755 26,43
CrBy 20 | 68 076 222,0 26

%#8)4de rule ¢ \1 us the convers factor; to convert from calories
i (um)/m"/’";. toiggu(m)/hr nigr/m,’-nuph by 2902.9 as

given in lange's Handbook of Chemistry, 8th editiom, 1952,

TABLE IVII: HEAT CAPACITY* (26)

t C ity
— o 18 e e
TiBy 151
ZirBy 120
BB, 6
VB, 160
B, 100
Tab, 58
CrBy 102
"Nonporous specimens,
mwmﬁ Very little data is available in the open
literature on shock resistance of binary diboride compounds. To

improve thermal shock resistance the nitrides of boron or silicon which pos-
sess high thermal shook resistance, are recammsnded by Samsamov (26) to be
added to the diborides in quantities no smaller than 15 percent.
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Crystal Structurei

TABLE XVIII: CRYSTAL STRUCTURES AND LATTICE PARAMETERS
Metal-Baroa | lattice Constants, A°
Boride Fora Spacing, A° a e c/a | Reference
ZrBy 2.54 3.169=3.170 ]|3.528=3.533 | L. 11 | 14,22,26,68
Al1B,(C-32) 78
TiB, 2,38 3.028 3.228 22,26,68
A1B,(C-32) 3.026 .23 |1.06] L,%
GrBz 2.29 2,969 3.066 14,&,26.68
118,(c-32)
HfBz 2051 301‘ / 0.002 bt 22,%.“,&
3. 347 1,10
2443 3.089 3.303 1,07 | 14,22,26,68
o2 A18,0-32) 3,086 34306 o
TaB, ﬁ'lu?_.l 2.41 3.078 3.265 | 0.62 | 14,15,26,68
A1By (C-32) 3.088 3.241 o
3.099(metal-] 3,224
rich)
3.057(ha'm- 3.291
B, 2,21 2.9;81“) 3.057 1,02 | 14,22,26,68
A18,(0-32) ) 3.006 3,036 o
ThB; | Tetragomal 5-Pi/nbn 7.256 44113 68,76
Space Group
Dih
* 3ee Figure 10
Meshanical Propertiss:
STABIR XIX: DENSITY
Fora or Meagurement Dcn:.y
Boride Technique e/ Beference
2rB Theoretical 6.1 22,33,43
2 6.085-6,17 "7’
6e2 4
Pressed and Sintered 44043431 34 0%
TiB, Thecretical ho50=4052 22,33,72
, va o
I-ray 5.1 2
Tused-salt 5.28 8,43
electrolysis

%Continued on page 34. 3




Co

@ BORON

Figure 10. Diboride Structure (MBp)

The structure is of the C32 type, space group D' ~Cémum, with metal atoms,
at 0,0,0 and boron atoms at 1/2, 2/3, 1/2 end 2/3, 1/3, 1/2. The wit cell
contains one molecule of MeB. This structurs corresponds to alternate layers
of metal and boron atoms, parallel to the basal plens of the lattice. As the
metal atom size increases, both a and ¢ dimensions of the lattice increase
eand the exial ratio also increases slightly,
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TABLE XIX: DRNSITY (CONTINUED)

Porm or Meamrement

D;l/l::?

Boride Technique Reference
.b% “ “ 6. ] & u
7.‘216 22,43

TeB, Pyonomstrically 11,0-11,70 15
Z.ray (thearetical) 12,6 22,43

cl'nz 5.6 2, 43

M‘ 80“

BfB, I-reay (thearetical) 11,2 2,43
Pyonometrically 10,5 2

®*Pressed sirconium diboride powders (2 to 3 microns)

ninor den
above 2100

tyi.norugatth.mutwouptozzoo

icle sise showed a
, and a major increase

TABLE XX: BARDNESS
Dibaride Pora *Hardness Reference
Zrby Hot pressed 156o(x-mo, KHN) 'g
26
== |
T4B, Eot pressed x.mo, KHN) g
3370(m 26,27,68
VB, 8-9(Mohs 2
mg;; 21223
)
o2 zéoogmi 223
TaB, 2300tV 257,68
CrB, 1800(VPH) 26337.43.
BfB2 2900(VPH) 26
X100 = 100 grem losd
KHE « Knoop hardness mmber
VA - Vickers mx-omdmu, Kg/m=2 (30-50 gram loed)




The miorohardness technique for determination of hardness for diborides
should obtain the most reliable results due to their brittleness (26).

The borides are in general the hardest of the metal like compounds

(silicides, nitrides, carbides, etc.), as would be expected from the crystal
structure and interatomic-bond strengths,

TABLE XXI: MICRCHARDNESS AS A FUNCTION OF LOAD (26)

Diboride Microhardness Kg/me?

T 3050
* 4100
3500

2 3800
3200

3100

B

g
BuunERByynEuynbyyy §

Strength Ultime
Dibaride Form (c ; PSI l(/-? Reference
*T4B, :!.a;f m, 19,000 72,85
ZrB, Bot pressed, 29,000 72,85

self bonded
1000 » 26

26,000 14
CrB, 62 26
*The flexural of T4B2 at 96 pgoont of theoretical density was stated
as 35,000 psi frem 25C (77°F) to 2000C (3632 F),
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TAELE IXIII: BENDING STRENGTH TiB, (84)

Texmperature (°C) Strength (psi)

kEEREA8ERHA
B

These figures do not reflect the true strength of the material, due to the
considerable amount of osidation that ococurred to the specimens., Specimens
were approximately 1.0" x 0.4" x 0,2%, and were hot pressed.

TABLE XXIV: BENDING STRENGTH VB, (84)

Temperature (°C) Strength (psi)

EEEE8En
k3
8

"o bend, Very severe oxidation.

According to Binder VB, is one of the poorest hard metals for elevated
temperature service, asince its poor oxidation resistance leads to low strength.
These figures do not reflect the true strength of the material, because an
inert atmosphere was not used. There was no evidence of plastic deformation
in these VB2 specimens. Specimens were approximately 1.,0" x 0.,4" x 0,2, and
were hot pressed. (84)
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TABLE XXVs HOT DEFORMATIN TEST OF TiB, (84)

Temperature

(°c) Start | Finish Remarks

1690 815 785 Surface oxidised,

1790 0525 o485 Some oracking, especially at edges.

1860 54 45 Cracking, especially at edges, some
surface oxidation,

1870 52 o48 Hit near one edge,

1870 o48 o455 Cracked and Ixoke,

Tegt Me Specimens, generally 1.,0" x 0.4" x 0,2", were heated in

air vith an oxy-acetylene torch, quickly slid into the cup of a small drop
hammer, and hit with a single sharp stroke, A rough test, but indicative of
vhether materials ocould be hot deformed, Forming by hot pressing, One speci-

men of VB, split apart upon heating.

TABLE XXVI: COMPRESSIVE STRENGTH

Stre Ultima
Diboride Fora (psi Kg/nr Reference

T4B, Self bonded,

97,000 72,94
Hot pressed 26

135

2.7
25.8
18.3
1,0
159

30,6
24.1
AUed
£’
86.8
40,2

58.1
Al.2

EEEEBEHEL R 20

{
|
¢
{
&
{

ture in diboride specimens dwring compressive

) were as follows: At lov temperatures, brittle
of the applied force; at higher temperatures,
l-shaped appesarance or formed two truncated comes,

of plasticity being developed.

g
g
%l

Eg
8

{
3
i
¢
]
§

H
|
I
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An apparatus for subjecting up to ten (10) cubic centimeters of ‘material
to pressures of 15,000 atmospheres at temperatures as high as 10,000°C was
developed during a study by Hall (81) of Brigham Young University. The purity
or grain size of powders used was not provided, but selected facts from the
report are reparted for general interest,

1, By Powders Pressure about 9000 atmospheres, maximm temperature
about 6500 C, A compressive test on a 1/8" diameter by 1/8" long specimen wms
run, Fallure ocourred at 300,000 psi,

2, TiBy Powder: Pressure about 6000 atwospheres, maximm temperature
about 7000°C, Qne piece ,207* diameter by 3/8" long was subjected to com-
pressive test, Failure ocowrred at 417,000 psi load.

3. TiBs Powders Pressure about 9000 atmospheres, maximumn temperature

about 7000°C, (ne piece ,228* dismeter by 3/8" long was subjected to com-
pressive test., PFailure ocourred at 540,000 psi loed,

TABLE XXVII: RLASTIC MGDULUS (26)

Elast
Dibaride 310, K/ |
4B, 5440
28, 35.0
, 1.3
TaB, 26,2
CrB, 21,5

TABLE XXVIII:s ELASTIC CONSTANTS QF TiBy (95)

Direction Elastic Constant
On 609
C33 bo
(+] 44 2.5
C12 4.1

Crystals wvere grown by means of arc-fusion process by the Linde Company.
The theoretical density was assumed in calculating the elastic comstants.
Four of the five constants were measured, The TiBy crystal was 1/4" in dia-

mater by 5/8% in length,
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Figure 11, Zirconium-Boron Phase Diagram (Ref 26)

ZrB2 appears as s intermediate congruent melting phase with a very narrow
homogenity region within the zirconium boron system. It is the highest melting
compound in the system.

10-1 18-4 32-2 36~

T A [ d
= = ‘f
26001 #5713
|
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|

o Z&d——n'a Q‘;ﬁ*‘r 14

e !
2 ! 5’"“'{5@@»( H
e 4 |
: 8 rieq |
& 1ETH
L J l ]
- 8+TiB + |
[ne,!
[ X3 :
]
sookt® asTiBy | N[,

T 20 40 &0 80 ]
Content of B in Atom 9% 3- Liquid

Figure 12. Titanium-Boron Phase Diagrem (Ref 26)

The titanium-boron phase diagram has not been campleted. The diagram
shown above is the latest available in the open literature. It appears
that TiB2 will form e intermediate congruent melting phase, having a
homogenity region of about 8 atom percent.
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Figure 13. Chromium-Boron Phase Diagram (Ref 26)

CrB, has been established as one of the existing compounds in the chromium-
boron system, Data, other than its stoichiometric composition and solid solution
with CraBa is not provided on present diagrams, It is presently the highest
melting compound in the system,

3400 5-7 IQ“-_. T
W g |80
3000} = ’:
]
2600 |
2230° 2
22008+ «

--.P-

|

mc«'ao,m ol‘%. A.tgn % s

Figure 14, Hafnium-Boron Phase Diagrem (Ref 26)

pon 0 02 0 s wv wn o an T ERds wv E= e - v and -

A

The diagrem of the hafniumeboron system is not presently available in the
open literature. A preliminary study is shown in the above figure, and shows
that only the compound HfB2 has been definitely established.

4



Temperoture °C

Figure 15. Vanadium-Boron Phase Diagram (Ref 90)

VB is the highest melting phase (24,00°C) in the vanadium-boron system.
It is a iatermediate congruent melting phase and has a narrow homogenity
region on either side of the stoichiometric composition.

w/0
104
s 72 |
282
o 24%0° 1 \ 3
° ‘\ I‘
e \/
2 | T
° ]
o 1 "’ '
: [ ]
€ "“!0
: | :N"'.;’ * 4 =
=
500 20 @ e e 8
a/o

Figure 16. Niobium-Eoron Phase Diagram (Kef 90)

NbB,, like VB and TaBj, is a intermediate congruent mel.ting phase and
the highest melting point in the syatem. It has e wider homogenity region
than VE2, which at low temperstures is about 10 atom percent.
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Figure 17. Tentalum-Boron Phase Diagram (Hef 40)

The tantalum-boron system is simjlar to the niobium-boron system. TaBp
is the highest melting compound in the system and is a intermediate congruent

melting phase. It also has a hamogenity region at low temperatures of about
10 atom percent.

The thorium=-boron system has not been investigated to the extent of con-

structing a phase diagram. ThB; has been established as cne of the existing
compoun&k in the systems,
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Riftusion (91); Technique used in determining the diffusion character-
um- in the following tables are described below. (Taken directly from

Specimens, 3 to 4 mm diameter cylinders, were charged with carbon by
placing the specimens in a suitable holder and were surrounded vith lamp
dlack, PFor saturation with borom, a charge of 99.1 percent purified amorphous
boron was used in a mixture of 3 percent NE,Cl as a diffusion activator. The
tize at temperature for each temperature was two hours, On the basis of weight
changes, hardness data, metallographic observations, and x-ray analyses, the
compounds formed om the surface were determined,

Diffusion constants (vhich appear to really be constants associated with
the rate of growth of the compound layer) were calculated from the relation

D (C -C2) = CoX

the diffusion coefficient, C = C is the difference in concentra-
metalloid on the boundaries of the layers, and K is defined as

sl=x2422%nx, g?
4%

i
Fe

D
of

vhere x is the radius of the specimen (R) minus the thickness of the diffusion
sone and ¢ is the time.,

The activation energy, Q, was calculated from the relation

D (c -cz) .Dg oXxXp ("W)o

Tantalus-Baron - D = 5,92 x 10° exp
«16,900 Mofﬁotﬁzphaumundfw
thodifﬁuioncoofﬁchntmthemhnwrwofwm As
previously mentioned the validity of these values as diffusion data is very
questionable.

