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ABSTRACT 

Hot-pressing of BP was used to prepare polycrystalline 

samples in the boron-phosphorous system.    Hot-pressed samples 

containing up to 2l$ carbon were also prepared and their proper- 

ties analyzed. 

A study of the effect of hot-pressing variables on com- 

position and properties was made.    A comprehensive analysis was 

made of compounds, phases, compositions,  grain size, and impurity 

content. 

A series of compositions,  including pure B^Pg, was exam- 

ined for Knoop hardness,  electrical conductivity, activation 

energies, thermal conductivity, thermoelectric power,  density, 

Hall effect, and magnetoresistance. 

An extensive review of the literature relates the proper- 

ties measured in the boron-phosphorous system to those of other 

BiaA, B^A;*, and BlsAa  type compounds where A equals one or 

more p-orbital elements including boron. 

The value of hot-pressed samples in the boron-phosphorous- 

carbon system for thermoelectric applications was measured and 

reviewed. 

The electrical conductivity in B^Ps was measured and a 

mechanism for conduction based on extrinsic levels and a sur- 

face effect is proposed.    A theoretical model for understanding 

the physical aspects of this system is presented. 

xvii 



Sufficient evidei ce of the existence of BioP was obtained 

to warrant further study. 

A correlation between composition and physical properties 

was established. 

xv ij 



I. INTRODUCTION 

A. Origin of the Problem 

In February 1958, a sample of boron monophosphide (BP) 

was supplied by The Monsanto Company for hot-pressing. After 

several attempts, each at a higher temperature, very hard black 

compacts were obtained by hot-pressing at 2000°C. Ten pressings 

were made by the author. At first inspection, the hot-pressed 

product was very hard, had low electrical resistance, and could 

withstand temperatures above 1200°C. 

A study of hot-pressed samples of a number c~ potentially 

valuable materials, including the boron monophosphide (BP) was 

started for The Monsanto Company in September 1958. Reports by 

Holden (87) on this work indicatedthat at least five more samples 

were prepared which had variable composition, color, and hardness. 

X-ray evidence indicated the presence of a phase, probably BeP. 

One other sample proved later to be a mixture of boron phosphates 

(BP04). 

Some samples seemed to be good thermoelectric sources and 

appeared to exhibit semiconducting characteristics, while other 

samples had almost metallic conductivity. The material proved to 

be a high temperature ceramic which evolved phosphorous below 

temperatures suitable for compaction. 
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Holden found that one of the samples had a Knoop (100 

gram load) hardness value of 3200 kg/mm2. The Monsanto Company 

reported that a value between 6500 kg/mm and 7000 kg/mm had 

been measured. Some of the samples were quite brittle, others 

were not. 

Only a preliminary evaluation of boron phosphide was made 

by Holden since other materials were included in his study. 

Subsequently, Buchanan (19) and Erikson (h$)  used some of 

the early samples for thermoelectric measurements. Exceptional 

thermoelectric figure of merit values were obtained because of 

an unusually large thermoelectric power which entered into the 

equation for figure of merit as a square term. These were so 

high as to be suspect. 

The material produced by hot-pressing boron monophosphide 

(BP) was proposed as the subject of this study. The study was 

to be directed at solving some of the more obvious problems 

associated with the Drior work. 

Since both boron and boron monophosphide are known semi- 

conductors with broad band gaps (B = 2.0 ev, BP - 5.9 ev), the 

introduction of impurities or polycrystallinity should produce 

modifications ranging fron those having the full band gap to 

metallic conduction. With this possible range of conduction 

and of resulting properties, the products of decomposition of 

boron monophosphide are certainly worthy of investigation. 



B. The Problem 

The problem selected was that of the evaluation of compo- 

sitions in the boron-phosphorous system as electrical conductors, 

thermoelectric elements, and abrasives with particular attention 

to the properties of pure boron subphosphide (BX3P2) and the role 

of carbon as the major impurity. 

In order to investigate the products of hot-pressed boron 

monophosphide, it was most efficient to identify smaller problems 

which could be handled invidually. These are presented next with 

an indication of the general approach used. These problems and 

the answers obtained are reconsidered in the section dealing with 

the Discussion of Results. 

The investigation was begun with a review of previous work. 

Information on boron, the boron-carbon system, the boron-phosphorous 

system, and related higher borides was assembled, and an attempt 

was made to determine what to expect in the nature of compounds 

and their properties. 

The specific contributions to understanding the properties 

of the boron-phosphorous system are: 

1. Several series of hot-pressed samples were prepared 

by varying the pressing temperature, time, and phosphorous con- 

tent. The analysis of what compounds, phases, and crystal 

structures were present in the hot-pressed compacts was made 



by X-ray diffraction, chemical analysis, and microscopy. Both 

a reflecting microscope and an electron microscope were used, 

A description of arrangement, shapes, and sizes of the materials 

present was formulated. 

2. The relationship between compositions and conditions 

of preparation was examined to learn how to ensure reproducible 

products, This had to be done in such a way as to control 

impurities and ensure maximum densities so that samples suit- 

able for further testing could be produced. 

3. Early hardness tests indicated that phosphide- 

containing compacts were extremely hard. Microhardness deter- 

minations were made to establish the relative hardness values 

of boron subphosphide and boron carbide. The results were 

analyzed and explained. 

h.    The products obtained by hot-pressing boron mono- 

phosphide were examined for possible use as a thermoelectric 

element. This was done by determining the figure of merit for 

the material. Prior figure of merit values were then evaluated 

on the basis of the results of this study. 

5. The character of the electrical conductivity in the 

hot-pressed compacts was also a subject of study. Information 

available from other studies suggested a possible mechanism for 

the conductivity results. 



6. A method suitable for the preparation of Bi3Pa with 

total impurities below 0.1^ was found. Properties of the pure 

Bi3Pa were measured and compared to those of BP, Bi3C, , and 

B13C3. 

The approach to these problems was fourfold, beginning 

with a study of preparation techniques. The study of composi- 

tion and structure was followed by the measurement of thermal 

and electrical properties. The information gathered was cor- 

related and suggestions made for subsequent investigations. 

C. Conventions 

At this point, a clarification of the compounds and the 

names used for them in this study is in order. The compound 

BP and the name boron monophosphide are used interchangeably. 

When speaking of an exact ratio in the boron-phosphorous 

system, the formula will be used. For example, Bi3P2 refers 

to a compound of that ratio. The name boron subphosphide will 

be used for a more inexact composition represented by B13P2«a or 

B12PaBQ. The term boron subphosphide then represents a range 

of boron to phosphorous ratios around the ratio shown. 

Similarly, wi-.h the boron-carbon system, the term boron 

subcarbide will represent the range Bi3C2-a. The exact composi- 

tion will be given as B13C or Bi3Ca. Here, however, common usage 

dictates that the familiar name boron carbide be retained to 

designate the approximate ratio B4C (Bi3C3). 



The term,  "borostitial", is employed to designate the 

combination of the B^ lattice and the inserted p-orbital 

elements.    This combination forms interstitial boron com- 

pounds of inexact composition represented by B^AgBo where 

B indicates that boron is also an interstitial element. 

The term,  "interstitial1', is used throughout this study 

to refer to atoms placed in the interstices between the boron 

icosahedra.    Three interstitial sites may be occupied in each 

unit cell by atoms which bond to the boron icosahedra and to 

each other.    Variations in expected combining ratios indicate 

that vacant sites occur. 

In preparing sample numbers, a convention was adopted 

to distinguish the source of the sample by its first letter. 

For example, R-21 indicates the twenty-first sample prepared 

by "reaction" from the elements.    A designation, D-16 indi- 

cates the sixteenth "decomposition" of BP to give a boron sub- 

phosphide.    A sample number P-70 would be the seventieth 

specimen prepared by "hot-pressing". 

The A,  B, C, or D at the end of a sample number indicates 

relative position in a reaction tube, decomposition furnace,  or 

hot-press mold. 



II . REVIEW OF THE LITERATURE 

A. Materials Used in This Research 

1. General Information .  When boron monophosphide (BP) is 

hot-pressed at high temperature, a boron subphosphide with a 

reduced phosphorous content is produced. If carbon is introduced 

as the major impurity, boron carbide is produced at a slightly 

higher temperature. Such products also can be formed from the 

elements. In order to understand the properties of the reac- 

tants and products, a review of boron, phosphorous, the boron- 

phosphorous system, and the boron-carbon system is presented in 

this section. 

Boron occurs in both the amorphous and crystalline forms. 

At least three crystal forms are recognized, and a number of 

additional variations have been proposed. The amorphous form 

of boron is of interest in this study as a starting material, 

while the simple rhombohedral form may be considered the parent 

member of the borostitials. The historical background on the 

forms and properties of boron is confused by the presence of 

borides such as A1B,2 and A13C2B44 which have passed as "pure" 

boron. Much of the earlier information is suspect, and one must 

examine more recent articles on single crystal and ultrapure 

preparations to ensure valid data. 
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2. Amorphous Boron .  The finely divided amorphous form 

of boron is highly reactive when heated with air, concentrated 

sulfuric acid, concentrated nitric acid, and strong aqueous 

sodium hydroxide. 

Amorphous boron is usually obtained by the reduction of 

a boron salt or boric oxide by magnesium or other active metal 

as reported by Mikheeva (lli6) and Kroll (121) or as patented by 

Finn ($0). It may also be prepared by electrolysis of fused 

oxide and boride baths, but this is really an active metal reduc- 

tion since the active metal is released at the electrode in the 

bath. Extreme measures are needed to prepare a really pure 

amorphous boron. Extensive leaching of the reduced product is 

usually followed by a vapor purification.  Vacuum fusion or 

firing (1^3) causes aluminum, copper, magnesium, and tin to 

vaporize completely. Iron, silicon, and .Itanium vaporize 

partially, but molybdenum, carbon, and tungsten are retained. 

Instead of using an active metal reduction which inevi- 

tably requires removal of active metal impurities, two other 

gaseous techniques are proposed which eliminate this residue. 

The first was used by Johnstone (100) to prepare a quantity of 

amorphous boron for thermodynamic studies. He passed diborane 

vapor mixed with helium through a long quartz tube at 700°C. 

The diborane decomposed quantitatively to amorphous boron and 

hydrogen. 



Niemyski (151) prepared "pure" amorphous boron for semi- 

conductor Investigations by a fractionation of pure boron tri- 

chloride. The trichloride was prepared by chlorinating the 

sintered product of carbon and orthophosphoric acid between 

700°C and 900°C. The boron trichloride was reduced by hydrogen 

in a quartz tube at 1100°C to 1200°C to produce "pure" (99.999+4) 

amorphous boron. 

Amorphous boron has been prepared by Talley (219) by the 

reduction of boron tribromide with hydrogen in the vicinity of 

an incandescent tungsten filament. The material formed as mas- 

sive rods with considerable hardness, tensile strength, and 

flexibility. It could also be deposited on other heated shapes 

without marked evidence of crystallinity on an X-ray diffraction 

pattern. Deposition was slow below 1100°K, and crystallization 

began above 1$00°K. Talley concluded that this material was 

"a rather perfectly formed glass." 

3. Crystalline Boron .  Pure crystalline boron, as 

contrasted with the amorphous variety, is much more inert. 

When heated in air, crystalline boron is more resistant to 

combustion than the powdered amorphous variety possibly due 

to the formation of a surface ^laze. Crystalline boron is 

only slightly attacked in hot concentrated sulfuric acid. 

Fused sodium hydroxide at a temperature above 500°C attacks 

the crystalline form, but hot aqueous alkali does not. 
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Three crystal forms of boron are recognized. The 

tetragonal I form was first to have its structure established. 

Hoard (85) suggested it in 1951, and further clarified this 

structure (86) in 1958. The tetragonal I polymorph has a 

tetragonal structure of 50 atoms per unit cell with a density 

of 2.31 g/cm3. Forty-eight boron atoms are arranged at the 

vertices of four nearly regular icosahedra. These icosahedra 

are linked together so that every boron atom of a group forms 

six bonds directed toward the corners of a pentagonal pyramid. 