TABLE XXXt DIFFUSION IN TANTALUM-BORON SYSTEM

D Q Do C-C D

© -C2) | (carfmore) | (cn?/Bes) | (g/ead) (cn?/asc)
11,8206 | 16,900 £ 6100] 1280 £ 240| 0.216 (=26,900)
2123438 J‘ f 5.92 x 10° oxp a
4401540
65,9340
86,3874
99,6530
125.5320

TEETE]




Niobium-Boron - D
ature range of 1400 to

e

x 103 exp (14,300
The “diffusion coe

the measured rates of growth of the lth phase,

TABLE XXXI3

5400)/RT over the temper-
cient” was determined from

DIFFUSION IN NIGBIUM-BORON SYSTEM

D
€ -Cg)

Q
(cal/mole)

(cnzl}:oc)

(ead)

(c-}}m)

&
1400
1600

1800
2000

544550
9.5490
12,1980
14,0580

14,130 £ 4900

120 £ 260

0.254

5.62:103cp(=l‘&n)

Titanium-Boron - D ® 2,15 x 10% exp (9,150

ature range of 800 to 1200°C. The "diffusion coe

the measured rates of growth of the TiBs phase,

2,800)/RT over the temper-
ient" was determined

TABLE XXXIIs DIFFUSION IN TITANIUM-BORON SYSTEM
T D Q Do ¢ -0
(:C-g € -02)] (cal/mole) | (cu?/sec) (zlog) (“2‘}.0)
800| 54.70001 9,150 4 2,800] 7880 0.333
1000{ 132.4350| ~’ £% jmﬁ 2’”’1&@%&)
1100} 150,0640
| 1200 178,6530
TABLE IXXI1I:+ CHEMICAL CQMPOSITION CHANGE IN VACUUM
AFTER HEATING TO 1700%C (78)
el g
Diberide (a) (B) B/A
TiB, 2.2 2,09 0,945
2rB, 42 Aol 1,000
0:82 20‘0 20” 10“0
In regards to oxidation resistance, the borides can be com-
sid as a special group of high melting ccmpounds, Unlike the carbides and
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layer (solid solution of the lowest oxide forming on the boundary between the
compound and the oxide layer), The oxidation rate of diborides is determined
by, the mature of the oxide film structure, and its protestive properties.
The two protective processes are evaporation of the boron anhydride and form-
ation of borates, Because of these processes it is imposgible to evaluate the
oxidation resistance of borides by the weight curve (g/em?) (26).

The protective function of the oxide layer may be approximated by the
so-called Pilling-Bedvords ratios & =M.d/uD, vhere M is the molecular weight
of the oxide resulting from oxidation of one gram-molecule of the compound, m
is the molecular weight of the compound oxidized and D and d are the densities
of the axide and the compound, respectively, For ot < 1 cxidation is continu-
ous wvhile for X > 1 there is variation in oxidation rate (26).

Pilling-Bedvords Ratio () for certain diboride compounds.

{A)
2rB, 1.16
mz 1.71

The data available in the litersture on temperature of oxidation is con-
fusing and dependent upon the author. Some interesting facts were sslected
and are given in the following peragraphs.

Campbell stated that VB, oxidised at 1100-1200°C, and EfB2 in air forms
an oxide fila around 600-700%. HfB2 according to Samsomov disintegrates at
1000-1200°C (23).

Ziroonium and titanium diborides have the best oxidation resistance,
being resistant for extended pericds of time at 1300% (zsvog) and 1400
(2550°F), respectively (1),

A sirconium boride hot pressed configuration be 1.25 inches long with
a 0,375 redius at the end was tested for approximately seconds in a Mach 2
airstrean having a stagnation tempsrature of approximately 3800°F and stagne-
tion pressure of 105 psig. The results of this test by NASA showed that the
boride specimen remained intact (94).

TABLE XIXIVs CORROSION DEPTH IN OXIDATION OF CERTAIN DIBORIDES
(Gxidation Temperature 1000°C) (26)

Qxidation Time Depth of
Diboride Hours Corrosion (mm)

TiB, 0.8 0.10

T4B, 9.3 0,28
T‘.Bz 19. 0037
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TABLE XXXIV: CORROSION DEPTH IN OXIDATION OF CERTAIN DIBORIDES (CONTINUED)

(0xidation Temperature 1000°C) (26)

Oxidation Time Depth of
Diboride Hours Corrosion (mm)
Tﬁz wo 0052
TiB, 102, 0.59
TiB, 4 0.58
TiB, 170 0.61
irBy 170 0.54
CrBy 40 0,38
TABLE XXXV: CHEMICAL-CORROSION RESISTANCE*
Boride General Comments Reference
ZrB, Stable in presence of carbon; slightly attacked 8,22,27
by cold HC1l, rapidly by HNO,, dissolves in aqua
regia, reacts with hot H, ,» attacked by fused
alkali hydroxides, carbonates, and bisulfates,
Reacts with brown lead oxide and sodium peraxide;
weight za.i.n in_still air for 100 hours at 1000%
equals 6 mg/cm?, corrosion 1imit in 1iquid alumi-
num equals 800°C, behaves good in liquid steel,
T4B, Stable in presence of carbon; not attacked by 18,22,27
Kl or HF, Reacts with H2S0,, dissolves in
HNO3-H20; weight gain in still air for 100 hours
at equals 4-6 mg/cm?, corrosion limit in
1liquid aluminum equals 1500°C, behaves fair in
liquid steel.
NbB, Soluble in sulfuric ar hydrofluoric acids, stable 8,22
ina presence of carbon, not atlacked by HCl, HNO,,
aqua regla, dissolves in alkall hydroxides, car
nates, bisulfates, and sodium peroxide,
TaB, Soluble in sulfuric or hydroflucric acid, stable 8,22,27
in presence of carbon, not attacked by HC1l, HNO3,
aqua regia, dissolves in fused alkali hydrexides,
carbonates, bisulfates, and peroxides.
m4 Soluble in nitriec, hydrochloric acid, and hot sul- 8,27
furic acid, unstable in presence of carbmm,
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TABLE XXXVs CHEMICAL-CCRROSION RESISTANCE* (CONTINUED)

Boride General Comments Reference

CrB, Decomposes in streaming ammonia at 1100%C, stable 8,27,73
in presence of ocarbom.

VB, Stable in presence of carbon, insoluble in HC1, 8,27,75
HF, Hp390,, soluble in HNO3, decomposes by melting
alkali hydroxides, carbonates, nitrates, and bi-
sulfates, Reacts violently with brown lead oxide
and sodium peraxide,

%Sslected article number 3 of Appendix II provides detailed coverage on
chemical resistance of certain boride compounds.

Additional observations as recorded by Samsonov, were selected by the
author and are listed in the following paragraphs (26).

1, Chromium boride by hot pressing resists attack by fused salts and
metals, including copper, tin, magnesium, silicon, and the fluorides,

2, Titanium, zirconium, and chromium borides formed fram hot pressing
technique show practically no reaction with fused tin, bismth, lead or sinc,

3. Chromium and sirconium borides show low wettability by molten irom,

4o Copper fuped in argon at 1100-1500%C in vacuum does not wet TiB,.
Ricksl fused in a helium atmosphere starts to wet TiB, after about 20 minutes.

5. Nickel corrodes the surface of NbBy in helium without fusiom at 1550°C.

6, Molten copper does not wet VB, at 1100-1400% in argon, btut does wet
ZrBz and TQBzo

7. The surface of TaB, is not wetted bty fused silver in an argon atmosphere
at mmo

8, The diborides are not wetted by copper in the same degree, but in.
creases in the following series:s TiB,, VB, NbBy, ZrB,, TaBy, CrBy.

9. Zirconium diboride at 1550 in vacuum is corroded by irom, nickel
and cobalt,

10, Hot pressed formed crucibles of TiBy, CrBs, and ZrBj, prepared by Nortom
Company showed appreciable solubility in molten titaniwm (92),

The following tables on interactions involving diboride, includes many
interesting observations,
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TABLE XXXVIIs

STABILITY IN ACIDS® (26)

Weight Loss (in $ of initial weight)

Diboride Acid 8p, Gr. 1 Day 4 Days | 10 Days
mz ml 1.19 001 00‘ 008

HNO, 142 6.1 15.1 30.5

B,80, 1.84 0.1 0u4 1.0
ZBy : 31 1,19 2.5 4e9 10.4

HNO, 1.42 5.6 13.6 33.3

lzso‘ 108‘ 1.2 42 5.2

%00ld solutions, bot pressed specimens,

TABLE XXXVIIIs

SQLUBILITY IN MaGH SQLUTIONS (26)

(Room temperature during 24 hours, boiling far 2 hours®*)

Dibaride BeCH(30% solution) ¥aCH(10% solutiom)

;o 2 =

wy B = =
Boiling — hated

732 Cold 64 —
Boiling 61 56

TaB, - v

o, Cold 9 —_—
Bodling 88 98

#® Diboride powders produced by thermal-wecuum method were used f
investigation; pure compound

the

8 Decomposition of most of diboride vith salt residue formation.

*eePartial hydrolysis.
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TABLE IXXIX: SOLUBILITY IN ACIDS (26)
(24 hours at romm temperature and 2 hours at boiling)

Kl |Concentrated| Cold 9% 91 63 98 100 36
Sp, Gr. 1,19} Bo. 58 6 3 91 99 3
Dilute (1:1) ] Cold 95 93 62 9 100 51

" Boiling 6l 7 10 95 98 5

HNO; |[Comcentrated | Cold 28 12 1 9% 100 99
Sp, Or. l.4 | Boiling . b 2 100 100 22
Dilute (1:1) | Cold a 23 3 9 100 99

. Bo: » 4 2 | 100 100 L

H280; [Cancentrated | Cold 89 65 49 | 100 9 9
Sp. Gr, 1.,84] Boiling 58 1 13 3 3 -~
Dilute (1s1)] Cold 96 51 60 | 100 100 9

" Boiling 68 5 7 92 99 3

H3PO; [Concentrated | Cold gawuan | G3un | G6RE ] 1O0NNE] 100NN | 100RS

Dilute (134)] Cold 98 ggnes | 62 | 100 100 100

" Boiling 65 - 24 94 100 18

K10, |Cancentrated} Cold 30 10 ' - 100 96
w | 41 o} — | 10 0

Dilute Cold a7 n &7 98 100 100

" Bolling 28 48 2 88 9 4

nﬁgoq Saturated Cold 9% 55 60 4 100 &4
Boiling | 3 3 17 50 94 2

Dilute Cold ggnee | gmes ) 58 93 9 97

" Boiling | — — ” 98 9 75

Br Concentrated| Boiling &4 25 13 Al 20 2

&  Camplete solutiom with formation of hydrolytis residue,

8* Rapid decamposition of diboride with formation of salt residue,

#8% Decomposition of most of diboride with formation of salt residue,

ssstPartial hydrolysis.




TABLE IXIXs SOLUBILITY OF MIXED ACIDS (26)
(24 Hours at Room Temperature, 2 Hours' Boiling)

issolved Part of Residue in 2
Acid 2 ZrBz mz Mz Crﬂz
‘| Aquare Concentrated (3 parts [Cold [gwes 7 mn 80
#1part HNO3 of sp, |Botling| — | 6 | 80 | » | 29
&. 1.43
Dilute:s 3 parts EC1 |[Cola [3»« | 15 96 95
21:1;, 1 part HNO,
151 Boiling| — 3 Al P4
Qxalis Acidf 30 ml of saturated Cold 1 6 5 32 9
M} solution £ 10 al of
308 B202 £ 10 ml of  |Boiling| 6 2% | » &9
Hl03 of 8Pe & 1.43
30 ml of saturated Cold 87 %9 92 9 k) 8
solution £ 20 ml of
Kl 35 ml at sp, gr. 1.19 |Boiling| 35 18 58 99 2
# 15 nl tromine water
K10 35 nl concentrated £/ |Cold 4 90 73 9 48
15 nl concentrated K1
of sp, gr. water Boiling| w#ws 8 60 | 100 3
1 part at sp, gr. 1.84{Cold 9 aup - el 86
£ 4 parts of concen-
trated H3PO, ¢ 2 parts Boiling] 48 bl 10 6
of B0
H2S0; ;o;:. at sp, gr. 1.84 | Boilingl 6 6 3 5 ¢
[ 4
35.1‘t pe e 108‘ Boilm - 7 - 6 /
# 35 ml of ENO; of ep
&. 1.43 1 | 4% | ow» ¢ 2
Kl03 p. e L34 H (1 Boiling] 1%+ A A 32 4
hour of heating)

* Partial hydrolysis.
% Very rapid solution (15 minutes).
**¥ecomposition of most of boride with formation of residue.

54



Thermo-Fhivsical Properties:

TABLE XXXXI: EVAPORATION BEHAVIOR AND VAPOR PRESSURE (26)
Vapoar Pressure Rate of Bwvaporation Temperature
Diboride mm Hg g/cn2 sec (c)
748, 3.51 x 209 0.427 x 1077 1200
2.27 x 10-6 1.8 x 10~7 1400
1.16 x 105 1.33 x 1077 1600
1,97 x 10~2 2,16 x 107 1800
2rBy 0.96 x 1076 0.15 x 10~7 1400
7.2 x 106 1.c3 x 10~7 1600
3,22 x 10~ 3.8, x 107 1800
CrB; 1.7 x 1070 2.89 x 10”7 1200
3,82 x 10~3 4L.76 x 1077 1400
6,64 x 10°5 7,68 x 10~7 1600
1.2 x 103 1.2 x 1077 2000
TABLE XXXXII: EVAPORATION-VAPOR-PRESSURE IN A VACUTM (78)
Vapor ssure *Rate of poration Temperature
Diboride (p x 10° mm Hg) dc:!‘uc (%)
T4B, 04350 04427 1300
0,890 1,080 1400
0,545 0.63 1500
1,162 1,330 1600
1,985 2,185 1700
1,967 2,165 1800
B, 0.100 0,150 1400
0.834 1.248 1500
0,720 1.030 1600
1.42;; 1.969 1700
. 3. 1800
CrB, i'no 2.% 1200
3,560 44520 1300
3.820 44760 1400
1,200 1.450 1500
6,640 7,680 1600
4,620 4.980 1800

“Measure by Langmuir method,

Laboratory vecuum furnace.
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James Leitnaker of the Los Alamos Scientific Laboratoary has mede a
recent tharough study on evapcration behavior of sirconium diberide, This
study congotod of muur!.ngu. prg.mo of :.;:oniu- over sirconium

didboride oruc over 3420°PF to o
Reaction of m“".%ﬁﬁ”wm with roddm in f.hp system produc
volatile oxides was studied and measured pressures were corrected for the
increased volatility., Different orifice sises were used and the data there-
from used to obtain an evaparation cosffisient of 0,025 £ 0,010, oadln’
to Leitnaker ZrB, vaparizes to the equation ZrB) go¢(s) 'z Zr(g) # 1.906B(g
having an enthalpy of 458.3 £ 6,5 lu],/lolo and an associated entropy
of 98.4 £ 3,0 su, 7The difference between the observed enthalpy and the cal-
culated (477.4 Xoal/mole) was explained on the basis of inmconsist-
encies in the heat of vaporimstion of metallis sirconiwm (28),

TABLE IXXIXIII: HREATS OF FORMATION®

Heats of Formtion
Diboride Kcal/mole Remarks Reference
1B, 32 A a8
70.04 Augg?e mm *n0u26,34
B A ry O
3253% 87
2rB2 63.1 *9426,34
>T78 3398 ™
65 96
ne, > 3’3. BfO.q 26,931.6.17
B, 6@ 9%
TaB, > 2; nrg* 26.932,77
C 30 Be 26,34,
By 3 298 éry
47 95

® These wvalues were obtained by calculations and were determined as a result
of tensimetrical experiments and the study of the ucts of the interection
of borides vith nitrogen and carbon, Samecnov (34) showed that the heats of
farmation of compounds similar to metal (borides, etc.) are determined bty the
distribution of the electron configuration in their crystal lattices,

#% This hoat is a faoctar of two less than that reparted by Brewer and Semscnov.
Ams.poctrc-wmunduth a high temperature Kundsen cell,

#4804 gopy of the translated article hy Samsonov (34) is provided in Appendix
II., Abstracts 11 and 12 of Apponuxlmproddodrarnn'thermmuaa
on heats of formation,

*&#Nonporous bodies,



TABLE XXXXIVs ENTROPY (26)

Entropy

Diboride u.‘l./mh-d!!no
T4B, C 7.52
ZrB, 10,7

HeB, 1.2

VB, 7.9

ms, 10,4

TaB, 13.9

CrB, 9.4

Honporous specimens,

TABIE XXXXV: THERMIONIC EMISSION (26)

Work Function in Thermionic
Diboride Emission s OV,
mz 3.88 oY,
ZrB, 3.67 eov,
VBz 3.95 ov,
¥bBp 3.65 ov,
TaB, 2,99 ev,
Cﬂz 30% oV,

TABLE IXXIVIs SPICIFIC HEAT OF T4B, (85)

Syn | Investigator]Material Composition Test Method Bemarks

© | Valker, B,B.|99.7% TiBy; 0.2% B; | Drop method, copper | Avg. scatter of
Bwing, C.F, [0.1% Pe calorimeter heat content
m. R.R, hhé u

"Ihe mean specific heat of CrBy (70% Cr, 29.9% B, 0,05% C, 0,40% Pe)
was determined on a water calorimester set far the ture range from
room temperature to 300, 400, 500, 600, 700, and 800'C, QOn the basis of the
data obtained the following equation for the relationship of specific heat
to teaperajure ws developed by the method of least squareds ¢ 3= 0,142 £
1,03 , o An equation for the trus specific heat capacity, o = 0,106l £
2,06 o 107, was also obtained® (86),
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Figure 18, Enthalpy and Heat Content for 2rBp and TaB2 (Ref 83)
Specimen supplied by Norton Campany, hot pressed, 70-75{4 of theorstical

density, density equals 4.l4 g/cm? 23/4" diameter x approximately 3°
length. Test Method: drop technique - ice calorimeter.
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SPECIFIC MEAT, cal/g°K
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TABLE XXXXVII: STOICHIGMETRIC CHARACTERISTICS AND SPECIFIC GRAVITY (26)

C
Content of
Molecular Nonmetal Region of Homo-

Dibaride wt, £ by W, genity atom % Specific Gravity
11By 69.5, 3.l 61-75 4eb5
2rB, 112,36 19,18 — 5.8
mz 200.2 10.8 hnd 10.5
vaz 720” 29.8 — ‘06
L) 114.55 18,9 — 6.0
mz 202.52 1007 — 11.7
01'32 73 . 65 ” 0‘ — 5 06

Total emissivities of MbB, were camputed by General Electric Compeny
(82) amd recorded as follows:

Temperature
15409 2322°F
1800°K  2790°F
2000°K  3150°F

BfB,.

Total Emissivity

of NbB,

29
032
o35

Abstract 13 of Appendix I is concerned with the emissivity of ZrBz and




o8

| | o
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Figure 20. Spectral Emissivity of NbEp from O.4-5.0 Microns

and at 1540°9K, 1800°K, 2000°K (Ref 82)
The NdBo specimen was manufactured by Carborundum Co., Latrobe, Pennsylvania.
Purity not given, but stated as being of high purity. Test was run in 1.5
atmospheres of purified argon.
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TABLE XXXXVIII: ELECTRICAL RESISTIVITIES®

‘rqgutm-o Resistivity Temperature Coefficient
Diboride (c) Miocrom, om of Resistivity p+103 | Reference
RPoom 11.4 2078 26
Room 15 43
Room 9=15 7,68
ZrB, 1600 87.6 70
gﬁ 102.2 g
5 113.5
2305 118,2 70
2445 132.7 70
2635 139.1 70
Roonm 9-11 &,43
Room 16,6 1,76 26
VBz Room 16 22.‘3’70
Room 19 3.16 26
= | e e
Room . o5
NuB, : ¢
Room 32 2,43
Room 12-65 21,68
mz ROC “046.5 70
(x=40, 085%)
68 22,43
Room 37 04 1.108 26
Room 14-68 27,68
CrBy Room 21 2,43,70
Room 56 3.1 26
Ro a2 3.6 e
Room . »
"% 8.8 26

#Varying porosity-average figures.
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TABLE XXXXIX: HALL COEFFICIENT -~ THERMO-EMF (79)

Thermo-Rnf

Dibaride Eall Constant V/deg.
TiB, -17.8 =5.1
chz =1l,1 -603
M2 -201 -1 olt
m -17. -

“ 2 -1‘ 1 -
zrf, 17,6 A2
TaB, 2,2 3.1

"NOTE: See abstract 1/, Appendix I,

TABLE DXXXX: SUPERCONDUCTIVITY (26)

Temperatwre of Transition into
Diboride Superconductive State °K
TiB, <1,26
2rB, <1.8
HfB, <1,26
vaz < 109
) <1.27
mz <1l.3

TABLE XXXXXI: WIEDEMANN-FRANZ RATIOS (71)

Diboride W-F Ratio
4B, 165 x m:g
2rB, 154213 x 10
MB, 179-262 x 1075
TaB, 25 x
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Rclear Propertiss)
TABLE XXXXXII: RADIATION (26)

T Range

Diboride ¥ 2%7' Radiation Coefiicient
BB, 800-1700 0.88-0,93

2rB, 800-1700 0.89-0.92

48, 800-1700 0.71

B, 800-1700 0.72-0.76

:22 800-1700 0.72

# Relatively high coefficient,

#Interpolated from graph, Increases linear with temperature, Tha technique
used for measurement of the radiation coefficients is described in *Optics

and Spectroscopy” (Gptika i Spektroskipiys), 1960, 8, 410, by Serebryskove,
T. I., Paderno, Yu, B, and Samsonov, G, V.

Compatdbility with Metallio Matcdx (93)) The data om the following
tables was obtained from boride compounds having the following characteristics:

l, Powder size averaged 2~} microns,

2. Cold pressed compacts were fixed at 40 volume percent dispersed
boride and 60 volume percent mstallic matrix.

. 3. Density was generally 75-85 percent of the calculated theoretical
dens t’o

4e Vaoum (<.1w) was employed during the thermal treatment,
5. X-ray diffraction was used as the means of identifying the phases,

TABLE XXXXXIII, COMPATIBILITY OF BORIDE WITH TITANIUM MATRIX, 1000%C, 2 HOURS

___mﬁfm 1
Dispersant 8o Go Others
HfBy 2,97 4476 BfRy (v.s.); TiB (v.v.)
TiB 2,95 4.T2 TiBy (v.s.); TiB (w.)
B, 2,96 4eTh VB, (s.); TiB (v.); VB (t.)
B, 2,96 4e78 ZrBy (ves.); T1B (w.)

Code: v.v, = very weak pattern
Ve - weak pattern
8. « strong pattern
v.8. = vory strong pattern
t. = trace
B, - madium pattern
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TABLE XXXXXIV. COMPATIBILITY OF BORIDE WITH ZIRCONIUM MATRIX, 1000°C, 2 HOURS

Dispersant ) %o Others

HfB, 3.25 5.16 HfB, (vess); 2rB (w.); ZrB, (w,)
4B, 3.22 5.12 TiB, (s.); ZrB (w.); ZrB, (s.)
VB, 3e2% 5.16 VBy (w.); ZrB (s.); ZrBy (s.)
ZrB, ZrBy (v.s.); ZrB (v.v,)

TABLE IXXXXV, COMPATIBILITY (F BORIDE WITH 304 STAINLESS STEEL MATRIX, 1000%,

2 HOURS
Dispersant Phases Identified
:(q:7) RfB2 (v.s.); Po (s.); Po2B (t.)
mz T’.Bz (30); Fo ('o)i Fst (t.)
VB, VBy(we); VB (wo); Po (s.); Pe (s.); PegB (w.)
urB; ZrBy (ves.); Fe (8.); FegB (v.w.)

TABLE IXXXXVI. CQMPATIBILITY OF BORIDE WITH IRON MATRIX, 1000%C, 2 HOURS

Dispersant Phases Identified

HfB, HfB, (ves.); Po (v.s.); PesB (v.)
T’BZ Tﬂz ('o.o)i Pe (.0)3 !'028 ('o'o)
“2 VBz ('0V0)3 r.zs (.o)

ZrB, ZrB, (v.s.); Po (s.); PeoB (v.)

TABLE XXXXXVII. COMPATIBILITY OF BORIDE WITH NICKEL BASE, 1000%, 2 HOURS

Dispersant Phases Identified

HfB, BfBy (v.s.); M (v.s,); BB (m,); HE-Ni-B (s.)
TiBp T4By (s.); M (v.s.); Ti-Mi-B (s.)

uz VBz (.0), M ('0.0)3 3128 (.0)} % (.o)
ZrBy ZrBy (vewe); M (vos.); Zr-Ni-B (s.)
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TABLE IXXXXVIIIs COMPATIBILITY OF UOp WITH BORIDES (80)

Melting and/or
. Reaction
ture

r!sﬂﬂ,__(_g) 'wr Remarks.

ZrBy 4700 40 72 | Strong adherence; U0, U0y, 2rBy, and
unidentified material detected at
interface

4400 10 24, No adherence; UO detected at inter-
face

HfBy 4700 40 62 | Extensive interactions; HfBy and U0
detected in liquid phase

4500 10 32 No adherence; UO detected at inter-
face

4B, 4700 40 73 | Slight adherence; UO detected in
liquid phase

4500 10 25 Ko adherence; UO detected at inter-
face

TaB, 4500 10 29 Slight adherence; UO detected at

j interface
4000 4x1075 | 26x10"% No adherence; UO and UB, detected at
interface

B, 4200 40 83 |Strong adherence; UB, and UB, de-
tected in 1liquid phase

V.  APPLICATIONS

The use of diborides is limited primarily by the absence of ductility.
They have attracted attention because of their higher oxidation resistance at
high temperatures in comparison vwith carbides and nitrides, as well as their
excellent chemical resistant to aggressive media, and other properties import-
ant for modern technology. The applications of primary interest for this
report are concerned with the aercspace field, Other applications are pro-
vided for gensral interest.

Preliminary studies (97) on behavior during neutron irradiation
showed that diborides exhidit better dispersion qualities and superior retention
of helium than B,C, This study may lead to the use of diborides for reactor
control applicat o Since borides are resistant to the action of molten sili-
con, alumimm, copper, tin, magnesium, and fluorides they might be used in heat
exchanges in the atomic power industry (98).