Five bonds are directed to atoms within the same icosahedron 

or to one of the remaining atoms located between the icosahedra. 

The boron icosahedron is a symmetrical three-dimensional 

figure containing twelve boron atoms. Each group of three 

adjacent boron atoms in an icosahedron forms a triangular face 

which creates the twenty-sided structure shown in Figure 1. 

This icosahedron is a closely packed structure in which each 

boron atom is adjacent to six other boron atoms. The poly- 

gonal structure approaches a sphere and can be considered as 

a twelve-membered building block common to many structures 

containing boron. 

The boron icosahedron is found again and again in the 

borostitial-type structures in which it is located on the eight 

corners of a rhombohedral unit cell. The lines drawn through 
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the icosahedron in Figure 1 represent ..._= edges of the rhombo- 

hedral unit cells meeting inside the ic^cahedral unit. An 

icosahedron at either vertex of the rhombohedral unit cell will 

contribute three boron atoms to the edges of that unit cell. 

Any of the other six icosahedra contributing to that cell will 

supply four boron atoms. Of these four, three are on the cell 

edges and one is internal. 

The rhombohedral unit cell is represented in Figure 2 as 

belonging to the hexagonal system. This figure relates the 

hexagonal a and c parameters to the rhombohedral a and a values. 
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Tetragonal I boron has an experimental density of 

2.31 g/cm3 and contains four empty sites p*»r unit cell with 

radii of 2.15 A.    No evidence has been reported for the fil- 

ling of these possible interstitial sites. 

The most complicated confirmed crystal structure is that 

of ß-rhombohedral boron with its 108 atoms per unit cell.    This 

form is the stable form in the temperature region from 1$00°C 

to the melting point of boron.    It was readily formed from the 

melt as found by Sands (190) who identified it as a rhombohe- 

dral structure with a = 10.12 A and a = 65°28'.    It had an 

experimental density of 2.35 g/cm3 and to quote Sands,  "There 

is no suggestion in the boron data of a pseudounit comparable 

in volume or obviously related in structure to the B4C unit." 

Crystals of ß-rhombohedral boron were prepared by Gaule (56) 

by touching a heat-sink to the surface of a slightly supercooled 

melt.    Two articles by Talley (216) and King (105) reported the 

preparation of pure single crystal ß-rhombohedral boron.    This 

material was prepared originally by chemical vapor-plating and 

was then zone refined to produce a high purity sample with a 

density of 2.3^5 g/cm3. 

An X-ray study by Hoard (8li) of the polymorphism in 

boron pointed out that the ß-rhombohedral form is to be expected 

from high temperature preparation with or without fusion.    Above 
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1500°C, the ß form is readily produced.    Below 1000°C, a- 

rhombohedral boron is    consistently obtained.    Occasionally, 

ß-rhombohedral boron will form at a temperature as low as 

1100°C.    A number of additional forms of boron have been pro- 

posed as being formed in the temperature region from 1000°C 

to 1500°C, but as yet, the stable and transient types have 

not been confirmed. 

The a-rhombohedral form of boron is of particular 

interest because of its simple structure.    It has 12 boron 

atoms per unit cell and a relatively high density of 2.h6 

g/cm3.    It was first prepared by McCarty (135) by pyrolysis 

of boron triiodide on a hot surface at 800°C to 1000°C. 

McCarty (13M then reported the procedure in detail.    The 

a-rhombohedral boron was described as composed of units of 

nearly regular icosahedra    in a slightly deformed cubic 

close-packing.    Further support for the structure came    from 

Decker (37) who reported it as being stable to 1200°C with 

transformation to the beta form at 15C0°C.    The a-rhombohedral 

unit cell dimensions were: a =  5.057 A and a =  58°06'.    Decker 

pointed out that this structure may also be considered as 

derived from that of boron carbide by omission of the three 

center carbon atoms.    Three-center or delta bonds were formed 

connecting three icosahedra instead of two to replace the 

boron to carbon bonds, and the icosahedra approached each other 

more closely. 



The red color of the a-rhombohedral boron crystals 

reported by Horn (88) (90) may indicate both a more pure 

boron and a material with a larger band gap. These crystals 

were grown by slow freezing from a fifty atomic percent melt 

of boron and platinum at 1200°C. 

In addition to the three crystals forms of boron 

established at this time, a number of others have been pro- 

posed. These have been reduced by McCarty (13^) to three 

incompletely understood possibilities: tetragonal II boron 

(Z * 192 atoms) by Talley (218), hexagonal boron (Z = 90 atoms) 

by Rollier (177), and a tetragonal form (Z = 78 atoms) prepared 

by Naray-Szabo (152). 

cince boron is used as a starting product and since its 

properties are so basically related to those of the hot-pressed 

material under study, a summary of reviews on boron is of 

interest. The proceedings of a conference on boron in I960, as 

edited by Kohn (117), constitute a complete review of synthesis, 

structure, and properties. Four other authors, Laubengayer (130), 

Moss (1U8), Newkir (153), and Williams (2ii2) have written brief 

reviews of preparations and properties. An extensive review of 

the polymorphic forms with their electrical and optical proper- 

ties has been provided by Taylor (223). 
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h.    Amorphous Phosphorous .  Red amorphous phosphorous is 

more inert than the crystalline white form. The red variety 

sublimes at iil6°C, and the vapor condenses into the white form. 

While ignition of the red phosphorous does not occur below 

2lO°C, the white will ignite in dry air at 50°C. In moist air, 

excess phosphorous coming froiii a hot-pressing will form acid 

mixtures. 

Commercially, red amorphous phosphorous is usually made 

by heating calcium phosphate with silica and carbon in an 

electric furnace at 1300°C forming calcium silicate and freeing 

carbon monoxide and phosphorous vapor. 

5. The Boron-Phosphorous System .  The boron-phosphorous 

system has the cubic boron monophosphide (BP) well established. 

A number of variations from B5P3, to BeP and BX3P3 and even to 

a ratio of B40P are reported for the subphosphide. 

Preparation, crystal growth, and uses of the compounds 

in the boron-phosphorous system are reviewed. The relative 

position of the compound BP in the Group Ill-Group V families 

is then discussed. 

Boron and phosphorous can form either a boron monophos- 

phide or a boron subphosphide. The first compound has the 

exact composition BP while the second compound has been reported 

to have compositions of B^Pa or B^Pa. 
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Cubic boron monosphosphide is a semiconductor material 

with a band-gap of approximately six electron volts. It is 

an extremely hard material, chemically inert, and stable to 

at least 1000°C. Three basic methods of preparation exist: 

the direct combination of elements; reactions involving 

borides, phosphides, or the elements; and pyrolysis of a 

volatile compound, usually upon a hot wire or hot surface. 

Pyrolysis usually involves the decomposition of an addition 

compound containing boron and phosphorous or the decomposition 

of the individual elements of the addition compound. In many 

cases, the distinction between reactions and pyrolysis is 

purely arbitrary. 

Perhaps the most direct preparation of BP is the combina- 

tion of boron and phosphorous vapor in a furnace at 800°C to 

1500°C. This is covered by Williams1 patent (2h3). 

Direct combination of boron and phosphorous can also 

take place in a molten metal matrix. By adding either phos- 

phorous or ferrophosphorous to molten ferroboron and cooling, 

a precipitate of boron monophosphide can be obtained. The 

technique was used by The Monsanto Company for the early 

preparation of the cubic BP used in this study. The precipi- 

tated phosphide was removed by leaching. Stone (20?) indicates 

that molten metals such as copper, aluminum, silicon, iron, 
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manganese, or nickel are suitable solvents for the boron and 

phosphorous. According to Kirk (106), ferrophosphorous when 

used has a phosphorous content of 17 to 29^, and the principal 

impurities are silicon, titanium, and vanadium. Ferroboron 

has a boron content of between 1C$ and 2lt*. It may contain 

as much as h4>  silicon and 3* carbon. 

By using a slow cooling rate, the metal solvent method 

can be used to grow large single crystals which may be sepa- 

rated from the mital by leaching. 

A variation on the first method was cited by Popper (168) 

and Rundqvist (180). This method used an evacuated, sealed 

silica tube which was filled with boron and red phosphorous and 

heated to 1100°C. The cooler end of this tube was kept at h$0°C. 

Another variation of the same method was that proposed by Woou 

(2^2) in which the compounds were formed as a sinter by heating 

the elements to about 1100°C or 1200°C while maintaining a 

constant pressure of phosphorous at about one or two atmospheres. 

The implosive shock technique has also been used to pnpare BP 

by direct combination. Engelke (1x3) >  by detonating an explosive 

in a sealed chamber, produced a shock wave of 2 x 10 atmos- 

pheres for a brief period of time. During this time, the temper- 

ature of the boron phosphorous mixture sealed in the chamber 
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reached several thousand degrees Kelvin. An impure boron 

morcphcspl ide resulted. The reaction of gaseous phosphorous 

with a toron surface !r. the presence of hydrogen has been 

used by Williams (250) to produce a protective layer of boron 

monophosphide on rocKet parts. 

Williams (2uli) (2U8) produced boron phosphide by reacting 

a gaseous boron halide such as BCI3 with aluminum phosphide 

AIP at 1000°C. A preparation was mentioned by Mellor (lu3) in 

which either the compound BPIa or BPI was reduced at $00°C j_n a 

stream of hydrogen. A reaction between boron suboxide (B3O3) 

from 600°C to 1200°C with elemental phosphorous in the gas phase 

produced boron phosphide in a method proposed by Stone (208). 

The boron suboxide was produced by heating equal parts of 3a03 

and B with argon passing through the charge at lu00°C for 23 

hours. Another preparation using zinc phosphide (ZnaPjg) and 

boron was used by Peret (165) to produce boron monophosphide. 

The elements were compacted into pellets and dropped into a pre- 

heated reaction zone. The zinc was removed in the vapor phase. 

Nies (156) has prepared boron phosphide by the electrolysis of 

a melt containing an oxide or halide of phosphorous with Bp03, 

an alkali metal fluoride, usually a similar chloride, and option- 

ally, an acid substance such as acid halide, boron fluoride, or 
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complex fluoride. BP04 is preferred to P205 as a source of 

phosphorous. Electrolysis takes place from 750°C to 800°C, 

and the product is easily removed from the cathode. 

Boron monophosphide can be prepared by the decomposition 

of addition compounds containing boron and phosphorous. Vickery 

(231) prepared BP by decomposing the compound BCI3 • PCIs at 300°C 

in a sealed tube. William? (2l\l)  also prepared boron phosphide 

in this manner. He did not prepare the addition compound first, 

but instead, reacted boron trichloride with phosphene at a tem- 

perature sufficient to form BP, 870°C to lL80°C. Pyrolysis on 

metal substrates heated inductively has been used by Schossberger 

(191) for the same preparation, as well as the reaction between 

phosphorous trichloride and boron trichloride in the presence of 

hydrogen at 100CCC. A common preparation parallels that used to 

prepare pure boron in that a hot filament is used for pyrolysis. 

Greiner (65) has used a tantalum filament heated to 1300°C in the 

presence of boron trichloride and phosphorous trichloride and 

hydrogen. A review of the addition compounds that may be used 

for this preparation was provided by Van Wazer (230) in his book 

on phosphorous and its compounds. He pointed out the possibility 

of forminr analogous addition compounds with the trifluoride and 

tribromide. 
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Boron monophosphide can be grown into larger crystals 

in a process described by Ruehrwein (1"8) in which boron 

phosphide was heated in an atmosphere containing phosphorous. 

Stone (210)(211) has also found that an atmosphere of hydrogen 

halide vapor will cause single crystals of boron phosphide to 

form. Stone started with amorphous or crude ooron phosphide 

and brought it into contact with a stream of hydrogen chloride 

or hydrogen bromide gas at a temperature between 800°C and 

1200°C. When this carrier gas was passed through a zone of 

higher temperature, crystals of boron monophosphide were pro- 

duced. 