Hish Tomperature Vacuum Applications; Important perameters to consider
for high temperature vacuum uses is that the material possess minimm vapor
pressures and evaporation velocities, Examples of direct application of these
materials would be for vacuum resistance furnaces, thermocouples, and components
for aerospace vehicles, Campbell states that the borides of the transitional
metals should be considered as the best refractory materials to be used in vacuum
at temperatures exceeding 2500°C (23).

The borides of zirconium and titanium have showm some
promise for rocket nozzle applications, Nozzles up to 6é-inch diameter have
been produced., Lynch studied resistance of refractory materials for rocket
nossle inserts exposed up to 20 seconds in environment of aluminized solid
propellants and found that the order of best resistance to rocket environment
was refractory metals, high-density graphites, carbides, borides, nitrides,
and oxides, (99).

Failure of the borides occurred either by thermal shock or by abrasion
in the throat of a nozzle,

Combustion Chambers: Diborides may possibly be used for combustion chambers,
but to date size and shape limitations of processing equipment have not been
established, Coatings of diborides have been used as linings in combustion
tzhu;nrl. Chromjum boride has proven to be quite successful for a lining material

100).

Gas-Turbine Blade Apvlications: A test was performed on turbine blades
made of ZrBs vhich illustrated that certain additions to the pure diboride
improved its thermal shoock and oxidation resistance, No conclusions were made
from the study by Hoffman, but it was shown that the oxidation of a 97,5 per-
ocent ZrBs plus 2,5 percent borom cermet body was very slight after 8,3 hours
at temperatures up to 2000°F (101),

Re-Entry Applicstions; Coating of hafnium, sirconium, and thorium borides
on refractory metals have been evaluated for re-entry applications, As for
structural ceramic bodies of diborides for this type of application, no investig-
ations have been performed (102),

dpduatrial Applications: Shield tubes of ZrBz for immersion thermocouples,

Sintered shield tubes having a porosity of 5-12 percent were tested in molten
cast iron, steel, brass and bronse. When tested during tapping of cast iron

in a blast furnace, they withstood 15 tappings or a total immersion of 10 howrs
53 minutes. In an open~hearth furnsce with basic lining, shield tubes are cor-
roded by basic slags and destroyed after 30-40 minutes. In swell open-hearth
furnaces, shield tubes withstood 2 hours immersion in molten steel, They with-
stood 86 hours in molted trass and btronse at 850 £ 50°C (103).

ZrB, is used for electrodes in the electrolysis of melts (104). This
mterial also been used effectively in high temperature burner parts (105).
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Borides can also be used for fabrication of nossles for atomisation of
fused metals, components of glass furnaces, boats for evaparation of over-
heated metals in vacium in mstallisation, and tubing for transfer of molten
-hl.o

Girard (106) examined a number of refractory materials to determine their
possible usefulness as materials for crucibles for melting, fining, and draving
high-silica g%u; compositions, Niobdum diboride gave the most promising results
for this use (27).

The diborides rate among the hardest materials synmthetically produced.
Therefore, they can be of use as special cutting tools, wear resistant surface
and high.temperature ball and roller bearings.

ZrB; and TaBy have been tried by Lofferty (107) to

be used for electron guns. They were found t0 be quite effective in electron
emigsion.

W A study recently performed for the United States Air
Force showed t good foam bodies could be prodused of titanium, tantalum,
and zirconium borides. Foams of niobium diboride were also made, using Nb,Os
plus boron carbide (39).
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SUBJECT Research Investigation to Determine the Optimum Conditions for
Growing Single Crystals of Selected Borides, Silicides and Carbides

AUTHOR: Kiffer, A, D,, Linde Company, Division of Union Carbide Corporation
ABSTRACT 3 This work was undertaken to produce selected crystals in the re-
fractory hard metals class for mechanical and other property determinations,
A Verneuil-type process using an arc heat source and argon shield gas was

loyed. Single crystal boules of titanium diboride and tungsten disilicide,

4~inch diameter and up to 4-1/2-inches long, were made, Most of them cracked
upon cooling, The largest single crystal pieces recovered were l/L~inch dia-
meter and over 1/2-inch long, Dimolybdenum carbide boules had large sections
of a "single crystal" MoL matrix containing about 10 percent by volume of
another phase distribtu unifornly through it., No Mo single crystal pieces
free from this phase were made, In very limited work with ditungsten penta-
boride only polycrystalline boules were produced., A mejor problem was en-
countered in getting powders suitable for Verneuil-type crystal growth, Best
results were obtained from compounds prepared by fusing together commercially
available pure elements and crushing the lumps into a suitable particle size
fraction, Process improvements and purer powiers are required to produce bstter
quality TiB and WSi, orystals, More experimental information is required on
the molybdenum-carbon and the tungsten-boron systems.

PERIICAL: A TR 61-350, Qotober 1961

SUBJECT: Investigation of Single-Crystal and Polycrystalline Titanium
Diboride: Metallographic Procedures and Findings

AUTHORS' Lynch, C, T., 1lst Lt., Vahldiek, F, W,, Mersol, S, A,, and
Underwood, C. R., Aeronautical Systems Division

ABSTRACT : Single-crystal and polycrystalline TiBs was examined to develop

applicable metallographic techniques for sectioning, mounting, grinding, polish-

ing, and etching of TiB2 specimens. This work demonstrates the usability and

practicability of using various SiC papers together with different grades of

diamond paste on polishing wheels in preference to using cloths, It has been

found that HS0; as a constituent of etchants, produces more reliable and more

consistent results then HF, The same is trus of H2S0; when used as a constituent

of electrolytes. Single-crystal TiB; was found to have a type of Widmanstatten

structure vwhile polycrystalline TiBs had a "needle-like" pattern.

FERIMICAL: Tsvetnyye Metally, (USSR), Nr. 11, pp 48-50, 1959

SUBJECT: Production and Some Properties of Hafnium Boride

AUTHORSs Paderno, Yu, B,, Seretryakova, T. 1., and Samsonov, G, V,

ABSTRACT 3 Considerable work has been carried out on titanium and szirconium
borides, Little study has been made of hafnium boride, but preliminary investig-
ations shov it has even bstter properties. There is probably only ome stable
compound - the diboride with typs structure, It has been obtained by pre-
cipitation from the gas phase, the present work it was produced by the re-
Guction of hafnium oxide by borom or borom carbide in a vacuum furnace, The
relation of the free energy with temperature is -
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Pe358.2x10° - 175,057
Fes 019x10° - 39.1T

for reduction by borom carbide and boron respectively, The reduction with
carbide takes place at somsvhat higher temperatures than with boron. At a
pressure of 10~ mm meroury at 1300 to 1600°C, chemical analysis showed it
was the stoichometric diboride, X-ray analysis showed the cell to be a »
3.137 and ¢ = 3,460 agreeing with the literature, .got pressing was carried
out at 2650° for 5 minutes with a load of 150 Kg/om®, The minimum porosity
obtained was 15,1 percent, The electrical resistance of the compound wes
8.8 micro ohm/om agreeing with the literature when porosity is taken into
account. The microhardness was 29004500 Kg/m?, At temperatures above 650
to 700°C, an oxide film was formed on the compound,

PERIMICALs U, S, Patent No. 2,998,302, 29 August 1961, Union Carbide Corp.
SUBJXCT : Preparation of Titanium Diboride

AUTHORS s Mercuri, Robert A., Finn, John M,, Jr,, and Nelson, E. N,
ABSTRACT s The process comprises blending titanium dioxide of a particle
size < 100 mesh with baric oxide of 60 mesh, adding the blend to a molten
sodium bath at 450° to 8009C, agitating the bath until the reaction is com-
plete, cooling the mixture, and recovering titanium diboride of < 50 particls
size and of 95 percent purity.

PERIMICAL: U, S, Patent ¥o. 3,004,830, 17 October 1961

SUBJECT s Method of Producing Metal Borides

AUTHOR s Orne, Nils

ABSTRACT s The method comprises forming in a wvertical electric arc furnace
container a cup-shaped charge of a finely comminuted mixture of at least one
of the transition metals, a boric acid component, and carbon, igniting an
electric arc to melt the baric acid, to vitrify the wall of the cavity, and
to dehydrate the boric acid, the composition of the mixture being such that

a protective nonoxide atmosphere of superpressure is maintained in the cavity,
and smwelting a successively increasing boride lump of the reduced metal in the
bottom of the cavity.

SUBJECT s Zirconium Diboride Prepared Directly from Zircon

AUTHORS: McMullen, J, C,, and McKee, W, D,, Carborundum Company

ABSTRACT s Commercial exploitation of the very refractory zirconium diboride
bhas been inhibited by the high cost of manufacture, Contributing to this high
mapufacturing cost has been the supposed necessity of using, in the sinal ZrB,
yielding reaction, ingredients already expensive by reason of previous pro-
cessing from the mineral source., In particular, Si-free sirconium sources,

such as the metal, oxide, or carbide have been used, In the experiments des-
cribed, zircon was reacted with boric oxide and carbon in a submerged electrode
arc furnace, yielding a reasonably pure zirconium didoride in a one-step process,
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The reaction depends on the volatility of silicon monoxide at the temperatures
employed, Although other proportions provide somewhat better purity and yield,
reactants in the stoichiometric proportions indicated by the following equation
can be used: ZrsiQ, £ By03 £ €0->7rBy £ €0 £ 810,

SUBJECT ¢ Pyrolytic Synthesis of Refractory Borides

AUTHORS: Gannon, R, E,, Vasilos, T., Folweiler, R, C,, Avco Corporation
ABSTRACT s The synthesis of refractory borides by vapor phase decomposition

has been investigated, Effects of such process variables as deposition temper-
ature, flow rates, and stoichiometry on the microstructure of the deposited
boride have been studied, Photomicrographs, mechanical properties and deposition
rates of the pyrolytic borides are showm,

SUBJECT s Method for the Production of Zirconium Boride

AUTHORS Espenschied, Helmit, National Lead Company

ABSTRACT The method comprises admixing an uncalcined zirconia hydrate pulp
as precipitated from a basic zirconia salt solution in an amount equivalent

to one mole on a zirconium oxide basis, 5 moles of carbon, and borie acid in

an amount equivalent to two moles of boron oxide to form a slurry, agitating

the slurry to form an intimate mixture, drying the mixture, and then heating

it in an inert atmosphere to a temperature sufficiently high to complete the
reaction between the materials and produce finely divided zirconium boride baving
a particle sise of 1 to 20,

PERIMICAL: Report No, WAL 766.41/1, August 1961
SUBJECT ¢ Pyrolytic Refractory Materials for Solid Fuel Rocket Motor
Applications
AUTHORS s Francis, R., Flint, E, P,, Arthur D, Little, Incorporated
ABSTRACT 3 Results of an experimental program devoted to the development of
refractory materials formed by pyrolytic processes are described., In thisg re-
gard the relative merits of various pyrolytic techniques and furnace designs
are critically evaluated, and optimm conditions for the formation of pyrolytic
graphite and pyrolytic boron nitride have been investigated. Relevant prop-
erties of pyrolytic graphite and pyrolytic boron nitride are compared, and
application of the principles derived has resulted in the formation of several
large sound shapes of these materials., Rxplaratory experiments on the farme-
tion of other pyrolytic systems are also described,

PERIMICAL: WADC TR 59-654, December 1959

SUBJECT s Synthesis of Rev High Temperature Materials

AUTHORS: Engelke, J. L., Halden, F, A,, Farley, E. P., Stanford Research
Institute

ABSTRACT: A number of mixed transition metal carbides, borides and nitrides

were prepared and examined in terms of melting point, structure, and oxidation

resistance, None of the measured melting pointe was higher than the value re.

ported for BICO4TeC (3940°C), The melting point for a series of solid solutiocns

between HEfC and HIC increased regularly with hafnium content.
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PERIOICAL: Isvestiya Vysshikh Uchetnykh Zavedeniy -~ Chernays Metallurgiys,
mo 3’ PP 13'16, 19&

SUBJECT Thermodynamics of Chrome Diboride

AUTHORS s Krestowmikov, A, N., Vendrikh, M, S,

ABSTRACT The effective heat absorbing capacity of Cr and B in CrBs was

calculated separately using Lindemann's formula for finding the natural vibra-
tion frequencies of Cr and B atoms; Debye function tables were used for cal-
culating the atomic heat absor capacity of Cr and B and the isochoric heat
absorbing capacities found for CrBs in accordance with Neumann's and Kopp's
lavw, and the isochoric capeacities were converted into isobaric omes using the
Nernst equation. The calculated heat absorbing capacities were compared with
values determined by the authors in experiments with a wvater calorimeter, The
values found per Debye and as measured coincided in the studied temperature
interval (300-800°K) but differed considerably at higher temperature, which
can be explained by an additional heat effect and must be yet experimentally
proven, It is supposed that the real heat absorbing capacity curve for CrBp
corresponds to a second order parabola with slight curvature. The values for
deep and low temperatures ,23-300°K) were calculated per Debys and extrapolated
further to absolute zero by the C,/T = £ (T) curve, and the standard entropy
of CrBy found to be SSgg = 9.32 cal/mol, degr., and the entropies of chrome,
boron, chrome diboride, and of CrB; were calculated, These data were used

for finding the formation entropy of CrBa, The standard formation heat of
CrBy (formation enthalpy, A H) having been found widely different by different
authors (varying from 19,00 keoal/mole per G. V. Samsonov to 47,00 per O,
Kubashevskiy and E, Evans the value 30,00 kcal/mol has been accepted for cal-
culgtions, and the equation of the dependence of ABEf on temperature was found:
ABY = 29845 - 0,6227 £ 2,005 , 10312 = 0,44,1051=1, Taking the CrBy forma-
tion heat and entropy, its free energy (isobaric potential) was calculated.

TEMPERATURE IN X

Thermo-
dynamis
Punctions 298 500 1,000 1,500 2,000 2,173
A H -30,@ m.?‘a -28, 5“ -26’m -23,&1 -21,7/.7
Al =30,071 -30,086 «31,122 =32,726 -35,315 =36,436
PERIMICAL: V sb,s Bor, Tr, Konferentsii po Khimii Bora i Yego Soyedineniy,
Moscow, Goskhimizdat, pp 5-18, 1958
SUBJECT ¢ On the Pregent State of Thermochemistry and Thermodynamics' of
Boron and some Borides
ABSTRACT's The necessity is noted of collecting accurate thermochemical and

thermodynamical data on boron and its compounds, The attention of thermochemists
is drawn to the complexity of the reaction of borom and boride bturning, the
possibility of errors is indicated in the determination of combustion heats due
to the neglected phase composition of the initial and final components of the
reaction, the presence of admixture in the boron samples and the incomplete
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burning of auxiliary fuel substances in the mixture with borom or boron-con-
taining substances, In the determinations of combustion heats of boron compourds
the subjection of the combustion products to phase, x-ray and ultramicrochemical
analyses is recommended, The values of the formation heats and the average
dissociation energies of several gaseous boron derivatives were cited according

to the latest literature data, It was noted that Brewer's and Earaldsen's date

on the formation heats of borides (RZhKhim, Nr. 9, 29883, 1957) may have an

error of up to 10 kcal/mole due to the assumption that in the reactions investi-
gated by these authors A S and A c, are negligibly small, The standard entropies
are calculsted for the formation of giborides of Ti, Zr, Nb and Ta which are -4.9,
«Sebsy =4eS and =4.4 entropy units, respectively, The possibilities of the approxi-
mate evaluation of the thermochemical and thermodynemic data four boron compounds
were discussed,

PERIMICAL: L Optika i Spektroskopiya, Vol 8, Mr. 3, pp 410-412, 1960 (USSR)
SUBJKCT: The Emissivities of Powders of Some Refractory Compounds

AUTHORS: Seretryakove, T, I,, Paderno, Yu, B,, Samsonov, G, V,

ABSTRACT 3 The authors report measurements of the emissivities of pouders of
borides, carbides and nitrides of refractory and rare-earth metals, Measure-
ments were carried out with sn instrument which similated closely ar absolute
black body, A tantalum cylinder (20 mm diameter, 5C mm height) served as a
heater, Inside the cylinder there was another smaller tantalum cylinder (8
om diameter, 20 mm height) which was placed concentrically with the cylinder,
In each of the cylinders there was a small aperture ard these apertures were
aligned horizontally., The lower ends of the two tantalum cylinders were fixed
to a molybdemm plate which was pressed against a cylinder by a spring. The
inner cylinder was coated with 100u thick layer of paste prepared from a fine
powder (particles of 2-3u diameter) of the refractory material mixed with a
binder, Tempersture of the inner cylinder surface (the brightness temperature,
Tp) and temperature in the aligned apertures (the true tempersture, Ty) were
msasured with an pyromster. Absorption in the glass tulb was found to be
negligible, The emission intensities were measured at 650 mu arc the emissi-
vities were caloculated using the following foarmula:

Rnf/\ :& h'%‘;

vhere ¢ 8 1,438 om/deg and A ig the wavelength, The measured emissivities of
pure tantalum st temperatures from 800 to 2000C agreed well with the published
values, The measured emissivities of laB(, NdBg, TiC, SmBg, CdBéé YBg, 4rEy,
HfBy, B,C, CrvC3 and BN powders at temperatures from 850 to 1650°C were given,

PERI®ICAL: J, Phys. Chem. Solids, Vol 4, pp 118-127, 1958

SUBJECT ; Hall Effect and Electrical Conductivity of Transition.Metal Eorides
AUTHORS 3 Juretschke, H, J., Steinits, R.

ABSTRACT 3 The room-temperature resistivity and Hall constant of the diborides
of the fourth to sixth-column transition metals and their solid solutions have
been measured in arder to clarify the electromic structure of these campounds,

&5




Since the experimental samples, prepared from powders, were usually parous,
extrapolation procedures have been developed to relate the electrical proper-
ties measured on porous samples to those to be expected at full density. The
results thus extrapolated indicate that all these compounds have a similar

band structures, the substitution of one transition metal for another changing
mainly the occupation of the conduction band., This conduction bend is of
standard shape; it is nearly empty for fourth-column transition metals, and

is filled to about one electron per cell upon substituting a fifth-column metal.
If the band structure of these compounds derives from that of the transition
metals, the results suggest that the usual s-d band overlap is here consideradbly
reduced, and that the d-band are completely filled by the contribution of three
electrons from each boron atom. This mekes the main conduction band an s-band.
Such an interpretation is in accord with a number of other characteristic
properties of these compounds.
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SELECTED ARTICLE NO 1
CERAMIC ENGINEERING
PRESSING AND SINTERING OF BORIDE POWDERS (Ref: 34)

B.N. Babich
K. 1. Portnoy
Professor G.V. Samsonov

(Translation by S.A. Mersol)
INTRODUCTION

Greater utilization of products made of borides or of alloys having a boride base (1, 2)
made it necessary to establish a program for studying the powder metallurgy of these
compounds,

Our investigation started with a study of reference 3. It was shown there that powders
of hard materials sinter by means of the gradual breakdown of the uneven portions of the
grains which are in contact with each other during their mutual migration. A determi-
nation of the degree of brittleness of powders of hard compounds is proposed, and the
connection between the brittleness and the stability of the bond in the crystal lattice of
the compound is indicated (3).

Chiotti (4) used the method of the separate pressing and sintering of specimens made
of carbides of refractory metals, To facilitate sintering, he made use of the formation
of the liquid phase with the addition of iron (up to 8 percent) or iron salt (up to 2.5
percent); the final content of the inpurity in the specimen did not exceed 0.5 percent.

In the sintering process of refractory compounds (carbides and oxides), the main reason
for the shrinkage of sufficiently pure compounds during sintering is that during heating
the particles attain a plasticity, which is sufficient for the grains to be pulled into pores
under the influence of the forces of surface tension and in the direction of the center of
gravity of the pellet (5).

This process, often accompanied by recrystallization, starts above a homologous tem-
perature of 0.8 (Ty;nering * Tmeiring ) The porosity of the sintered object can be re-
c'uced to values of less than 10 percent, This theory agrees with G.A. Myerson’s theory of
sintering, developed for plastic metals (6).

We investigated the conditions of pressing and sintering of TiBy and CrB, powders as
well as those of the titanium and chromium boride alloy (the ratio of molar concentrations
of TiB,: CrBy =4 : 1),

The initial TiB, and CrB; powders were prepared in vacuum. Then (Ti, Cr)B, was
prepared from the specific mixture of these borides at 1700°C for one hour in vacuum.

The average particle diameter of the pellets of all three powders measured from 2 to
3 microns. Their loose-packed weights and their close-packed weights are shown in
table 1,
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TABLE |
THE LOOSE - PACKED WEIGHT AND THE CLOSE - PACKED WEIGHT OF BORIDE POWDERS

BORIDE LOOSE - PACKED CLOSE - PACKED y CLOSE - PACKED
WEIGHT WEIGHT y LOOSE- PACKED
TiB, 0.80 1.24 1.55
crB, 1.05 1.64 1.57
(Ti,cr e, 0.97 1.53 1.58
PRESSING

The specimens were pressed in a steel cylindrical die on a hydraulic press at pres-
sures of from 0.5 to 8 tons/cm?. For all tests the specimens had a diameter of 15 mm
and were from 6 to 10 mm high. A study of the pressing procedure (9) involved a de-
termination of the influence of the maintained pressure on the density of the pressed
pellets by measuring their elastic properties and by studying the influence that inter-
stitial wear or rubbing had had on their density.

The pellets proved to be of low strength, and the tremendous wear of the dies used for
dry pressing made it necessary to mix plasticizers with the powders. The following plas-
ticizers were used: a solution of synthetic rubber in gasoline (400 ml of 4 to 5 percent
solution to 1 kg of the powder), a solution of Na,SiO, in alcohol (the content of Si in the
mixture was 1 percent), and a solution of FeCl, in alcohol (the content of Fe in powder
was 1 percent).

The density of the pressed specimens was determined by the pressing rate and the
applied pressure. To test the pellets’ elasticity, the distance from the base of the die to
the upper end of the die (the plunger) was measured and considered its indicator; the
correction for the elastic compression of the plunger under load was entered, and the
height of the pellet after pressing was measured.

None of the above listed plasticizers markedly improved the compressibility; however,
the strength of the pellets was greatest when the FeCl, solution was used, and was there-
fore used in subsequent experiments.

Figure 1 shows the results of pressing at various compacting pressures. As the data
indicates, TiB, performed better than CrB,. Lamination phenomena during pressing
started in the pressure range above 3 to 4 tons/cm?,

Figure 2 shows a compacting pressure diagram in logarithmic coordinates, log p,, -

log B, where B is the relative volume 8 = °°“.'°°' , from which it follows that the pressing
process is well expressed by the straight fnes:

For TiB,, log p = -11.07 logB+ 302
For CrB,, log py, = -10.48 logB +3.25
For (Ti,Cr)B,, log p = = 11.29 log3 +3.24

where Psp is specific pressure,
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The continuance of pressure from 15 to 60 seconds does not have any effect on the
density of the pressed pellet or briquette.

The continued process of rubbing pre-pressed specimens over the sieve 0105H with
subsequent pressing at the same pressure allows the density of the pressed samples to
increase for about 5 percent, whereby the greatest effect is produced by the first rubbing.

Figure 3 shows the results of the elasticity determination. When the results are com-
pared with those obtained by an analogous investigation performed on metallic powders
(9), it is notable that the length of time for which the powders were subjected to the
pressure had no effect on the density of the boride pellets. This proves the practically
complete nonplasticity of the pellets and the conservation of a highly strained state after
pressing.

The relative elasticity of borides after pressing is in complete agreement with the high
hardness of borides, since by comparison (9) the very hard tungsten carbide has a tre-
mendous elastic effect after pressing. This also corresponds to the data of work (10). The
elastic effect on the borides increases with the increase of the pressure to from 1 to 2
tons/cm?®. The decrease in magnitude of the elastic effect, which occurs at very high
pressures, is due to the breakdown and hardening of the pressed pellets and to the distri-
bution of fine-grained broken-off particles in-between larger unbroken particles. At still
higher pressures, the elastic effect again increases; this is accompanied simultaneously
by lamination phenomena. Technically, it is possible to consider the compacting pressure
of 3 tons/cm? as the most favorable one, and at this pressure it is expedient to employ
multiple pressing techniques,

In our studies of borides the most pronounced elastic effect in the powder borides oc-
curred in the hardest boride, namely, TiB, (3370kg/cm?), and in case of the solid-solution
boride, in (Ti, Cr)B, (about 3800 kg/mm?), The elastic effect on CrB,, whose hardness
is 1800 kg/mm?, is considerably smaller,

SINTERING

The conditions of sintering were studied by first compacting the pellets under the chosen
preisure of 3 tons/cm?, The sintering was performed at a pressure of 0.1 mm Hg in a
vacuum tube furnace having a graphite heater (11), To determine the optimum sintering
temperature, the specimens were sintered within the 1700° to 2400°C range for one hour.

The specific gravities of the sintered specimens were determined by hydrostatic sus-
pension, and the linear shrinkage by the resultant heights (table 2),
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TABLE

2

RESULTS OF THE SINTERING OF BORIDES

BORIDE CHARACTERISTICS OF SINTERING TEMPERATURE IN °C
10
THE MATERIAL {700 | 1800 | 1900 | 2000 | 2100 | 2200 | 2300 | 2400
-TiB, DENSITY IN G/CM® _— 3.31 3.49| 349| 3.47| 3.63| 3.8I 4.04
RESIDUAL POROSITY -— 125.5 [ 21.6 | 21.6 |22 18.4 [14.3 9.1
IN %
CrB, DENSITY IN G/CM® 3.82| 3.83] 401] 4.25] 4 .30 ME|ILTE|D
RISIDUAL POROSITY 137.1 {31.6 {28.4 |24 23.2 "
IN %
('l'i,(:r)Bz DENSITY IN G/CM® —_ 3.70] 3.86) — 3.84| 3.91| 4.20| 4.45
IN % — |22.4 |19 — |19.49 |18 .9 6.7

From the table we see that the sintering process occurs in two stages: (1) minor density
increase at the temperature up to 2100° or 2200°C, and (2) intensive density increase
above 2100° or 2200°C. It is evident that in the second stage the plasticity of borides be-
comes sufficiently great to have suriace tension overcome the strength of the particles.

In all cases the reduced temperature at the beginning results in an increased density of
from 0.7 to 0.8. The optimum sintering time was determined by holding Tib; and the
solid solution (Ti, Cr)B, at 2300°C; CrB, was held at 2000°C (table 3).