Boron subphosphide can easily be, prepared by either of 

two methods, from the elements or by decomposition of boron 

monophosphide. Spinar (20h) prepared Bi3P2 by heating BP to 

1100°C to lL00°C in vacuum or argon until decomposition was 

apparently complete. The thermodynamic relationships of the 

dissociation reaction have been studied by Stone (212). 

Williams (2li3)(2li8) combined the elements as for the prepara- 

tion of BP but raised the temperature above 1100°C under 1 mm 

pressure to produce BeP. It would seem that any boron mono- 

phosphide preparation technique that can be carried out above 

1100°C would also be a method of preparation for the subphos- 

phide if held for sufficient time above that temperature. 
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Engelke (lO) attested to prepare BeP by sealing boron mono- 

phosphide with the proper amount of boron in an eva *ated, 

sealed quartz tube. The X-ray pattern of his product did not 

agree with that of the usual subphosphide material, Matkovich 

(1Ü0) prepared the low boron phosphide by decomposition of BP 

in graphite crucibles in a neutral atmosphere at temperatures 

of liiOO°C to 170G°C. A second method used by Matkovich was the 

reaction of aluminum phosphide and amorphous boron powder to 

produce the boron subphosrvide with aluminum phosphide and 

aluminum. The unwanted materials were removed with dilute 

hydrochloric acid. 

One other boron phosphide was reported by Mellor (1^3). 

He stated that when boron monophosphide was heated to 100C°C 

in a current of hydrogen, B5P3 was formed. While this refer- 

ence is found in many places in the literature, no later work 

is available on this compound. 

The value of the boron phosphides can readily be seen 

from the uses to which they have already been put, and their 

future value can be seen from the uses suggested in some of 

the patent literature. Three patents assigned to Williams 

(2ll)(21*7)(250) of The Monsanto Chemical Company emphasized 

the value of the boron phosphides as coatings for rocket 

nozzles, as linings for rocket fuel tanks, as parts for jet 



engines, and as general refractories. Two patents assigned 

to Gruber (vl)("2) pointed out the abrasion and corrosion 

resistant properties of boron-phosphide-coated molybdenum, 

tungsten, or tantalum turbine bucket parts. One of these 

patents covered the stabilization of the boron phosphide sur- 

face so that it would be more useful in an oxygen-rich atmos- 

phere. Boron subphosphide is currently being marketed by 

The Allis-Chalmers Corporation under the trade name, Cerac-3* 

as a fine powder abrasive material. Stone (209) mentioned 

that point-contact-rectification has been observed with both 

n-type and p-type BP. Rectification ratios of greater than 

10" have been observed both at room temperature and at U00°C. 

A patent by Williams (2li9) described a method of preparation 

and the voltage current curves for point-contact diodes pre- 

pared from boron phosphide. Another report by Williams (2h$) 

carried this idea still further and suggested the use of boron 

phosphide to ma^e transistors usable at 1000°C. Hill (82) has 

patented the possibility of using boron subphosphide as a 

thermoelectric element to 200°C. The patents by Williams (2h7) 

(250) mentioned a number of possible uses for the boron phosphides 

such as for nuclear reactor shields, hardening agents embedded 

in a metal base, and as coating materials for burners. Their 

chemical inertness suggests that they might be good for coating 

agitator arms or for making porous boron phosphide filters for 
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use in the chemical Industry. Their optical transmission 

between 1850 A and 8000 A suggests that they might provide 

erosion resistance for the surface of a window passing 

light of this wave length. All of these actual and proposed 

uses only serve to underscore the valuable properties pos- 

sessed by these materials. 

Boron monophosphide can be thought of as a member of 

two Group III - Group V series. Little is known of the members 

of the boron series (BBi, BSb, BAs, BP and BN) except for the 

last two members.  The phosphide series has received more atten- 

tion. As one approaches boron phosphide going through indium, 

gallium, aluminum, to boron, the intrinsic activation energy 

increases (inP = 1.25 ev, GaP = 2.2l ev, AIP = 3.0 ev, BP = 5.9 

ev). Indium phosphide has considerable electron and hole mobility 

(ue = 5000 cm /vs, un * 700 cm /vs), gallium phosphide has a much 

lower pair of values (ue = 110 cm*, uh = 75 cm /vs). Boron mono- 

phosphide, on the other hand, shows an increase with hole mobilities 

reported as 100 - 500 cm2/vs. While not too much is known about 

these III-V series, the trends indicate that BP is clearly a large 

band-gap material with a moderately low mobility and with a tendency 

to form both n-type and p-type crystals. For one of the p-type 

crystals with a carrier concentration ranging from 1 - 5 x 1019 

car/cm3, the Hall coefficient is essentially constant from about 
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900°K down to 160°K.    The thermoelectric power of this material, 

analyzed by Stone (209),  is    about 300   v/°C for Doth the n-type and 

the p-type BP.    General reviews of the III-V compounds including 

tables of properties are provided by Sizelove (201), Willardson 

(2ll), Lawson (131), Welker (235), and Hilsum (83).    Bibliographies 

of the Group III - Group V semiconductor compounds have been com- 

piled by Fredericks  (52) and Esposito  (16). 

6.    The Boron-Carbon System .     Boron carbide (E4C) is a hard 

but brittle, high-temperature material.    It is readily prepared 

and is chemically very inert.      Conduction properties vary from 

metallic to semiconductor conductivity.    For the past ten years, 

considerable activity has been directed at determining the actual 

phases present around the so-called B4C composition. 

Commercial B4C is prepared by heating a charge of boron 

anhydride (Bg03) with carbon black in a resistance furnace or an 

arc furnace.    Boric acid (H3B03) is frequently used as a source 

of boron.    This process is patented by Atoda (8).    A variation on 

this process prepares boron carbide in the gaseous phtse. 

Formstecher (51) combined boron oxide and carbon in the presence 

of chlorine at 600°C to produce boron trichloride and carbon mon- 

oxide.    These gases with a hydrogen carrier gas were decomposed on 

a hot molybdenum or tungsten filament to produce boron carbide. 

The methods of preparation of boron carbide were reviewed by 

Kranz (120). 



In l?h3, Clark (28) studied the crystal structure of 

B4C. He establish ^d that it was rhombohedral with a = 5.19 A 

and a = 66°l8!. He suggested that the reported indications 

that commercial B4C had a B to C ratio greater than four might 

be accounted for by the presence of a solid solution. Glaser 

(59) in 1953* noticed a wide range of homogeneity around the 

composition B4C. Since the formation of B4C was not observed, 

he suggested that this region may be described best as solutions 

of varying amounts of carbon in a slightly distorted boron 

lattice. Meyerson (lUi), in the same year, pointed out that 

B4C melts with decomposition at 2250°C in a peritectic-type 

reaction. Allen (7) investigated the solid solution between 

boron and boron carbide, and Zhdanov (256) further investigated 

the solid solution region and suggested that it was a displacement- 

type solid solution. That is, that the carbon in the center of 

the three-carbon-chain was displaced by boron. Zhdanov found 

that the limiting formula for the boron to carbon ratio was Be.sC. 

A second study by Zhdanov (25") suggested that the substitution 

of carbon atoms in the lattice by boron proceeded until the com- 

position is Bi^C?. Thiswas supported by hardness and X-ray 

measurements. 

Epelbaum (IL) identified a new phase after studying 

the region from 6b to 9C$ boron. This phase between BiaCa and 

Bi3C3 was also studied by Samscnov (18?) who proposed a phase 



diagram for the boron-carbon system.    This work by Samsonov (135) 

was expanded in 1958, and a ph^se diagram given which showed that 

the compound B^Cg melted congruently at slightly above 2h00°C. 

This system also contained the incongruently melting compound 

BiaC3 which melted to form liquid and a beta prime phase and con- 

tained a gamma phase (BnCm) occurring at 69^ carbon.    The latter 

two compounds form an eutectic in the region 30 to 31^ carbon. 

An X-ray study with large angle scattering has been 

reported by Kudryavtsev (123) in which precision-lattice-parameter 

determinations of the boron-carbide system were made.    Work by 

Zhuravlev (258) in 1961,  confirmed the presence of a new boron- 

rich compound corresponding to B^C.    This new phase has been 

incorporated into the latest phase diagram by Samsonov (187) at 

about 8^ carbon and is called a delta phase.    This latest phase 

diagram for the boron-carbon system is reproduced in Figure 3. 

B.    Related Materials 

1.    General Information .      Boron subphosphide and boron 

carbide are derivatives of a-rhombohedral boron.    A study 

of other variations with the same basic boron structure includ- 

ing ternary systems should provide related information of value. 

Of particular interest are the B4A,  BsA,  B1->A jorides in which A 

is any p-orbital element. 

In borides of the form Me*B and MegB, the boron atoms are 

isolated from each other.    In compounds with the form MeaBg, 
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the boron atoms are paired; while in the compound MeB, they 

form isolated zig-zag chains. Double chains are formed in the 

compound MeaB*, and networks are formed in borides of the form 

MeBa. The borides of interest, however, are B4Me, BeMe, and 

BxaMe. In these borides, the boron atoms form three-dimensional 

networks which gain their strength from the strong bonds between 

the boron a+oms. These materials are further strengthened by 

cross-bonding within the boron framework to the atoms situated 

in their pores. 

Two conditions must be met for a compound to be called 

a borostitial compound: it must be a derivative of the Bia 

structure, and it must contain one or more interstitial atoms 

of the p-orbital elements. So far, three such materials have 

been reviewed. The first of these was the parent boron 

structure; the seconr., boron subphosphide; and the third con- 

sisted of BisCa and B12C which are included in the general 

name boron subcarbide. A study of the literature reveals that 

more such compounds have been confirmed containing as the inter- 

stitial element: oxygen, aluminum, silicon, sulfur, and arsenic. 

Of the remaining possibilities, nitrogen, gallium, germanium, and 

tin will be considered as a group. 
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2.    The Boron-Oxygen System .    In 1959, Pasternak (163) 

published crystallographic evidence for the existence of B7O. 

The actual formula given by Pasternak for the compound was 

Be.sO.    A simultaneous study by Rizzo (I'7!]) on the oxidation 

of boron in air between ii00°C and 1300CC revealed the presence 

of B7O.    A review by Matkovich (139)  in I960,  compared the 

hexagonal and rhombohedral cell parameters for the borostitial 

compounds.    He recalculated     the Be.60 as the compound B^Cs 

which fell    nicely into a rhombohedral lattice.    His table is 

reproduced in Table I.    Matkovich remarked that the compounds 

in the table were arranged in increasing order of atomic size 

and noted that it is interesting that the expansion of the 

unit cell took    place in the direction of the hexagonal a-axis 

only.    He pointed out that at the same time the unit cell shrunk 

in the direction of the c-axis until a certain minimum value was 

reached at 11.? A.    From there,  the expansion took    place in all 

directions by a change in the rhombohedral angle.    A further com- 

parison of the B13A3  compounds was given by LaPlaca (129) in which 

the boron oxide compound was once again listed as BisQg, and its 

X-ray pattern compared with those of the &i3A2  compounds. 

Another report by Rizzo (175) in 1962, suggested that the 

formula should be BRO. In the preceding studies, only the boron 

content was determined and the oxygen taKen by difference.    No 
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Table I. 

X-ray Comparison of the Borostitials by Matkovich (139) 

a 

a-Boron U.908 

EkaO, 5.3^ 

^2C3  (B4C) 5.60 

BxsCa 5.67 

B^P, 5.981 

BigAsa 6.lh2 

8x2813(8451)6.330 

Hexagonal cell 

c c/ä 

12.567 2.56 

12.31 2.30 

12.12 2.17 

12.19 2.15 

11.850 1.98 

11.892 1.935 

12.736 2.015 

Rhombohedral cell 

a a 

5.057 58 °L' 

5.11 62°56' 

5.175 65° 18' 

5.218 65°U9' 

5.21*8 69° 31' 

5.319 70*32' 

5.602 6801*9' 
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estimate of impurities such as magnesium or silicon was made. 