TABLE 3

THE CORRELATION BETWEEN THE BORIDE SPECIMENS
DENSITY AND THE SINTERING TIME

SINTERING SINTERING DENSIVY RESIDUAL

BORIDE TEMPERATURE TIME IN POROSITY
IN*C IN MIN. G/cn’® IN %

Ti8, 2300 30 3.72 16.4

60 3.80 14 .3

120 3.81 14.2

240 3.79 14.4

crB, 2000 30 4.8 25 .6

60 a4 .25 24

120 a.26 23.9

240 4.26 23.9

(Ti,cnB, 2300 30 a.16 12.5

60 420 (1.9

120 4.20 1.9

240 4.22 s




At the sintering temperatures selected the equilibrium between the stability of the
particles and the surface tension is established rather rapidly; the higher the sintering
temperature, the faster it progresses. In all cases, but especially in the case of TiB, and
(Ti, Cr)B,, the low porosity of the specimens resulted from sufficiently high temperatures.
As the temperature was increased, the attainment of a porosity approaching zero did not
present special difficulties. CrB, i8 an exception, for its lowest porosity amounts to 23
percent and at the increased temperature (higher than 2100°C), melting begins. (The
melting temperature of CrB,, 1900°C, as often cited in literature, is incorrect., According
to the data in references 12 and 13, it is at 2200°C. It seems that this discrepancy is due
to the dissociation of CrB, in the range of temperatures close to its melting point.)

CONCLUSIONS

The densification process of TiBy, CrB,, and (Ti, Cr)B, powders is described by the
logarithmic correlation between the relative volume and the compacting pressure, The
resultant elastic effects of the materials studied is rather high. The dependence of the
elastic effect on pressure is connected with the high brittleness and nonplasticity of the
borides.

The process for achieving increased densities in boride pellets by sintering consists
of drawing particles into the pore spaces upon attainment of that temperature at which
the forces of surface tension prevail over the strength of the particles which become
plastic,

The possibility of using separate cold pressing and sintering instead of the complex
and uneconomical method of hot pressing was demonstrated,
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SELECTED ARTICLE NO 2

VACUUM THERMAL PREPARATION OF BORIDES OF HIGH-MELTING METALS

NOTE
What follows is part of an article ‘‘Vacuum Thermal Prepara-
tion of Borides of High-Melting Metals’’ by G.A. Merson and
‘G.V. Samsonov, translated from the Zhurnal Prikladnoi Khimii
Vol. 27, No. 10, 1954, Moscow, pp 1115 to 1120,

EXPERIMENTAL

A vacuum resistance furnace with a graphite heater [.5] was used for performing the
indicated reaction and is schematically illustrated in Fig. 1,

The heater was a tube made of electrode graphite with an internal diameter of 24 mm
and a wall thickness of 1.5 mm, sealed between two molybdenum contacts placed on hol-
low brass conductors internally cooled by water.

%j'r
A YR G A len o
ql

|

Figure 1. Vacuum resistance furnace. 1) Coil, 2) chamotte plate, 3) upper contact,
4) graphite vessel, 5) molybdenum shield, 6) glass hood, 7) electrode,
8) lower contact, 9) rubber ring, 10) furnace plate, 11) compression vacuum

gauge.

In order to reduce the loss of radiant leat, the tube was shielded by concentrically placed
graphite and molybdenum shields with apertures for optical temperature measurement.
The tube was fastened to the water-cooled furnace bottom which had an annular depres-
sion with a rubber vacuum gasket for taking the vessel which was prepared of a special
type of glass and could withstand heating to 400-500°.

The vacuum was produced with a VN-461 fore-pump and a T, VL-100 oil diffusion
pump. The pressure in the furnace was measured with a compression vacuum gauge.
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The charge was made according to the above noted reaction, and briquetted; the
briquettes were placed in pairs in the heating tube on a ring made of boron carbide in
such a way that the outer surfaces of the briquettes did not touch the graphite tube (Fig. 2).

Figure 2. Placing the briquettes in the heater. 1) Graphite tube, 2) briquette, 3) graphite
ring.

In this work, we investigated conditions for preparing the bromides of titanium, zir-
conium, vanadium, niobium, and tantalum; the starting substances were the oxides of
these metals, boron carbide, and carbon black; compositions are given in Table 1.

Preparing titanium and zirconium borides. A tensiometric study of the reaction:
2TiO 4+B (C +3C=2TiB, + 4CO, was made in a preliminary study of conditions for preparing
titanium boride.

The experimental method consisted in gradually increasing the furnace temperature
and measuring the pressure of the carbon monoxide evolved at the corresponding tem-
perature; when a marked break in pressure was observed, the temperature was held
constant until a time when the pressure did not reach some minimum which was constant
for given temperature (bearing in mind the gas liberated from the metallic parts, the
graphite, and the flask). A sharp increase in pressure may be caused only by the start
of a reaction which takes place liberating CO or a mixture of CO+CO, (depending on
the temperature range). Thus, we may establish the temperature for the start of re-
action at a given pressure and physical composition of the charge by an abrupt pressure
change,
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Figure 3. Tensiometric curves for the reaction: 2TiO, + B,C + 3(_: = 2TiB, + 4CO.
A) Pressure (mm Hg); B) Temperature (°C); C) time (minutes).
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TABLE 1

Composition of Raw Materials for Boride Preparation

Material TiOp |ZrOs | VaOs | NbyOy | TagOs | FeaOy | §10, [CaO [SnO, |ALO, B | C
TiO, 98,25 | - - - - 0.75 - Traces | - 0.08( - -
Zro, 0.35 (97,90 | - - - 0.14 Traces | 0.43 - - - -
VO, 0.03 - 99.15 | - - 0.25 - Traces | - - - -
Nb, Oy 027 | - - |98.90 | 0.65 | 0.0 - - - - - |-
Tay Oy 0.68 - - 2.23 97.35 0.10 0.73 - 0.91 - - -
Carbon Black | - - - - - - - - - - - 1999
B.,C - - - - - - - - - - 78.20| 21.70

Curves obtained by holding at temperatures corresponding to the pressure jumps are
given in Fig. 3. As can be seen from these curves, three rather clearly expressed jumps
in pressure take place; the first two of these correspond to the transition of TiO; into
TizOs or Tiy Os into TiO, as was similarly shown in a previous study on conditions for re-
ducing TiO, by carbon [5]. The third jump is observed at 1120°C (pressure ~ 2000 mm Hg)
and evidently corresponds to the reaction:

2TiO + B,C + C=2TiB, +2CO.

According to the results of chemical analysis, the product obtained here has the follow-
ing composition:

According to Formula Found (%)
TiB, (in%)
Ti 68.90 68.20
B 31.10 31.02
C Total 0.00 0.019
Total 100.00 99.239

The lower temperature limit for starting to obtain TiB, by the stated reaction under
vacuum is 1100-1150°C (at the given degree of rarefaction of the furnace). In view of the
long time required for conducting the reaction at this temperature, a higher temperature
region was investigated ranging from 1200 to 1900° at intervals of 100° (holding for one
hour at each).

The corresponding data are given in Table 2. Thus, at 1400° and above, titanium boride
is formed in one hour, subsequently small changes in the product composition at higher
temperatures do not exceed the limits of analytical error related to the difficulty of de-
termining Ti and B when they are both present [6].
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A study of the effect of holding time at 1400° (the last 3 experiments, Table 2), showed
that reducing the holding time to 1/2 hour did not permit the reaction to proceed to con-
clusion; this can be judged by the significant quantity of unremoved carbon. Holding for
over one hour was likewise inexpedient.

Similar reaction conditions were also established for the reaction preparing zirconium
boride ZrB,.

Roentgeno-structural analysis of powdered titanium and zirconium borides prepared
by this procedure, performed using copper illumination showed a hexagonal structure
for both compounds with lattice constants for TiB,; of a=3.020 kx, c=3.217 kx; c:a=1.065
(according to the literature data [8]forpure titanium boride prepared synthetically from
its elements, a=3.028 kx; c=3.228 kx; c:a=1.064), and for ZrB,, a=3.172 kx; c=3.538, and
c:a = 1.115 (according to literature data (8] a=3.170 kx; c=3.533 kx; c:a=1.115). The
identification was made graphically; the agreement must be regarded as satisfactory:
for TiB; all 11 lines for K, - radiation agreed.*

TABLE 2

Chemical Composition of Products from Treating the 2TI0, , B,C + 3C Charge under Vacuum, as Dependent
on Temperature and Time of Heating.

Temperature (*C) Time Pressure (mm w Yield (R) Chemical Composition (%)
(minutes) | initial fina! T (2.“".l Total
1200 (| 3.10™ 4.10? - 2551 | 8.39 -
1300 210" 4.10* - - 28.93 1.4 -
1400 3.10"* 3.10° 100.0 69.52 30.49 0.02 100.03
1500 J 3.10" 3.10* 100.0 69.70 30.53 0.019 100.25
60
1600 3.10°* 4.10" 9.0 68.49 31.58 0.018 100.04
1700 4.10° 4,107 98.0 69.52 30.92 0,019 100.46
1800 3.10* 4.10° 95.0 69.21 31.51 0.019 100.74
1900 \| 3.10° 4.10° 95.6 69.64 30.62 0.024 100.28
1400 15 2.10* 42 - - 28.18 1.20 -
1400 30 4.10"° 1.0 - - 31.50 1.2¢4 -
1400 120 3.10° 2.10* 9.5 68,55 31.40 0.06 100.01
TABLE 3

Main Characteristics of Powdered Vanadium, Niobium, and Tantalum Borides Obtained by the Vacuum Thermal

Method,
Chemical composition % Lattice

Boride ca Ave Density

LV Ta) 8 rot | o | 0 particle

Calculated| Found | Calculated | Found Y c size (u)

VB, 70.10 70.00 | 29.90 2983 | 0.09 | 99.99 |3.000 3.050 |1.027 | 1.86 |4.56
NbB, 81.04 1.14 |18.96 1895 | 0.17 [100.26 {3.080 | 3.304 [1.073 | 1.90 [6.80
TaB, 89.30 88.40 | 10.70 1051 | 0.6 | 99.07 |3.082|3.239 |1.075 | 2.41 }1.85

* The photographs and calculations for lattice constants were performed by R.B. Kotelnikov.
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The average particle size of titanium and zirconium boride powders prepared by the
vacuum thermal method was to 2.2 and 2.3y, respectively, and about 70-80% was in the
1.5-3y range. Pycnometric determination of the powder density, performed under the
microscope using benzene, gave the values: dTiB, =4,44 and erB. =6.24, as compared

with those calculated from the lattice constants: dTiB. =4.45 and erB, =6,04,

Preparing vanadium, niobium, and tantalum borides. The process for preparing vana-
dium, niobium, and tantalum borides was exactly the same. The main characteristics of
the products obtained are given in Table 3.

Preparing tungsten boride. In preparing tungsten boride by the vacuum thermal pro-
cedure, we are confronted with the high volatility of tungstic anhydride and its prelimin -
ary reduction to WO, leading then to a reaction forming the boride at relatively low tem-
peratures, and likewise with providing some excess WO, to compensate its volatility in
the vacuum furnace.

Tungsten boride prepared in this manner has a chemical composition close to W;Bg,
an average particle size of 2.4y, pycnometric density 11.96, and lattice constants a=2.00
and c=13.80 kx.

SUMMARY

1. A vacuum thermal procedure for preparing borides of high-melting metals by re-
acting the corresponding oxides with boron carbide and carbon black according to the
scheme:

MeO+B,C+C-~MeB+CO

enables us to obtain, under comparatively simple experimental conditions, pure borides
very close in composition to the compounds described by the formulas Me B, or Me, B,
with very little contamination from residual carbon ( as a rule in quantities below 0.2%).

2. The possibility of preparing titanium, zirconium, vanadium, niobium, tantalum, and
tungsten borides by the indicated method was demonstrated.
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Borides of transition metals, especially zirconium, titanium, and chromium diborides,
have been attracting increasing attention from investigators over recent years as construc-
tion materials [1,21. These substances, which have high melting points (ZrB, 3040°, TiB,
2980°. CrB, 2300°), good thermal and electrical conductivity, and comparatively high slag
resistance, have been the subject of many investigations in various countries, including
the Soviet Union [1,3-10]. The chemical resistance of these substances to various reagents
has been investigated much less. Up to now there have only been fragmentary and often
contradictory reports on this problem. Thus, in 1913 Wedekind [11] stated that zirconium
boride, to which he assigned the formula ZryB,, is decomposed by hydrochloric acid with
the liberation of boron hydrides, while other authors said that it has considerable resis-
tance to this acid.

According to the data of Kifer and Shvartskopf [2], ZrB,; only reacts weakly with hydro-
chloric acid, but more vigorously with HNO, , a mixture of H; SO, , HNO;, aqua regia, and hot
sulfuric acid; ZrB, dissolves readily in molten alkali metal carbonates, bisulfates, and
hydroxides. Titanium diboride has even greater chemical resistance. It is also very re-
sistant to oxidation by atmospheric oxygen. According to the same data [2], it is insoluble
in hydrochloric and hydrofluoric acids, but dissolves readily in mixtures of HNO, with hy-
drogen peroxide or sulfuric acid and in sulfuric acid alone with heating. According to the
data of Andrieux and Marion [12], all chromium borides, including CrB,, are resistant to
nitric acid. According to the data of Campbell, Powell, et al. [13], chromium borides are
some of the most slag-resistant compounds.

The first systematic investigation of the chemical resistance of powdered borides of
transition metals, prepared by the boron carbide method, was carried out by Samsonov and
his co-workers [14, 15]. As a result of an investigation of the chemical resistance of powdered
titanium, zirconium, vanadium, niobium, tantalum, chromium, molybdenum, and tungsten
borides to hydrochloric, nitric, sulfuric, phosphoric, perchloric, oxalic, and hydrofluoric
acids (both concentrated and dilute), in the cold and at the boiling points, quantitative data
were obtalned characterizing the degree of solution of the powders investigated in the given
media. The data obtained showed that all the borides, with the exception of niobium and
tantalum borides, have a considerable solubility in acids, especially nitric acid. All the
borides, with the exception of Nb, Ta, and Cr borides, dissolved in nitric acid at a high
rate, even in the cold, while chromium boride dissolved in boiling nitric acid. Niobium
and tantalum borides dissolved readily only in hydrofluoric acid and in concentrated sul-
furic and phosphoric acids on heating. The same article gave interesting data on the solu-
bility of borides in mixtures of acids with various additives and also on the solubility of
borides in NaOH solutions of varicus concentrations. However, in this work no data were
given on the chemistry of the processes occurring during the solution of borides of transi-
tion metals in various aggressive media. In the work of the authors of the given article on
the hydrolytic decomposition of magnesium and beryllium borides [16-181, it was shown

that the solution of these borides is accompanied by the liberation of a certain amount of
boron hydrides and hydrogen. 105



TABLE 1
Composition of Borides According to Chemical Analysis Data [25)

Products synthesized by car- | Products synthesized by the | Products synthesized by
bon reduction (in%) boron carbide method (in %) | the electrochemical
method (in %)

Borides
Me B C Me B C Me B

ZrB, 80.9 18.1 1.1 80.2 18.4 0.8 80 19.2

TiB, 68.9 28.5 1.3 68.4 29.6 1.0 69 30.8

CrB, 69.8 30.2 1.8 69.8 27.2 2.0 -- -

From the literature [19] it is known that even some extremely chemically resistant bo-
rides ( for example, AlB, and CeB, form small amounts of boron hydrides on decomposition
in acids. As has been mentioned already, it has been shown experimentally that zirconium
boride [11] and transition metal borides liberate boron hydrides on solution in HCl. There-
fore, it may be surmised that the solution of these borides in acids, which results in the
formation of the corresponding metal salts and boric acid, passes through the intermediate
stage of the formation of boron hydrides.

It may be surmised that the primary product of the hydrolytic decomposition of borides
is borine, BH,. The substance is extremely reactive and has not yet been isolated in a pure
form. On contact with water it is largely hydrolyzed to formn B4O, or boron suboxides, but a
very small amount of BH, is polymerized to form By Hy, B H,, and other more complex boron
hydrides. The scheme for such a polymerization, occurring during the hydrolysis of mag-
nesium boride, was first given by Wiberg [20].

The purpose of the present work was a preliminary examination of the chemistry of
processes occurring during the solution of titanium, zirconium, and chromium borides in
acids (mainly in hydrochloric acid).

For this purpose, we investigated the resistance of these borides in a powder and sin-
tered form to HCl, HySO,, and HNO, in comparison with certain acid-resistant compounds
(B,Cand MoSi,) and aiso studied the gaseous hydrolysis vroducts and the composition of
the solutions obtained. The data obtained confirmed the above point of view on the chemistry
of the decomposition of borides in acids.

Chemical Resistance of Titanium, Zirconium, and Chromiwm Borides in Acids

The boride samples investigated were obtained by three methods: 1) by carbon re-
duction of a mixture of metal and boron oxides at a temperature of the order of 1900°
[21,22]; 2) by the boron carbide method with reduction in vacuum* [23]: 3) by electrolysis
of melts by the method described by Andrieux (24]. The compositions of the starting ma -
terials investigated are given in Table 1.

X-ray phase analysis confirmed that all the borides investigated contained well-formed
crystal lattices of diborides.

* These samples were kindly provided by G. V. Samsonov.

106



The samples were sintered by hot pressing in graphite molds at 1800° and a pressure of
about 100 kg/cm® [26]. As a result, we obtained flat disks 25 mm in diameter and 3-4 mm

chick. Halves of such disks were used for testing chemical resistance. The samples were
placed in beakers with the appropriate acid and left at room temperature for a given time
without stirring and then the samples were washed with water and weighed.

In the study of the chemical resistance of powders, the latter were washed after test-
ing on a tared glass filter.

The results of the tests are given in Tables 2 and 3. The data in Table 2 show that
electrolytic zirconium and titanium borides also dissolve in acids to a considerable ex-
tent, but somewhat less than borides prepared by the boron carbide and carbothermal
methods. Table 3 gives comparative data for hot-pressed boron carbide and molybdenum
silicide. As follows from the data obtained, these substances have the maximum chemical
resistance to acid. Sintered samples of TiB; had such a high resistance to hydrochloric
acid that they could probably be recommended as acid-resistant materials. Zirconium
boride was strongly attacked in hydrochloric acid.

The data in Table 3 show that the addition of metallic silicon to TiB, and ZrB; reduced
the chemical resistance of samples to all the acids tested (HCl, HNO,, and H;SO,).

Hydrolysis Products of Zirconium, Titanium, and Chromium Diborides

In the decomposition of diborides by hydrochloric acid it is possible to establish by
smell that appreciable amounts of boron hydrides are formed, especially in the case of
zirconium and chromium borides. When treated with hydrochloric acid, chromium boride
began to liberate boron hydrides in the cold, while zirconium boride, even in the most
crystalline form, for example, that prepared electrolytically, reacted vigorousiy with
hydrochloric acid solution after slight heating, also with the liberation of boron hydrides.
The reaction proceeded more slowly with titanium boride and therefore, in order to de-
tect the smell of boron hydrides, it was necessary to use a large sample of boride and
carry out the decomposition with heating.

For all three borides, the formation of boron hydrides during the reaction with
hydrochloric acid was demonstrated by qualitative reactions with paper moistened with
AgNO, solution (browning or blackening of the paper) and decolorization of a drop of
KMnO, solution [27],and also quantitatively by absorption of the gases liberated with
water and alkali solution, with subsequent determination of the amount of boric acid in
the solution. The latter method was described by Mikheeva (28] and by others [29].
The results of the experiments are given in Table 4.

The detection of boric acid on absorption of the gaseous products with water and
alkali solution showed that both diborane and tetraborane were formed during decompo-
sition of the borides. Analysis of the gas collectedwhen the borides were decomposed in
a stream of nitrogen showed that after the boron hydrides had been absorbed in water and
alkali, the residual gases contained a considerable amount of hydrogen. Thus, it was con-
firmed that as in the hydrolysis of magnesium and beryllium borides, the gaseous de-
composition products consisted of boron hydrides and hydrogen. Quantitative data on the
amount of boron hydrides and hydrogen liberated during the decomposition of borides
with HC1 (1 :2) are given in Table 5.
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TABLE 2

Chemical Resistance of Powdered Zirconium and Titanium Borides Obtained Electrochemically.
Boride Powder Fraction <0.2 mm,

Acid concen- Experiment con-| Duration Degree of
Acid tration ditions of treat- solution Notes
ment (in (in %)
hr)
ZrB,
1.10 In the cold 0.5 None Did not react
Conc. In the cold 96 3.99
H, S0, 1.10 Boiling 1 27
Conc, Boiling 1 Almost all dissolved solution
turbid
1.10 In the cold 0.5 None Did not react
1.10 Boiling 1 14
HNO, Conc, In the cold 96 74.8 Solution became yellow
Boiling 1 93.1 Residue became white
1.10 In the cold 24 77
HF 1.10 Boiling 1 86.2 Evolution of gases
Conc. In the cold 24 84.4
1.10 In the cold 16.8 7 Weak evolution of gases
1.10 Boiling 1 25.7 Violent evolution of gases
HCl Conc, In the cold 24 2 Weak evolution of gases
Conc, Boiling 1 25.4 Strong evolution of gases
Water In the cold 24 5.7
Boiling 1 0.94
TiB,
1,10 In the cold 168 45.7
H, SO, Conc. In the cold 96 5.5
Boiling 1 43.3
HNO, 1.10 In the cold 96 97.5
1.10 Boiling 1 95.5 Yellow solution
Conc. In the cold 24 97
HF 1.10 In the cold 27 15.6
Conc. In the cold 96 16.6
1.10 In the cold 96 3.9 Evolution of gases
HC1 1.10 Boiling 1 12
Conc. In the cold 24 5.5
Conc. Boiling 1 12
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TABLE 3

Comparative Data on the Chemical Resistance of Hot-Pressed Boride Sinters to Acids

Weight loss (in % of original sample) after a rime of

Composition of Acid and its speci-
samples fic gravity 1 day 4 days 10 days
HCl, 1.19 2.5 4.9 10.4
ZrB, HNO,, 1.42 5.6 13.6 33.3
H,S0,, 1.84 1.2 4.2 5.2
HCl, 1.19 0.1 0.4 0.8
TiB, HNO,, 1.42 6.1 15.1 30.5
He SO, . 1.64 0.1 0.4 1.0
HCl, 1.19 0.4 2,0 17.0
ZrB, +5%Si HNO,, 1.42 2.5 16.6 53.1
He SO, , 1.84 0.2 1.2 7.8
HCl, 1.19 0.8 2.1 13.3
TiB, +5% Si HNO,, 1.42 3.1 14,2 30.8
H, SO,, 1.84 0.04 0.7 1.4
HCl, 1.19 0.1 0.5 1.1
TiB, +10%, 51 HNOs, 1.42 6.33 48.77 Disintegrated
H,SO,, 1.84 3.85 5.2 34.29
HCl, 1.19 0.04 0.18 0.25
TiB, +20% Si HNO,, 1.42 4.43 9.69 19.8
H,SO,, 1.84 0.80 2,82 34.2
HC1, 1.19 0.24 0.59 0.65
B,C HNO,, 1.42 0.41 0.65 0.65
He SO, 1.84 1.05 1.05 1.53
B,C+10%,Si HCI. 1.19 0.07 0.10 0.10
HCl, 1.19 0.09 0.16 0.74
MoSi, HNO,, 1.42 0.46 0.94 1.56
H,S0,, 1.84 0.07 0.01 0.07
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TABLE 4

Demonstration of the Formation of Boron Hydrides During Hydrolytic Decomposition of Borides

in Hydrochloric Acid (1 : 1)*

B content detected by

Composition of Sam- Result of qualitative reaction for absorption (in ¢ of
boride and experi- ple boron hydrides sample )
mental conditions (in g) organo- | reaction reaction with in KOH

leptically | with AgNO, KMnO, in water | solution
ZxB, with heating 0.1 + Brown spot | None
The same 1.0 ++ Black spot | Decolorization | 0.1 ~1 0.3-0.4
The same in the cold [5.0 it Black spot | Decolorization
TiB, in the cold 5.0 None None None
The same with heating | 5 ++ Black spot | Decolorization | 0.6-0.7 | 0.4-0.5
CrB, in the cold 5 Traces None None
The same with heating |5 s Black spot | Decolorization {0.2-0.3 | 0.06-0.08

¢ The decomposition was carried out in a stream of purified argon,

TABLE §

Amourts of Boron Hydrides and Hydrogen Liberated During the Decomposition of ZrB,, TiB,, and CrB,

in Boiling Hydrochloric Acid (1 : 2)

Method of prepar- ﬁg% 8‘5 Method of Prepar- 53% 3‘8
Boride | ing boride g E |32 Boride | ing boride : L
a% i THEM.
M Ege |3k,
353@@5% §i3%| gt
~y L8| zx 8 ~¥88 | 288
1.86 |3.95 1.52 0.48
1.12 3.95 TiB, Boron carbide 1.13 0.40
ZrB, Electrochemical {| 1.27 4.00 1.2 0.504
090 [4.07 0.27 3.65
0.60* 4,10 CrB, Boron carbide 0.16 3.73
ZrB, Boron carbide 1.34 4.10 0.2 3.50

* HCI concemration 1 : 4.
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Analysis of the insoluble residues remaining after decomposition of the borides
with hydrochloric acid and of the solution obtained showed the ratio of boron to metal in
the residue and solution to be practically unchanged, as can be seen from the data in
Table 6. The slight deviations found (especially for CrB,) are probable explained by
analysis * errors due to the presence of solid hydrolysis products in the residue and
also a trace of the boride CryB, (Table 7).

It should be noted that, judging by the color of the solutions formed during solution
of the borides and also by qualitative tests applied to them, the solution of ZrB, yielded
ZrOCl, solution, TiB; gave TiCly solution, and CrB, gave CrCl, solution.

Table 8 gives data on the relative rate of decomposition of powdered zirconium, tita-
nium, and chromium borides when they were boiled with hydrochloric acid. As follows
from these data, the rate of decomposition depended to a large extent on the degree of
crystallinity of the boride (preparation method).

As the data obtained show, chromium boride dissolved most rapidly and titanium
boride, least rapidly, which is in accordance with previously presented data on the loss
in weight of boride sinters and powders.