In this study, Rizzo determined both the boron and oxygen con- 

tent of the boron oxide.    He further concluded, on the basis of 

density, that the compound must be BeO and not B7O or B^C^. 

The calculated X-ray density for B^Cfe  = 2.80 g/cm3 while the 

calculated X-ray density for BiaO^ or BQO = 2.59 g/cma.    Rizzo's 

measured density was 2.62 g/cm3 with a maximum density for the 

hot-pressed product of 2.588 g/cm3.    While Rizzo mentioned the 

solubility of silicon in the hot-pressed product probably as 

SiBg, he made    no mention of the possible presence of carbon. 

3.    The Boron-Aluminum System .      In the boron-aluminum 

system, five compounds are recognized.    Kohn (112)(ilia)(116) 

has reviewed these and listed them as AlBs, an hexagonal phase; 

Bj0Al, an orthorhombic phase; alpha B12A1, a tetragonal 

pseudocubic phase;  beta B^Al, an orthorhombic pseudo- 

tetragonal phase; and gamma B13A1, also orthorhombic.    These 

five phases are confirmed.    A sixth reported phase, the mono- 

clinic Bx3Al,was found by Parthe (162) to be identical with a 

form of elementary boro? .    Kohn (112) stated  that although the 

higher aluminum borideswere closely related structurally among 

themselves and to the modifications of boron, their crystal 

structures have not yet been described fully.    The relationship 

between the boron icosahedron with a diameter of 5.1 A and the 



various phases of the higher aluminum borideswac striking. Kohn 

pointed out that two times the diameter of the boron icosahedron, 

i.e., 10.2 A, is a value common to the a of alpha B-^Al, beta 

rhombohedral boron, and tetragonal II boron. This dimension is 

also common to the c of beta B^Al and alpha B^Al. It is again 

relited to 2a of alpha rhombohedral boron and approximately to 

2a of boron carbide.   Finally, the 2c value of tetragonal I 

boron is related to the 1C.2 A unit. Among very recent work, an 

article by Will (2l0) comment on the crystal structure of BioAl. 

Will propose a crystal structure based on an icosahedral arrange- 

ment of four boron icosahedra and four intericosahedral boron 

atoms per unit cell. Thiswas then made up of 52 boron atoms 

with the aluminum atoms distributed statistically over several 

sites. In spite of the marked similarity of the higher boron 

aluminides to the boron structures, no direct relationship with 

the rhombohedral form of B^Aa has yet been established. A 

recent report by Matkovich (lli2) is said to comment upon this 

relationship, but it has not yet been published. A phase diagram 

of the boron-aluminum system has been prepared by Serebryanskii 

(l*i(195). 



\x.    The Boron-Silicon System . Moissan (lii7) proposed the 

presence of two compounds, BtjSi and BgSi, in the boron-silicon 

system. A number of years later, Gurevich (?h) studied the boron- 

silicon system and concluded that 63 Si did not exist. The follow- 

ing year, the compound BsSi was definitely established by Cline (31) 

and Adamsky (li). They found it to be orthorhombic and to contain 

liO or 1x3  atoms per unit cell. In 1959, Cline (30) further inves- 

tigated this compound, BeSi. Matkovich (llil) then established 

the crystal form for B4Si. It had rhombohedral symmetry with an 

hexagonal unit cell. The compound was isomorphous with B4C and 

transform to the orthorhombic B^Si above 1350°C. The B^Si phase 

has been studied thermodynamically by Knarr (109). It« prepara- 

tion by hot-pressing, cold-pressing, and slip-casting were studied 

by Colton (33). Colton (3M(35) has also studied the B4Si compound, 

as has Brosset (l7). Colton has pointed out that the B4Si and BgSi 

compounds were not the only ones apparently present. Work along 

this line has been carried out by Adamsky (5) who announced the 

presence of B^Si and by Magnusson (138) who announced the 

B^sgSi. Magnusson1 s compound was said to have a crystal structure 

like B4C. Itwas clear that two phases were definitely established, 

BaSi and B4Si. The latter of these was similar to alpha rhombo- 

hedral boron in its structure. The possiblity of other phases 



35 

be:\ng present was clear 1/ indicated.    These phases too, as 

indicated by Magnussen*s work, may follow the rhombohedral 

structure. 

5. The Boron-Sulfur System,      The reaction of amorphous 

boron and sulfur powder at 1600°C to 170C°C produced a new 

borostitial, the compound B^S.    This material, produced by 

Matkovich (139), is a brown powder which released sulfur upon 

further heating andturned black.    Chemical analyses indicated 

a 12/1 and sometimes a 13/1 ratio, although the 13/1 ratio was 

probably explained by the presence of unreacted boron.    The 

rhombohedral unit    cell had a =  5-19 A and a = 67°56f.    The 

measured density was 2.1*0 g/cm3 which wa s somewhat higher than 

the theoretical value of 2.33 g/cm* calculated from X-ray 

information. 

6. The Boron-Arsenic System .    One other borostitial 

compound was clearly established,   3i3As3.    Perri (166) prepared 

cubic BP and BAs in a zinc-blend structure.    Both of these 

decomposed when heated in air.    In the presence of arsenic 

vapor,  BAs was stable to 920°C.    Above this temperature, accord- 

ing to Perri,  it decompose    to an orthorhombic form which was 

highly inert.    Williams (2ii6)(2l8) reacted arsenic vapor with 

crystalline or amorphous boron or boron halides from 70C°C to 

9C0°C  for the preparation of boron monoarsenide.    By increasing 

this temperature from 900°C to 1200°C, he prepared the boron 
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subarsenide. The subarsenide so prepared had the same ortho- 

rhombic structure as that obtained previously by Perri. By 

investigating the boron to arsenic ratio with a thermogravi- 

metric technique, Williams concluded that the composition was 

between 6/1 and 7/1 and accordingly reported it as a nominal 

composition, BeAs. In Matkovich!s article (139) on the inter- 

stitial compounds of boron, hepointed out that the orthorhombic 

claim for the structure of the subarsenide had been corrected 

by Post and now was stated as being B!3As2 with a rhombohedral 

unit cell containing one molecule of the subarsenide. LaPlaca 

and Post (129) then republished their data in 1961, with a com- 

plete comparison of the elements of the other materials 

also possessing this basic boron carbide structure. 

7. Other Borostitials .   One compound is obviously miss- 

ing from this collection of borostitials, the subnitride. No 

reported subnitride exists in the literature. Boron mono- 

nitride (BN) exists in the soft, hexagonal form, the analog 

to graphite and in the cubic, very hard BN form, the analog 

to diamond. Wentorf (236)(23?) has prepared cubic BN with a 

zinc blend structure. When he heated a fragment of the cubic 

form to over 2000°C in vacuum, no change was obtained. Cubic 

BN or borazon, as it is called, was extremely stable, was pre- 

pared by high pressure and temperature, and was hard enough to 
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scratch diamond. Vickery (231) prepared a film of bo^azon by- 

treating boron monophosphide with ammonia at 800°C. Nitrogen 

gas containing 5^ ammonia was used. 

Three other materials that  are probably borostitials 

have been mentioned.    In  1961, Chretien (27) reported that he 

had prepared B^Ga by heating gallium and boron to 1300-C in 

sealed tubes.    He reported it to be in the tetragonal system 

with a density of h.273 g/cm* .    A patent by Henderson (77) covered 

the possible thermoelectric element that could be prepared from 

germanium and boron or tin and boron.     Such an element contains 

0.05 to u*y   germanium with boron or 0.05 to \\¥b tin with boron, and 

the thermoelectric device was said to generate power from 110°C 

to 925°C.    No other borostitial compounds have been mentioned 

in the literature, although possibilities may exist.    The most 

likely   possibility seems to  be the subnitride. 

The higher borides that are not borostitial occur through- 

out the periodic table in the B4A,  E^A, and B^A forms.    Much 

information is available on such compounds prepared from the 

metals of the alkaline earths, the lanthanides, and the actin- 

ides.    No such compounds  are reported  for Group I elements. 

Many transition metal elements also form the higher borides. 

In general, the face-centered cubic structure prevails.    Most 

of these higher borides have high hardness, high melting points, 
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and are very inert. The preparations used for these are the 

same as for the borostitials. Tipton (225) indexed a number 

of the phase diagrams for the binary higher borides. 

8.    Ternary Systems.       Since the material under study may 

be thought of as a boron-phosphorous-carbon ternary system, 

other ternary systems are of interest.    Ternary work may be 

divided into that containing boron and two borostitials and 

that containing boron, a borostitial element, and another metal. 

In the first category, boron plus two other borostitial elements, 

the first work was done by Naray-Szabo (151) on the boron-aluminum- 

carbon system.    This is the original work that was used to show 

that the so-called pure boron was not pure.    Recent work by Rizzo 

(176) was directed at showing that the borostitial compound of 

boron and silicon could be protected at high temperatures by the 

formation of a boron-silicon-oxygen glass on the surface.    Becher 

(12) has recently worked on the boron-beryllium-aluminum system. 

Most of the work, however, has been on the boron-silicon-carbon 

system with emphasis upon the combination of silicon carbide and 

boron carbide.    This work has been carried out by Portnoi (169), 

Meyerson (1IJ5), Secrist (193), Kalinina (101), and Samsonov (181) 

(18-). 
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The ternaries consisting of boron, another borostitial, 

and a metal, have been investigate by Stadelmaier (20$) who 

studied the compounds of boron, borostitial elements, and 

cobalt or nickel.    The borostitial elements were aluminum, 

gallium, tin,  germanium, and indium.    Nowotny (158) studied 

the boron-silicon-metal and boron-carbon-metal system where 

the metal was uranium, thorium, or molybdenum.    Samsonov (187) 

studied the boron-silicon-metal system where the metal was 

titanium, vanadium, niobium, tantalum, chromium, molybdenum, 

tungsten, manganese, and iron, and the system   boron-carbon 

tungsten.    One other ternary system of interest was that of the 

boron-phosphorous-iron system studied by Rundqvist (181). 

C.    Hot-pressing 

i*    Procedure .    Before using the hot-pressing technique, 

one should understand the mechanism and the essential elements 

of the process.    A review of the process is followed by a clarifi- 

cation of the unusual features which characterize this particular 

hot-pressing problem. 

The general concept of hot-pressing has been reviewed 

by Thomas (22h), Jackson (96), and Murray (150).    The essential 

elements of the process begin with the application of heat to 

a powder sample in a mold.    Pressure is next applied to compress 

the particles and the time-at-temperature is controlled in order 
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to aid the sintering process and regulate grain growth.    The 

effects of applied presste en densification have been studied 

by Kingery (105).    As heat is applied, one may think of plastic 

flow taking place in which pores are closed and density is in- 

creased.    Such a iflodel has been studied by McClelland (136). 

Hot-pressing is of value over ordinary sintering in that 

greater density is obtained in a shorter time, and a shorter 

time-at-temperature means a finer grain size which is quite 

desirable in many ceramic products.    To the essential elements 

of heat and pressure and time-at-pressure, one must add temper- 

ature measurement and control. 

The hot-pressing of boron subphosphide from boron mono- 

phosphide do^a have several special features to be considered. 

The most obnoxious problem is that of the evolution of copious 

quantities of phosphorous in the form of phosphorous oxides. 

This evolution of phosphorous gas serves both to hinder the 

sintering operation and to hinder the determination of proper 

temperatures.    The application of vacuum pressing, as used by 

Eubank (hi), for the preparation of boron compacts had the 

particular advantage of removing adsorbed gaseous impurities 

and thus permitting not only a pure compact but also a more 

rapid densification.    Many compounds will not pressure-sinter 
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as long as adsorbed gas remains on the surface« In addition 

to the problem of egress of phosphorous, the problem of ingress 

of carbon remains a particularly challenging one in the pressing 

of phosphides. The first step in protecting against the incoming 

carbon is to use a boron nitride lining in the graphite mold. 