Chemistry of the Decomposition of Borides in Acids

The data obtained naturally are insufficient for a complete explanation of the chemi-
cal processes occurring during solution of borides in hydrochloric acid. However, the
fact that boron hydrides and hydrogen are liberated simultaneously during hydrolysis in-
dicates that they are connected. If we write the over-all equations for hydrolysis of
borides, considering that it goes to boric acid, we get for borides of tetravalent metals:
MeB; +7HyO -~ Me(OH), + B,O, + SHe(1); for trivalent metals: MeB, + 6Hy O - Me(OH), +
By O3 + 4.5Hg(2); for divalent metals: MeB; + SHyO - Me(OH), + B3O, + 4H,y (3).

If boron suboxides are formed during the hydrolysis, even partially, the amount of
hydrogen liberated must be correspondingly smaller. Thus, if it is8 assumed that B, O,
is formed as the suboxide, as was proposed, for example by Ray for the hydrolysis of
magnesium borides [31], instead of the first equation we would have: MeB, + 6H,O -~
Me (OH), + 2BO + 4H,(4), and instead of equation (3): MeB, + 5HqO -~ Me(OH), + 2BO +

3.5H, (5). As 4 moles of hydrogen was liberated during. the hydrolysis of zirconium
diboride and a salt of tetravalent zirconium was formed in the solution , it may be
assumed that the hydrolysis of ZrB, proceeds according to equation (4). In the hydroly-
sis of CrB,, Cr***ions and 3.5 to 3.7 moles of H, were obtained, i.e., the reaction
proceeded according to equation (5).

Only in the case of titanium boride was the amount of hydrogen much less than that
corresponding to any of the schemes presented. The reason for this is not clear. The
equations presented are only over-all, The formation of both BH4 and B H,, during
hydrolysis shows that in all probability the hydrolysis of transition metal borides
also proceeds through the formation of the primary boron hydride radical BHy . Depend-
ing on the rates of its formation, hydrolytic decomposition, the polymerizaton, the de-
gree of which may also depend on catalytic factors, the amount of boron hydrides which-
may be collected is different for different borides and also depends on the hydrolysis

*The borides were analyzed by Blumenthal's method.[30].
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conditions, Thus, for example, it was minimal for CrB, and almost 5 times greater for
ZrB, and TiB,. The factors determining the course of these reactions have not been
studied sufficiently yet and due to this it is impossible to write a developed scheme for
the hydrolysis of the borides investigated, considering the formation of primary boron
hydrides.

TABLE 6

Chemical Analysis of Original Borides and Solutions Obtained After Decomposition in Hydrochloric Acid

Analysis of original Analysis of residue | Analysis of solution

boride (in%) Weight of (in %) (in §)
Boride Sample residue

(ing) (in g)

Me B Me B Me B

80.0 18.2 0.512 0.242 79.5 18,5 73.0 17.8
ZrB, 80.0 18.2 0.357 0.099 -- 18.2 69.0 18.6

78.6 19.9 0.200 0.002 -- -- -- 19.0

68.4 29.6 2,154 2.052 68.5 30.2 -- 213
TiB, 68.4 29.6 2.072 1.942 -- 30.8 -- 23.2

69.8 26.9 2,015 0.205 75.1 23,2 -- 25.8
CrB, 69.8 269 | 2307 | oaw -- 234 | -- 25.8

TABLE 7

X-ray Diffraction Analysis of Original Borides and Residues Obtained
After Decomposition in Hydrochloric Acid

X-ray analysis of original | X-ray analysis of insoluble
Boride material residue
Z1rB, Pure ZrB, phase ZrB, + oxide compounds
TiB, Pure TiB, phase TiB,
CrB, CrB, + trace of CryB, CrsB,
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TABLE 8

Data on the Rate of Decomposition of Boride Powders in Boiling HCl (1:2), Experiments
Carried out with 50 ml of HCl

Duration of Amount of Rate of solution
Boride Sample (in g) experiment boride dis- (in g/ hr per g of
(in hr) solved (in g) sample
0.383 2 0.267 0.347
0.512 1.5 0.270 0.352
ZrB, ‘‘electrolytic’’ 0.357 2.5 0.258 0.290
0.426 1.25 0.238 0.446
1.663 4 1.160 0.175
ZrB; ‘‘boron 2,033 0.5 1.610 1.580
carbide’’ 2,053 0.5 1,632 1,590
TiB, ‘‘boron 2,154 0.5 0.101 0.094
carbide”’ 2,073 0.5 0.130 0.120
CrB, ‘‘boron 2.015 0.5 1.809 1.79
carbide’’ 2.307 0.5 2.110 1.82
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SELECTED ARTICLE NO 4
PHYSICAL CHEMISTRY
HEATS OF FORMATION OF BORIDES OF SOME TRANSITION METALS (Ref: 34)

Professor G.V. Samsonov
(Translation by S.A. Mersol)

In view of the increasing requirements for borides of transition metals, the determi-
nation of the heats of formation of corresponding boride phases becomes particularly
important. Partial facts on this subject have been published recently, in which during an
analysis of the tensumetrical curve of the formation of TiB,, the heat of formation of
TiBs was determined by the vacuum-thermal method, and was found to be equal to ~
70.04 kcal/mole (1).

In Brewer’s and Haraldsen's work (2) the thermodynamic stability of borides of re-
fractory metals, Ti, Zr, Nb, Ta, Cr, Mo, and W (also Ce and Th), were discussed. To
determine the approximate values of the heats of formation of the borides, they used the
data on the stability of borides to nitrogen and carbon; these data were obtained by X-ray
analysis of the products of corresponding reactions:

MeB, + (EL) N, = Men, + xeW,

3
MeB, + C= MeC + 2 B,C

In such an analysis if no solubility of the initial components or of the reaction products
takes place, or if no other new compounds are formed, it is possible to determine the
approximate values of heats of formation of borides, as well as those of boron nitrides
and carbides from values established by previous investigations (see data in table 1).

TABLE 1 (2)
THE HEATS OF FORMATION OF BORIDES OF TRANSITION METALS
AQ aaQ aQ AQ
BORIDE | kcaL/moLe| BORIDE |xcaL/moLE] BORIDE  |xcar/moLe | BOR!DE |kcaL/MOLE
TiB, ~ 72 NbB, > 36 MoB 16.3 W, 8, 25 -4%
Ti,B, >105 Ta B, >52 MoB, 23.0 CeB, < 84
2r8 > 39 crs, >30 Mo,8, 50.0 ™8, > 52
zr8, > 78 Mo,8 25.5 W, B 20 - 28 ™e, > 66
zre,, >120 Mo,B, 42.0 wB 12 =22 - —

Note that the general thermodynamic stability of the compounds which transition
metals form with metalloids like boron, carbon, and nitrogen is, in large degree, determi-
ned not only by the reaction kinetics of the compounds being formed, but also by the
degree of matching of the electronic configuration and the atom of the metal (or non-
metal) whereby energetically the least stable is more directly affected. Matching the
electronic configuration to the atom of the metal or nonmetal must be accompanied by
the formation of energetically more stable states, in which either the d-orbitals of metal
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atoms are ‘‘filled up’’ or there is a release of energy close to the ionizatiun energy of
the nonmetal atom (3). It follows, then that the smallest heats of formation values of the
molecules are found in carbides (ionization potential of carbon I, = 11,22 eV), and much
greater values in nitrides (I, = 14.47 eV), borides (I, = 8.4 eV) and silicides (I,; = 7.39
eV)*. As to the filling up of d-orbitals of transition metal atoms having various electronic
defects, it seems proper to assume that within each transition period the heats of forma-
tion must decrease with a corresponding decrease in electronic defect of the metal.

In Table 2 values are listed for the heats of formation of borides, carbides, and nitrides
of transition metals per mole of the phase and per g-atom of the nonmetal,

TABLE 2
HEATS OF FORMATION OF BROMIDES, CARBIDES,AND NITRIDES
HEAT OF FORMATION IN KCAL
BORIDE CARBIDE NITRIDE
METAL PER | PER G PER | PER G PER | PER 6
PHASE | MOLEOF | ATOM | PHASE | MOLEOF| ATOM | PHASE | MOLEOF | ATOM
PHASE | OF B PHASE [ OF € PHASE | OF N
Ti TiB, 72 36 | Tic 57.25 | s7.25 | TN 80.3 80.3
v ve, — - ve 28.0 | 280 VN 60.0 60.0
Cr Cr8, >30 >18 CryCa | 21,01 | 1080 | €N | 2958 29.5
2r 2r8, >78 >39 | zrC 44.1 | a4, N | s2.2 82.2
Nb Nb8, >36 >18 NbC 19.0 19.0 NDN | 59.0 59.0
Mo MoB, 23 11.8] MoC | —4.2 | —4.2 MoN | 17.0 17.0
Hf Ht8, - - HfC — — HEN - -
To ToB, >82 >26 | Tec 385 | 385 ToN | 88 58
w w8, |[25—45( 5—9 | wce —84 | —8.4 WN 17 17

Additionally, the determination of the heats of formation is largely dependent on the
nonmetal’s ionization potential, By increasing the number of metalloid atoms per me: .1
atom (as in boride phases) the heat of formation of the bond Me-B (Q per 1 boron atom)
decreases as a result of the transition its electrons make to form covalent bonds B-B.
More specifically (from the data in table 1), it follows that

/2 Tis, ~ 36 Mo, B 28.8
172 Tita. > 21 172 Mo'at 21
Zr8 > 39 Mo B 16.3
172 Zr8, > 39 172 Mo B, it.8
172 z:au > 10 174 Moza' 10.0

There is an increase in the tendency toward the formation of individual structural
elements from boron atoms in the borides of transition metals (4). In figure 1 the data
of table 2 on the heats of formation of boride, carbide, and nitride phases per one g-atom
of the metalloid are shown graphically., For nitride and carbide phases within each tran-
sition period the Q values plot as straight lines, which enables us to extrapolate the heats

* Without the calculation of the metalloid-metalloid bonds.
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of formation of HfC and HIN (not heretofore mentioned in the literature). These values
are ~ 81 and ~ 97 kcal/mole, respectively. In diborides the boron atoms form horizontal
lattices, perpendicular to the axis z, with layers of boron and metal atoms alternating in
the arrangement ANAN, Changes in the positioning of the atoms in the horizontal lattices
in MogBs and W;B; result in a relatively abrupt increase in the heat of formation for the
Me-B bond, which, in turn, upsets the straight-lined dependency. However, this upset is
taking place also in the boride phases CrB; and MoB;, with structures like A1B,, as well
as in the rest of the borides. This reaction is apparently associated with those properties
of the chromium and molybdenum atomic structure to which L. Pauling (5) first directed
attention, i.e., that chromium contains only 5,78 bond electrons and is characteristically
close to the elements of the iron triad and to the platinoids. This situation causes a
relatively slow weakening of the electronic configuration to take place and in the observed
phenomenon of unusually high values for the heats of formation of boron bonds. As the
graphs in figure 1 indicate, it is impossible to determine the heats of formation of borides
and other phases of iron, cobalt, and nickel by means of simple extrapolation.

An analogous picture (figure 2) is also obtained by the expression of heats of formation
depending on the oxidizability (3) of transition metal atoms using

. N
where n equals the number of electrons and N equals the principal quantum number of

vacant d-orbital spaces. This shows the presence of a deep bond between the heats of
formation and the state-of the electronic configuration of carbides, nitrides, and borides.

By the method described in reference 1 we also determined the heats of formation of
diborides of zirconium (63.1 kcal/mole) and chromium (19.0 kcal/mole)*. We calculated
the AQ of borides according to Kubashevskiy (6) by making use of the change in the molar
volume at the formation of the compounds from the elements. Besides this, the data on the
heats of formation of borides were obtained by extrapolation using the rectilinearity of
the change AQ with the change of the metal atomic number in analogous phases, starting
with the tensimetrical value AQ,;y = 70.04 kcal/mole. All these data are listed in table 3.

]

TABLE 3

THE COMPARISON OF THE HEATS OF FORMATION
OF BORIDES ACCORDING TO VARIOUS DATA

HEAT OF FORMATION IN KCAL
BY DATA BY DATA FROM CALCULATION EXTRAPOLATION
BORIDE FROM TENSIMETRIC ACCORDING BY GRAPHS OF
(2) EXPERIMENTS TO (6) FIG3. | AND 2
TiB, ~72 70.04 73 -
zr8, > 78 63.1 65 60
ve, - - 62 24
ND8, > 36 — 59 33.5
Ta B, > 52 — 63 45.0
ci8, > 30 19.0 a7 -
MoB, . 22.5 - 60 -
w,8, 25 - 45 — a9 —

* The data on the chromium boride were obtained jointly with R.B. Kotelnikov,
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It is possible to calculate from the established data the approximate values for the heats
of formation of diborides of Ti, Zr, Nb, Ta, and Cr whereby the calculation by extrgpo-
lation apparently gives better results than those obtained by Kubashevskiy’s empirical
formula,

SUMMARY

A comparison was made between the numerical values of the heats of formation of
borides of several transition metals of groups 1V, V, and VI in the periodic system. These
values were obtained through calculations and were determined as a result of tensimetrical
experiments and the study of the products of the interaction of borides with nitrogen and
carbon. It was shown that the heats of formation of compounds similar to metals (borides,
carbides, and nitrides of transition metals) are determined by the distribution of the
electron configuration in their crystal lattices.
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Figure 1. The heats of formation of carbides, borides, and nitrides (per 1 g-atom of
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Figure 2. The relationships between the heats of formation of carbides, borides, and
nitrides, and the value 1/Nn for transition metals.
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