This was done by Eubank (Ii7) in the pressing of boron. Once 

again, the volatility problem occured. Boron nitride, itself, 

cannot be pressed in the pure state. Jackson (96) and Samsonov 

(187) have pointed out that it was usually cemented together by 

boron oxide which was volatile between 1100°C and 1300°C. Not only 

was the lining evolving gas, but It was becoming more porous as the 

temperature increased. The temperature of hot-pressing in this 

study was above the xo50°C recommended as the maximum working tem- 

perature for solid boron nitride in an inert atmosphere. Jackson 

(96) also pointed out that boron, itself, cannot be pressed unless 

it is cemented. The cement for thf; boron powder is frequently 

boron carbide. 

A device prepared by Ridgway (173) was essentially a multiple 

hot-pressing device using a plurality of minor plungers. This was 

very similar in principle to the technique used in this study, 

that of pressing sealing plugs above and below the sample to 

reduce the influx of volatile carbon compounds. The de-gassing 

of molds and linings as used in this study was also used by 



Shilliday (200) who out-gassed his boron nitride containers for 

three to four hours at lli$0°C to 1500#CS 

Since reaction   hot-pressing was used to prepare boron 

subphosphide, a brief review of this is included.    It was found 

that Meyerson (lii5) used reaction hot-pressing to prepare compacts 

in the boron-silicon-carbon system.    Specimens were obtained by 

hot-pressing powder mixtures of the elements at 2000*C to 2100°C, 

Another such study was made by Accary (3) who studied the mecha- 

nism of hot-pressing in the uranium-nitrogen and the uranium- 

silicon systems.    In this work, reaction took place before 

densification. 

A high flow rate of helium up through the optical sight 

path removed phosphorous vapor and made it possible tc determine 

temperatures accurately with an optical pyrometer.    It was then 

desirable to determine the correction needed to adjust the optically 

determined temperature to the actual sample temperature.    This was 

done by means of a high temperature thermocouple.    Many high tem- 

perature thermocouple materials have been suggested, among these 

carbides, carbon itself, borides, refractory metals, and oxides. 

In this study, a tungsten 3^ rhenium vs. tungsten 25$ rhenium 

thermocouple was used.    Such thermocouple systems have been 

described by Lachman (I2li) and Slaughter (202). 
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2#    The Hot-Prearlng of the Borostitials .    Hot-pressing 

has been applied to the hornstitiala and to the pressing of 

boron l/ionophosphide.    Boron monophosphide has been hot-pressed 

by Williams (2hh), and boron subphosphide has been hot-pressed 

bv Per et (16£).    Boron has been pressed by Eubank (hi) and 

Best (13).    Rizzo!s article (175) on BeO mentioned a preparation 

by hot-pressing.    Samsonov (186), Colton (33), and Feigelson (h9) 

mentioned the hot-pressing of boron silicides.    The commercial 

hot-pressing of boron carbide is quite common as outlined by 

Samsonov (18?)(188).    Tarasov (221) and Knowlton (ill) discussed 

the hot-molding of boron carbide at temperatures to 2200*C in 

graphite molds.    Both from the standpoint of solving the special 

problems involved in producing boron subphosphide and from using 

a well-developed technique of known applicability, hot-pressing 

seems to be the best technique for use in this study. 

D#    Structure and Bonding 

1.    Icosahedral Structures .     The basic building block In 

the borostitial compounds is the boron icosahedron.    As boron 

icosahedra are stacked at the corners of a rhombohedron, three 

interstitial sites are left empty in each unit cell.    The com- 

pounds produced and the character of these interstitial compoundb 

is reviewed. 



The first step toward the clarification of the boro- 

stitial structure was the analysis of boron carbide by Zhdanov 

(2££) in 19Ul. He proposed that the structure can be repre- 

sented formally as an approximate sodium chloride-type of 

structure with a compact group of twelve boron atoms substi- 

tuting for the sodium ion and a linear group of three carbon 

atoms for the chloride ion. He found that the twelve boron 

atoms were arranged at the vertices of a nearly regular icosa- 

hedron. Each boron atom had sixfold coordination being bonded 

to five others in the icosahedral group and to one other atom 

outside of the group• In the carbon chain, the two end carbon 

atoms had fourfold coordination, and the center one, twofold 

coordination* All of uhe buron atoms built the rigid framework 

of the rhombohedral structure. 

Zhdanov fs structure was confirmed by Clark (28) in 19^3• 

In considering the continuous boron network which ran throughout 

the crystal, a coordination number of six for the boron atoms 

which have only three electrons meant that ordinary covalent 

bonding was impossible. A high degree of resonance, approaching 

metallic binding, was necessary to account for the high stability 

of the structure. This was supported by the high electrical conduc- 

tivity of boron carbide. Clark propose' various types of electronic 

formulas for the C-C-C group and its immediate neighbors. 
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On the basis of the carbon to carbon separation, he pro- 

posed a superposition of such formulas to represent the 

actual structure. The work by Hoard (85) on tetragonal 

boron developed the idea of a basic structure of boron 

icosahedra with additional borons forming cross-links be- 

tween the icosahedra. Hoard closed with the statement, 

"The linked icosahedra in boron and boron carbide give 

strong network structures in which suprisingly large 

holes are interspersed among the very compact icosahedral 

groups.,f 

The theoretical investigation by Longuet-Higgins (133) 

in 1955, by the method of molecular orbitals provided a quali- 

tative estimate of the probable electronic structure of the 

regular icosahedron. This report attempted to explain the 

structure in boron carbide, elementary boron, and decaborane. 

The idea of coordination polyhedra mentioned by Hume-Rothery (91) 

pointed out that 12 atoms can be clos3-packed around a twelvefold 

coordination site in any of three structures: the face-centered 

cubic, the cuboctahedral, and the icosahedral. The higher lan- 

thanide borides occurred in the face-cantered cubic structure. 

Transition metal higher borides, such as B^U and B^Z, occur 

in the cuboctrahedrdl structure. The borostitials, of course, 

had the icosahedral structure. An attempt by Lipscomb (132) 

to systematize our understanding of the valence orbital structures 



in the higher boron frameworks considerod the compounds Bi8U 

and BxgZr, boron, boron carbide, and the aluminum borides. 

Lipscomb pointed out the cuboctahedron in the compound BiaZr 

is stabilized by the presence of the zirconium orbitals and 

that, without these, it iright be expected to revert to the 

more stable icosahedral arrangement. 

Lipscomb went on to explain bonding schemes for rhombo- 

hedral and tetragonal boron forms. The alpha rhombohedral 

form of boron had boron-to-boron bonds among atoms of the 

icosahedra only. Ten electrons were required from each B^ 

group for the external bonds to other icosahedra. Twenty-six 

electrons were left for the intraicosahedral bond of each B^. 

The 26 electrons just filled the bonding intraicosahedral molecu- 

lar orbitals. In boron carbide, on the other hand, 26 electrons 

were required inside each icosahedronj 12 electrons for the 12 

outward-pointing boron orbitals and six electrons for the six 

orbitals of the center C-C-C group. The central carbon atom 

had four electrons for bonding. An analysis of the aluminum 

borides by Lipscomb suggested that it might be possible to have 

aluminum atoms substitute for boron atoms and thus explain the 

unusual formula weights per unit cell. Such ratios as lU.l atoms 

per unit cell for B^Al and 5.2 atoms per unit cell for Bx0Al 

cannot easily be explained with present knowledge. This attempt 
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to systematise and explain the central bonding in the higher 

borides is of interest in terms of the possible resonance struc- 

tures which couid be related to the conductivity of these mate- 

rials. Canon (23) extended the work of Lipscomb on the compounds 

HaU and BiaZr and explained the tendency to form cuboctahedral 

bonding in these compounds. 

Taylor (223) has reviewed the structures reported for 

4        alpha rhombohedral boron and tetragonal I boron and has begun 

the calculation of the band structure of the alpha rhombohedral 

boron form. 

Matkovich (139) presented a model for the structure of 

boron compounds which explained another portion of the borostitial 

family. By analogy to the carbon-boron-carbon center chain in 

boron subcarbide, Matkovich identified the center chain in boron 

subphosphide as phosphorous-boron-phosphorous. The structure 

shown in Figure h  represents B^Pa. This rhombohedral unit cell 

has two boron atoms on each edge. The group of thr^e boron atoms 

at each of the vertices belongs to a boron icosahedra.  Groups 

of four boron atoms at each of the other six corners of the rhom- 

bohedra belongs to other icosahedra. Thus one icosahedron is 

located at each corner of the rhombohedral uni\.  cell. Between 

these icosahedra are located three atoms. As seen in Figure U, 

the central site is occupied by a boron atom with a phosphorous 
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atom located on either aide of it. Each phosphorous atom la 

bonded to the central boron atom and to three boron atoma, each 

in a different icosahedron. 

The icosahedral structure was shown previously in Figure J.. 

The lattice lines drawn through that icosahedra represent the 

edges of the rhombohedral unit cell. This figure shows how two 

corners of the rhombohedron contain three boron atoms each and 

six corners contain four boron atoms each. 

Matkovich (139) produced the compound BxaS which is analo- 

gous to B^C. In these structures, the center atom was sulfur or 

carbon and the interstitial sites on either side of the central 

atom were unoccupied. Spinar (20li) confirmed the structures of 

B^Pa and B- jS and determined their atomic positions. 

The concept of a boron carbide structure type or, as 

designated here, a borostitial material, was summarized by 

LaPlaca (129) who announced that a detailed single-crystal 

analysis of the boron subphosphide is now under way. LaPlaca 

stated, "There are indications that the assumed chemical formula 

may have to be modified as a result of X-ray findings. At the 

present stage of the analysis, we find only two phosphorous atoms, 

rather than two phosphorous atoms plus one boron atom arranged 

interstitially parallel to the threefold axis." He went on to 

state that the true formulas will not be firmly established until 
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detailed crystal structure determinatic i» have been completed. 

Both Matkovich and LaPlaca pointed out that a boron subnitride 

would be extremely interesting if it could be prepared. 

2. Interstitial Compounds.   Many compounds fail to have 

definite combining proportions, and are known as Berthollide 

or nonstoichiometric compounds. Examples are the hydrides of 

cerium and vanadium; oxides of iron and titanium; sulfides, 

selenides, and tellurides of copper. The borostitials also 

appear to have this property. Lack of true stoichiometry is 

associated with defects in the crystal lattices. The two main 

types of such defect are the Prenkel defect in which sites are 

vacated and the atom is lodged in an interstitial position, and 

the Schottky defect in which sites are vacated and the atom is 

left on the surface. Detailed reviews of the types of defects 

and the way they affect the properties and materials are provided 

by Gray (61) and Van Bueren (229). 

Hagg (76) systematized the structures of interstitial 

compounds formed between transition metals and hydrogen, boron, 

carbon, and nitrogen. His simple method of characterizing such 

structures   described by Westgren (238). The more simple inter- 

stitial compounds had a radius ratio between C.lil and 0.59. When 

it was over 0.^9, complex structures result. If in this ranga, 

the usual structures were face-centered cubic or hexagonal or slight 
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distortions of these. In discussing this size effect, Hume- 

Rothery (91) made several points which can be adapted to this 

system. If the boron lattice is thought to be similar to the 

cubic structure discussed by Hagg, one may think of the inser- 

tion of atoms at the three central sites as causing a distortion 

of this basic lattice. This is just the distortion cited by 

Matkovich (139)« As the c/a ratio was changed, the angle was 

changed for the basic rhombohedral structure. Hume-Rothery1 s 

second statement (91) was that the composition of interstitial 

phases were generally not definite but corresponded to a range of 

formulas in the boron-carbon system as noticed in the extensive 

solid-solution regions on the phase diagram. It was also readily 

observed in the boron-oxygen, boron-phosphorous, and boron- 

arsenic systems where one of the elements was volatile. The 

third point that Hume-Rothery made is that, as in the carbides 

and nitrides of the sodium chloride structure, the extent and 

type of interstitial insertion was determined not only by the 

size or radius ratio but also by the bonding. One could deter- 

mine an effective radius ratio for these rhombohedral structures, 

but this alone would not be sufficient to determine the nature 

of the structure formed. The directed orbitals in the interior 

region of the three sites in the boron rhombohedron determine what 

will be accepted and how much. This interstitial character of 



these materials has been shown by Van Buaren (229) to have a 

marked effect on the resistivity and thermal conductivity in 

metals. 

E.    Properties Related to Structure 

1. X-ray Parameters,      The X-ray parameters for boron and 

the borostitials are listed in Tables I and II.    The compounds 

listed in Table I were arranged by Matkovich (139) in the order 

of increasing size of the interstitial atoms.    The hexagonal unit 

cell expanded with larger additions in the direction of the a-axis. 

The c-axis shrunk    at the same time to a minimum of 11.85 A and 

then also expanded.  The angle of the rhombohedral unit cell changed 

as the cell expanded. 

2. Penalties and Melting Points.      The densities and melting 

points for boron and the borostitials are reported in Table III. 

The letter "c1' or ,?e,f following many of the density figures indi- 

cates that that value is either calculated or experimental. 

3. Hardness.      The Knoop and Vickers hardness values for 

boron and the borostitials have been assembled in Table IV. 

Whenever possible, the load    is given for each cited hardness 

value because hardness numbers without a load do not mean very 

much for hard, brittle materials.    Some background is provided 

for understanding the nature of hardness and for interpreting 

curves of hardness number vs. load. 
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Table II. 

X-ray Diffraction Parameters for Materials Having a 
Structure Based on the Boron Icosahedron 

53 

Material (z) 

(50) 

Form a 

8.75 

b c 

5.06 

a 

B tetr. I _ 

B (192) tetr. II 10.12 - xU.xU - 

B (12) a-rhomb. 5.057 - - 58°06l 

B (12) a-rh.(hex.)  U.908 - 12.567 - 
B (106) ß-rhomb. 10.12 - - 65°18! 

B (108) ß-rh.(hex 10.95 - 23.73 - 

BjaCa rh.(hex.) 5.61 - 12.07 - 

Bß.eeC rh.(hex.) 5.65 - 12.15 - 

B7C rh.(hex.) 5.67 - 12.19 - 

B12C3 rhomb. 5.19 - - 66°18! 

BB#O7C rh.(hex.) 5.606 - 12. lie - 

Ss.as^ rh.(hex.) 5.616 - 12.166 - 

Be#7sC rh.(hex.) 5.630 - 12.19h - 

BiaC3 rhomb. 5.17 - - 65°15' 
BiaC3 rhomb. 5.598 - 12.12 - 

Bs.sC rhomb. 5.630 - 12.19 - 

BiaPa rhomb. 5.2U8 - - 69°31f 

B13P3 rh.Chex.) 5.981 - 11.850 - 

BiaS rhomb. 5.1? - - 67°56f 

BiaS rh.(hex.) 5.80 - 11.90 - 

BjaGa tetr. 12.93 - U.8U - 

B13A82 orthorh. 9.710 U.3U3 1   3.066 - 

BisAsa rhomb. 5.319 - - 70°32I 

BisAsa rh.(hex.) 6.112 - 11.892 - 

BisCa rhomb. 5.218 - - 65°l9' 
Bia^a rh.(hex.) 5.67 - 12.19 - 

B^aC3 rhomb. 5.175 - - 65°18! 

Bia^s rh.(hex.) 5.60 - 12.12 - 

Bi30a rhomb. 5.U4 - - 62°56l 

B13O3 rh.(hex.) 5.37 - 12.31 - 

Be.sO orthorh. 8.20 5.35 5.13 - 

Bl3°3 hex. 5.395 - 12.3U2 - 

BiaSis rhomb. 5.602 - - 68°U9f 

BiaSia rh .(hex.) 6.330 - 12.736 - 

BiaSia do) orthorh. lU.392 18.277 9.885 - 

BiaSi3 . 6.319 - 12.713 - 

BxoAl (5.2) orthorh. 8.881 9.10C »   5.690 - 

a-B^Al tbor. 10.28 - H4.3O - 

ß-B^Al orthorh. 12.3U 12.63110,162 
BP cubic Ü.537 - - - 

m cubic 3.615 - - m 

Reference 

(86) 
(220) 
(37) 
(37) 

(190) 
(190) 

(7) 
(7) 
(7) 

(28) 
(123) 
(123) 
(123) 
(251*) 
(183) 
(183) 
(139)(Ui0) 
(l39)(UiO) 
(139) 
(139) 
(27) 

(166) 
(139) 
(139) 
(139) 
(139) 
(139) 
(139) 
(139) 
(139) 
(163) 
(175) 
(139)(lla) 
(139)(H*D 

(10 
(17) 

(21*0) 
(183) 
(183) 
(2Wt) 
(183) 
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Table III . 

Densities and Melting Points for Borostitials and Related Materials 

Material Density g/cn? Melting point *C Reference 

B tetr. I 2.31 e _ (37) 
B ß-rh. 2.33 e - (37) 
B a-rh. 2.1*6 e - (37) 
B amorphous 2.351* 1260 (trans.) (219) 
B tetr. II 2.361* - (220) 
B ß-rh. 2.35 - (190) 
B ß-rh. 2.3 2100 (115) 
B4C 2.51 e - (7) 
Bs.eflC 2.1*81* e - (7) 
B7C 2.1*7 e — (7) 
Bs.sC 2.1*1* - (183) 
BiaC 2.1*8 - (187) 
B13C2 2.1*8 - (187) 
B4C 2.53 - (187) 
B4C - 2250 (peritectic) (3i*l*) 
B4C 2.519 21*50 (22) 
B - 2370-2390 (232) 
B4C - 2360 (232) 
B13C3 - 21*80 (232) 
BxiC* 2.1*96 - (120) 
BP cubic 2.97 c - (183) 
BN cubic 3.1*9 c - (183) 
Bi3P3 2.7I1 e,c - (il*o) 

a-BjaAl 2.58 2100 (115) 
ß-B^Al 2.60 - (115) 

BxoAl 2.5U 2000-2100 (115) 
B10AI 2.537 c - (183) 
BiaAl 2.79 e — (183) 
BisGa 1-273 e - (27) 
BxaGa I1.I3O c - (27) 
BiaOa 2.55-2.62 e - (175)(17U) 
BisOa 2.59 c - (175X171*) 
BxsOa 2.80 c - (129) 
B13C3 2.6U e - (129) 
Bs.«0 2.6U* e - (163) 
BiaS 2.U0 e - (139) 
B^aS 2.33 c - (139) 
B!aSi3 2.1*7 e - (li*D 
BiaSia 2.1*3 1950 (30) 
BiaSi - 2250 (5) 
BiaSi, 2.1*7 - (187) 
BiaSia 2.1*1 - (167) 



Table IV. 

Coiqparative Hardness Values 

Material Knoop kgm/mn?    Vlckers 

B vac.h-p.up, 
B ß-rh.sx. 
B ß-rh.pr. 
B 
B 
B 
B 
BiaC 
BiaCa 

BiaC3 

BiaCs h-p. 
BnC4 pure 
BxaCa 
BiaCa 
BiaC 
BP 
B13O3 
BiaQa 
BiaSi3 

BiaSia 
B^jSia 
BiaSia 
BiaSia 
BiaSl« 

ß-BiaAl sx. 
p-BiaAl sx. 
a-Bia^l sx« 

BioAl sx« 

2UlO 

21*60 

6100 
5190 
6700 
2620 
2755 

2950 
3UiO 
2U10 
3l00 

8500 
14950 
5600-5800 
lilOO 
3200 
3600 
3820 
1830-2210 
2U70-2810 

1910 
1900 
2350 
2100 
2751 
2150,2525,2070* 
2UU5,2380,2210* 
2610,2785,2550* 

Load gms. 

100 
100 
100 
100 

100 
50 
30 
30 
30 

100 
100 
peak 
30 
30 
50 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

Reference 

(1*7) 
(57) 
(57) 

(171*) 
(3iU) 
(183) 
(183) 
(187) 
(187) 
(187) 
(57) 
(36) 

(119) 
(183) 
(183) 
(183) 
(183) 
(1710(175) 
(17U)(175) 
(183) 
(183) 
(30) 
(hi) 
(19) 
(19) 
(36) 
(57) 
(57) 
(57) 

*at various crystal orientations. 



The technique of micro indentation hardness testing was 

described by Knoop (110) in the Journal of Research of the 

National Bureau of Standards. This paper was reproduced in its 

entirety by Small (203). Small also presented a description of 

the Tukon Microhardness Tester. Specifications for the indenter 

and for the application of the load were included in this paper, 

A discussion of errors in the test and an experimental procedure 

were also included. 

A book by Williams (251) discussed the theories and 

definitions of hardness. A background for understanding hard- 

ness was described by Mott (lii9), Kohn (113), and Grodzinski (68) 

(70). The region of the hardness curve of interest in this study 

was that section with a load below 100 grams. . uis was called the 

low-load hardness region as compared to the macrohardness region 

above 10 kilograms and the microhardness region below 200 grams. 

Analysis of the curves of hardness vs. load for the boron phos- 

phide samples showed first, a horizontal area from 200 to 1000 grams; 

second, an area for which, as the load was decreased, the hardness 

increase ; third, a peak hardness occurred somewhere in the region 

of 25 to 50 grams; and fourth, a drop-off area at loads below the 

peak load. Many theories of hardness state that the microhardness 

region should follow a hyperbolic law in which hardness should 
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increase indefinitely as a minimum load is approached. This 

hyperbolic law does not allow for the drop-off region. 

Grodzinski (69) discussed the principal ways in which this had 

been accounted for by various authors, bhaw (196) predicted a 

variation in yield-stress with specimen size and stated that 

the apparent increase in hardness with the decreasing indenting 

load was actually due to the greater flow-stress that accompanies 

a decrease in thickness of the deformed zone. He called this the 

size effect. Shaw's work applied to metals that behave in a duc- 

tile fashion. A similar treatment was given by Weibull (233) for 

brittle materials. He suggested a flaw-concept in which the 

probability of finding a flaw decreased as the specimen size was 

decreased. The drop-off region was said by Schulze (192) to be a 

function of the inaccuracies in the device used for testing. 

Grodzinski (69) suggested that instead of these problems of size, 

flaw, and technique, one might consider the region in the crystal 

from a plastic-elastic deformation viewpoint. He pointed out that 

as the load is increased, one began with a purely elastic region, 

proceed^ next to an elastic-plastic region, then to almost pure 

plastic deformation, and finally to a heavy fracture area. The 

elastic effect was found when at very low loads, an indentation 

was made and when the indenterwas removed, no mark was found. If, 

as supposed by Grodzinski, the drop-off area at loads below the 
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peak load is caused by elastic-plastic deformation, then a method 

should be found to measure the effect of elastic recovery after 

indenting.    Several techniques have been tried for coating the 

indenter with a thin film that will be left behind and thus mark 

the extreme points of the indent.    Vapor-plated silver and flame- 

deposited carbon have been used with success.    Indents in glass 

have also been observed through the glass at the point of maximum 

impression to obtain a measurement free of the elastic effect. 

Grodzinskifs measurements established that the hardness of the 

uncoated material increased with smaller loads below 100 grams 

and that the coated-material hardness fell almost to zero at 

small loads. 

Hardness is usually defined as either a stress (a load 

divided by the supporting area) as used in Knoop hardness or as 

the analog to the modulus of elasticity (the idea of a hardness 

modulus, i.e., stress per unit of deformation).    Grodzinski (70) 

suggested that since the drop-off zone was related to elastic-plasti? 

deformation, that a new definition of hardness should oe given. 

He proposed that it be defined as the load necessary to produce 

a given deformation,    ftnen this    definition is applied, the hyper- 

bolic hardness rule follows.    Grodzinski (6?) developed an appar- 

atus suitable for measuring hardness at low load in which the 
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load was increased continuously measuring at the same time the 

depth of the indentation. With automatic recording, load- 

depth curves and time-depth curves for studying creep and 

recovery processes could be plotted. In this way, the elastic 

and plastic properties of a arterial could be recorded and the 

hardness test could be made into a true Theological test. 

A recent paper by Kranz (119) on the hardness of B^C* 

cited an unusoal hardness figure (Vickers 8500 kgm/mm8) for 

this compound. High temperatures (2300°C) and pressure (120 

atm) were used to prevent the precipitation of graphite which 

caused the hardness to drop sharply at high carbon to boron 

ratios. 

F. Background of Conduction Measurements 

1. Mechanisms Contributing to Electrical Conductivity. 

In order to evaluate the electrical pr.'ope^ties of the boron- 

phosphide-carbide compacts, some background on the nature of 

electrical conduction is necessary. Various conduction 

mechanisms of possible direct application in this study are 

investigated. 

The first consideration in studying the electrical con- 

ductivity in the boron-phosphide-carbide compacts is that these 

samples are polycrystalline and provide several possible conduc- 

tion paths. Each sample may be thought of as a number of branches 
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or legs comprising series-parallel circuits along which electrons 

and holes may flow« The first path to be considered is that 

developed by the balk conductivity characteristic of the crystal 

body; conductivity within each grain then comes from the charge 

carriers released intrinsically. This intrinsic bulk-conductivity 

is further modified in two ways. Charge carriers are formed extrinsi- 

cally at impurity sites, and if grains of different material exist 

(grains composed of other compounds or phases), each may provide 

an alternate path for the charge carriers. In such material, for 

instance, a little of one interstitial element properly distributed 

throughout the sample could determine the conductivity. In other 

words, the bulk conductivity is complicated not only by extrinsic 

sites but by ncnhomogeneity within the polycrystalline body. 

Books by Putley (170) and Ehrenberg (1*2) provided excellent 

reviews of the bulk semiconductor properties of crystal bodies. 

A review of the conductivity of boron was prepared by Taylor (223). 

The work of Shaw (198) on the conductivity of boron single crystals 

established the dependence of boron conductivity on donor impurity 

levels. 

When hot-pressing a polycrystalline material of very fine 

grain structure, a high surface-to-volume ratio is obtained. Such 

a system of germanium particle aggregates was studied by Kmetko 

(108). He concluded that the conductivity was essentially a surface 



property in this type of structure. A similar study of metal- 

lic films by Bonfiglioli (ill) established the importance of 

enhanced contributions from surface states. In addition to 

bulk-conductivity and conductivity from surface states, the 

conductivity along grain boundaries may have a pronounced 

effect on the overall charge-carrying ability of the material. 

A study by Henisch (79) proposed a theoretical approach involv- 

ing potential hills and crystallite boundaries. Two experimental 

studies, one by Tweet (227) and the other by Abeles (1), deter- 

mined the effect of an increased number of grain boundaries on 

the semiconductor properties of the material. In comparing 

a single crystal with a polycrystalline material with the same 

number of impurity sites, the resistivity was usually higher in 

the polycrystalline material because of the barrier action common 

to grain boundary walls. Where resistance between grains was high, 

the resistivity fell off rapidly as the frequency of measurement 

of conductivity was increased because of the capacitive-shorting 

effect at higher frequencies. 

The fourth possible mechanism that might control the 

electrical conductivity is a contribution from the defect struc- 

ture of the crystal. Tht, freedom of movement of the charge 

carriers may be chiefly a function of the amount of interstitial 

element that is absent from the crystal structure. It is even 
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possible that it might be a function of the amount of boron 

missing from the icosahedral structure. Van Bueren (229) 

pointed out that lattice imperfections scattered both electrons 

and phonons. Abeles (2) calculated theoretically the effect 

of lattice vacancies on the electrical resistance and thermo- 

electric power in metals and showed that resistance was appre- 

ciably increased. In Samaonov's work (189) on the boron-carbon 

system, he stated that the electronic conductance of alloys of 

the structure, B^^was dependent on the number of vacancies 

along the c-axis. In this study and several of his studies on 

the phase diagram for the boron-carbon system, he has used 

electrical resistivity to follow the various phases in the 

system. 

The fifth mechanism which may control or contribute to 

the electrical conductivity in the borostitial structures is 

a crystal structure effect. In this effect, the more perfect 

the crystal structure, the easier the conduction. This may be 

due to the presence of a path of conjugate bonds in the form of 

chains or the presence of a general conjugate skeleton through- 

out the body. Such a conjugate system may be thought of as 

causing semimetallic conduction or semiionic conduction or 

both depending on the resonance structures vhich can exist. A 

study of the electrical properties of polycrystalline boron by 



Uno (228) produced some evidence which showed that the conduc- 

tivity at room temperature might not increase with the amount of 

iapurities but depends, rather, on the difference in the crystal 

structure. The resonance idea was applied to boron carbide by 

Clark (28) who wrote various types of electronic formulas for 

the C-C-C group and its immediate neighbors. He described the 

three most probable resonance structures by allowing the double 

bond and the "no bond" to resonate among the various equivalent 

positions as required. Clark's proposed degree-of-resonance 

leads to a condition not far removed from metallic bonding. He 

suggested that the metallic appearance of the material indicated 

the presence of some free electrons. Hoard (86) mentioned the 

idea of a possible general conjugation existing throughout the 

boron and the interstitial structure. 

In either case, the conjugate system would be closely 

related to organic semiconductors. A study by Aftergut (6) of 

the electronic properties of organic compounds attempted to 

relate the chemical structure of heterocyclic compounds to their 

electrical properties. Another study by Pohl (16?) was an attenpt 

to relate the extent of conjugation in semiconducting polymers to 

the enhancement of electronic properties. In both the work on the 

heterocyclic compounds and the conjugate polymeric compounds, a 

similarity to the borostitials was apparent. 
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Within the conjugated aromatic organic molecules, cur- 

rent flow is unimpeded. It is chiefly the jump from molecule 

to molecule that hinders the conduction process. The analogous 

step in polycrystalline materials is the "jumping" of the grain 

boundary and possibly a deep surface region. This, too, may be 

the controlling step in these polycrystalline materials if the 

bulk conductivity within the grain is high. No adequate theory 

exists to cover the transfer from one organic molecule to the 

next. 

A review of organic semiconductors by Garrett (55) 

describe the theories that have been applied to conduction 

mechanisms in molecular crystals. One interesting concept 

ha been developed for electrons that had left their parent 

molecules but were not completely free to move as in a con- 

tinuum of energy states. Under such circumstances, the perfect 

periodicity of the free case was distorted. As a result, the 

bands of allowed electron and hole states were expected to be 

very narrow (0.1 ev or less). If this were the case, it follows 

that the effective masses would tend to be quite large, and 

the mobility would accoridngly be lwo. When the mean free path 

was restricted to noiecular (particle) dimensions, the mobiltiy 

like the carrier density, should show an exponential increase 

with temperature. The activation energy then represented the 

process of "hopping" from molecule to molecule. 
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All of these effects which might modify the electrical 

conductivity in the borosti.ials are related by basic semicon- 

ductor properties. One or more of them may contribute at vari- 

ous temperatures and with various borostitial compositions. 

The mutually dependent nature of these effects can be seen by 

supposing that the lattice defects of the sample were increased. 

In this case, the scatter of the electrons would increase and 

the conductivity would fall. One might also think that the in- 

creased lattice defects would decrease the order and therefore 

reduce the resonance of the ?ystem again causing the conductivity 

to fall. 

2. Electrical Contacts .  The second subject of importance 

which affects electrical conductivity is that of contacts and 

contact noise. Shaw (198) reported that one of the biggest dif- 

ficulties encountered in measuring the Hall voltage of boron 

single crystals was that of electrical contact noise. 

One really has three problems in making good contacts for 

conductivity and Hall effect measurements. The first is getting 

the contact there, Shaw (197) solved this for very small samples 

with a micromanipulator. Pellekaan (16U) solved the problem of 

attachment by developing ar; apparatus for fusing contacts to semi- 

conductors. O'Connor (160) used sharpened tungsten wires held 

against the sample by spring action and secured in place by 



Sauereisen cement. He also used conducting plastics, effective 

to 260°C, for attaching electrodes. 

After mounting and attaching or securing the contact by 

spring action or cement, the third problem is that of making an 

ohmic contact. Putley (170) summarized the establishment of 

ohmic contacts to semiconductors. Many forms of solder such as 

indium and tin-lead were used, evaporated films were used, sputtered 

films were used, pressure contacts, welds, tnd chemical depositing 

agents were used. Such chemical agents as gold chloride and silver 

nitratewere reduced on semiconductor surfaces to give the free 

metal which produce an ohmic contact. A form of electroless 

contact applicable to silicon carbide or boron phosphide had 

been suggested by Raybold (171). He chemically plated nickel 

upon the sample after first treating it with stannous chloride and 

palladium chloride. An electrodeless measurement technique had 

been suggested by Jacobs (97) in which resistivity measurements of 

semiconductors were ma de at microwave frequencies without attaching 

any contacts. This reduced error caused by surface leakage or 

crystal imperfections in the semiconductor. Nyberg (159) also 

suggested an electrodeless technique for semiconductor measurements. 

His technique is applicable to Hall effect measurements. 
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3. The Hall Coefficient.  When the conductivity (a) o*  * 

semiconductor is determined, the value obtained is a function of 

the number of charge carriers (ne for electrons and n^ for holes), 

the charge per carrier (e), and their freedom of motion or mobibility 

(\ie  for electrons and ^ for holes). 

a  = neeu-e 
+ nhe^h (1) 

This measurement, however, does not differentiate between 

a very few highly mobile charge carriers and manv restricted 

charges which permit the same ultimate passage of current. 

This separation can often be made by measuring the Hall 

voltage of the sample.    If a current is passed longitudinally 

through a sample, a transverse magnetic field will deflect charge 

carriers along curved paths and cause a small potential to build 

up along the axis perpendicular to both the current direction and 

magnetic field direction.    This potential, the Hall voltage (V), 

is related to the current (I), the magnetic field (B), and the 

specimen thickness along the magnetic axis (t),  by: 

V = RÜ 10-8 (2) 
t 

The Hall coefficient (R) is a proportionality constant. 

When I is in amperes, B in gauss, t in centimeters, and V in 

volts, the insertion of 10"* maintains the system of practical 
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units and thus produces R with the units en?/coulomb. The sign 

of the potential produced is an indicator of the carrier present 

in excess. 

In a material with only electronic conduction, the Hall 

coefficient is: 

M- - -h (3) 

where n is the concentration of charge carriers and e is the 

charge per carrier. 

This relationship between the Hall coefficient and the 

electron concentration means that the absolute value of the Hall 

coefficient is also the proportionality factor between conduc- 

tivity and mobility. 

R a = u- (h) 

A numerical factor enters into (a) as ~-  for nondegenerate 
8 

semiconductors.    This factor approaches unity in either the case 

of degeneracy or in high magnetic fields.    In any event, it rarely 

deviates very much from unity. 

In weak magnetic fields, the Hall coefficient for semicon- 

ductors exhibiting mixed conduction iss 

R , . 3» . *W ; nhnna (5) 
ft / ^2 0       (neUe - nhWv' 
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A review of the Hall effect including equations for other 

measurements in mixed conductors was provided by Putley (170). 

Putley also described the magnetoelectric effects. The Hall 

effect is but one of four interaction effects among electric 

current, thermal current, and magnetic field. In a perpendicular 

magnetic field, a longitudinal electric current may create a 

transverse Hall potential and the transverse thermal current of 

the Ettinghausen effect. If instead, a longitudinal thermal 

current flows in the same magnetic field, two other effects may 

be observed. They are a transverse Nernst potential and the 

transverse thermal current of the Righi-Leduc effect. 

Clawson (29) has prepared a bibliography on the theory, 

design, and application of the Hall effect. The measurement of 

Hall effect has been the subject of a bibliography prepared by 

Kraft (118) for the period 1955 through April 1961. 

I. Sign Reversal and Surface Effects.  According to 

Putley (170), reversal of sign of the Hall potential was common 

for some materials such as tellurium, lead telluride, indium 

arsenide, and MgaSn. Pure tellurium wasp-type at low tempera- 

tures but change to n-type and began to conduct intrinsically 

between 200°K and 250°K. At L00°K, it again reverted to p-type 

The latter change was a true bulk property and was not affected 

by purity. This was thought to occur because the mobility ratio 



of 1.3 fell with increasing temperature as a result of change 

in the effective masses of the carriers. The band picture was 

said to consist of two overlapping conduction bands one slightly 

above the other. The lewer band had a larger electron mobility 

than hole mobility. The upper band had the reverse condition. 

As temperature was increased, the second choice higher band received 

a greater proportion of electrons, and the upper sign change was 

accounted for as bulk property. 

Other possible ways of accounting for the upper sign 

change in tellurium are reviewed by Whelan (239). Among these 

were the possibility of p-type lattice defects with activation 

energies of 0.5>to0.7 ev and a "single conduction-double valence" 

band model. Evidence so far seems to favor the double conduction 

band model. 

The anomalous sign reversal, for the Hall potential of 

indium arsenide was explained by Rupprecht (182) as a surface 

effect. The sign change could be created by grinding and re- 

moved by etching. Rupprecht also reported that the reversal in 

lead telluride could be iroduced by warming an n-type sample in 

an oxidizing atmosphere. 

Welker (235)reported a double sign change for samples of 

InAs, first at 20°C and again at -100°C. The position of the 
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first sign change changed  only slightly with coimposition, 

while the second was quite sensitive to the introduction of 

doping agents. 

In crystals of MgaSn, Frederickse (53) found conduction 

took place by a surface effect rather than by   bulk or impurity - 

level-induced conduction.    Conduction in the n-type material 

took place through a surface layer with the mobility reduced 

by a factor of 50-100 times the bulk mobility.    This layer 

could be produced easily by the adsorption of oxygen on the sur- 

face.    The wave functions of neighboring iwpurities were said to 

overlap thus forming a surface band able to carry current. 

Channels or leakage paths in transistors can form and 

modify the inter electrode conductance.    Dunlap (lil) mentioned 

that p-type inversion layers have been produced on n-type germa- 

nium by an exposure to oxygen, ozone, or hydrogen peroxide. 

Channels might also be an n-type layer on an n-type base.    Two sets 

of surface states in germanium are now accepted.    The first is 

a group at the surface of the bulk germanium which is within 

0.1 ev of the conduction band.    The others are in or on an 

oxide surface layer found on nearly all germanium. 

The mechanism of modifications of surface states by gas 

adsorption, while apparently quite common,  is incompletely under- 

stood and hss received only partial theoretical treatment as yet. 



Tweet (227) found that a gold doped (n-type) germanium 

bicrystal with a relatively high resistivity (l^to 10 0 cm) 

had a low resistance conduction path along the grain boundary. 

Iron doped germanium was found to show the same effect. The 

effect was explained by the presence of a number of acceptor 

levels localized in the grain boundary with energies near the 

valence band. Electrons from the valence band were trapped by 

these centers and the resulting holes were confined to a space 

charge layer surrounding the acceptor levels. Speculation as 

to the source of the acceptor levels led  to either impurities 

trapped at the grain boundary or distorted and unsaturated valence 

forces. 

5. Magnetoresistance.  A semiconductor when placed in a 

magnetic field frequently exhibits increased resistivity and 

thus a decreased Hall coefficient. This magnetoresistive effect 

in metals was studied by Jan (98) and in semiconductors by 

Johnson (99) •    The latter work considered the effect of impurity 

scattering and mixed conduction in high terperature semiconductors. 

Existing theories predict smaller effects than wereobtained experi- 

mentally, and Johnson's work increased the difference between ex- 

periment and theory rather than reduced it. It also established 

that a much greater magnetoresistive effect should be expected for 

intrinsic semiconductors than for extrinsic ones. 
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When a magnetic field is applied to a semiconductor, the 

moving charge carriers acquire curved trajectories. The com- 

ponent of motion in the direction of the primary current will 

be reduced as the magnetic field is increased thus making the 

resistance increase. The magnetoresistance is usually propor- 

tional to the square of the magnetic field at low strengths and 

linearly related at high fields. 

Two unusual effects were reported by Carmichael (2U) for 

vacuum fused polycrystalline boron prepared from zone refined 

samples. An increase in electrical conductivity was noted upon 

application of a magnetic field. This reverse magnetoresistance 

was unaffected by air or argon atmospheres. The samples were p- 

type to thermoelectric measurements. A charge storage effect 

was also reported. Current continued to flow after removal of 

an applied potential. When the potential was applied at very 

low temperatures, a thermal current release analogous to a 

thermal-glo curve was obtained upon warming. 

£• Conductivity in Boron and the Borostitials .  Shaw (197) 

prepared small crystals of boron from boron tribromide and hydro- 

gen and found the purest to be p-type. He reported that these 

could be converted to n-type by heat treatment. 

An extensive study of the electrical conductivity and 

Hall potential of single crystals of boron was made by Shaw (198), 
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The crystals were prepared by pyrolysis of BBr3 in Ha between 

1300°C and 1600°C. The electrical conductivity of 28 crystals 

generally followed the same pattern. At high temperatures, they 

approached an intrinsic line with an activation energy of 1.58 ev. 

At low temperatures, the curves of logarithm of resistivity vs. 

reciprocal temperature almost all followed curved paths approach- 

ing activation energies between 0.06 ev and 0.25 ev. The devia- 

tion from straight-line conductivity was shown to arise from 

Joule heating. Changes in resistivity curves brought about by 

high temperature heating were permanent. Heat treatment was 

thought to introduce imperfections capable of contributing charge 

carriers. 

Shaw (198) made Hall measurements on three boron crystals. 

Signals between 30 microvolts and 300 microvolts were detected 

with fields between 5000 gauss and 18,000 gauss. The first sample 

had a negative potential at 29?°K, but at about i*30°K changed to a 

positive sign. Since at high temperatures the number of positive 

and negative charge carriers must approach equality, this was 

thought to indicate that the mobility of holes is greater than 

the mobility of the electrons. This conclusion was verified by 

Shaw's thermoelectric measurements. 
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The change in sign occurred before one onset (600°K to 

700°K)    of intrinsic conduction.    The suggestion was made that 

both acceptor and donor levels were present.    The activation 

energy of the acceptor level was slightly greater than that for 

the donor but there were more acceptor levels. 

The sample that changed resistivity on extensive heating 

apparently had a large number of ionized donor impurities or 

defects introduced.    The resulting negative carriers lowered 

the resistivity and changed the sign of the Hall coefficient 

from plus to minus. 

Mobilities for boron have been estimated by Shaw (198) 

by assuming that the Hall sign indicated charge carriers of only 

one sign.    As a result, mobilities between 0.2 cnrVvs and 0.9 cma/ 

vs were obtained with hole mobilities slightly greater. 

Bean (11) reported the preparation of a p-type boron film 

by pyrolysis of boron tribromide. This material was then puri- 

fied by vacuum-float zone refining and formed into single crys- 

tals. The basic p-type material when melted with small amounts 

of tungsten remained p-type. If, on the other hand, tungsten 

were diffused into the single crystal for 12 hours at 1350°C, 

a 20 micron-deep n-type layer would be produced. 

An ultrapure sample of boron was vacuum hot-pressed by 

Eubank (li7)» and its electrical conductivity vs. temperature 

compared with that of similarly prepared commercial boron. 
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Its resistivity curve was much closer to a straight line than 

the less pure commercial samples. 

A pure boron prepared by Hagenlocher (75) by aone refining 

was n-type at room temperature and changed to p-type upon heating. 

Even the best material had a curved activation energy plot which 

approached an upper limit at AE = 1.50 ev.    All n-type samples 

changed sign on heating.    The purest sample had a hole mobility 

of 55 ci^/vs and an electron mobility of one cm8/vs at room 

temperature. 

A study by Gaule (56) of single crystal ß-rhombohedral 

boron produced p-type samples with resistivity of 10   ohm-cm at 

room temperature.    These samples all approached an intrinsic 

activation energy of 1.56 ev and leveled off at 0.02 ev in the 

region from 75°K to 125°K.    Absorption measurements on the 

same samples indicated that crystalline boron could accommodate 

a large concentration of gaseous impurities.    Gaule supported 

the optical results with unpublished resistivity measurements 

by Medcalf of samples heated in different gas atmospheres. 

Oxygen and nitrogen increased the resistivity by 200$ while 

hydrogen decreased it by 35^. 

Phosphorous was added to boron by Greiner (65) to prepare 

two j-ow phosphorous alloys (0.0007$ and 0.08^) and one high phos- 

phorous alloy,  Bs.eP (lb.7£).    The phosphorous addition decreased 



the electrical resistivity in the extrinsic conductivity range. 

The resistivity of the Ife.eP alloy was significantly lower at 

low temperatures and higher at high temperatures than the low 

phosphorous alloys. It was also of a different crystal structure. 

Electrical resistivities for boron and the borostitials 

are collected in Table V. Activation energies, both extrinsic 

and intrinsic, are compared in Table VI. Information available 

on Hall coefficient, Hall mobility, and concentration of charge 

carriers is assembled in Table VII. 

G. Background of Thermoelectric Measurements 

1, Thermoelectric Effects .  One of the objectives of this 

study was to determine the thermoelectric value of the phosphide 

compacts. The thermoelectric power and thermal conductivity are 

combined with the electrical conductivity to determine the thermo- 

electric merit of this material. A discussion of each effect, 

a review of methods of measurement, and any special features 

applicable to the system studied are presented. Values of thermo- 

electric power are presented in Table VIII. 
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Table V. 

Electrical Resistivities in Boron and the Borostitials 

Material Resistivity 0 cm Temperature °C Reference 

B amorphous 1x10* RT (219) 
B argon 10* RT (155) 
B vacuum 1& RT (155) 
B 1000°C 0.1 RT (10X51) 
B 1300°C 2700 RT (10X&) 
B 1500*0 106 RT (10X5U) 
B ß--h.sx. 1.7 x 10* RT (197) 
B ß-rh. 1011 -160 (65) 
B ß-rh. 10« RT (65) 
B ß-rh. 0.1 700 (65^ 
B up.px. h x 10* RT (75) 
B up.px. 5 x 10-» 1950 (75) 
B ß-rh.Sx. 10-3 

ja 1775 (56) 
B ß-rh.sx. 10' RT (56) 
B ß-rh.sx. 1011 

-175 (56) 
B px. 200 RT (228) 
B sx. 1 x io* RT (199) 
B   8X. below 1 550 (199) 
B 1 x 10« RT (65) 
B 5 x 101° -150 (65) 
B+0.0007#P 3 x 106 RT (65) 
B+0.0007*P 2 x 109 -150 (65) 
B+0.08*P 2 x 103 RT (65) 
B+0.08*P 1 x 10s -15C (65) 
B+lli.7^P 

(BxaPa) 3 x 10s RT (65) 
B+lii.7<P 

(BxaPs) 2 x10s -150 (65) 
Bi 3 Pa   h-p. 1 x 10* RT (165) 
Bi 3 P3   h-p. 2.5 500 (165) 
Bi3Pa   sx. 10« RT (208) 
BPsx. 1 RT (208) 
B1SO3 0.3-0.8 RT (15) 
BiaC3 0.115 20 (172) 
BisC 5.6 RT (187) 
B13C3 0.05 RT (187) 
BiaC3 1.6 RT (187) 
BiaSia C.16 RT (U9) 
Bj aSi3 h RT (1*9) 
BiaSi 0.2-10 RT (5) 
BiaSia 0.2 RT (5) 



Table VT. 

Comparison rf Activation Energies 

"9 

Activation energy ev 
Material Prepared from intrinsic extrinsic Reference 

B argon BC1* 1.1 (155) 
B vacuum BCI3 0.6-0.7 (155) 
B EbH« 1.2 (1U8) 
B BaHe 1.03 0.65-0.7 (1U8) 
B 1000°C BaH« 0.3 (10X510 
B 130CTC B,H« 0.86 (1D)(A) 
B l'500QC BbH« 1.12 (10X5M 
B BBr3 1.55 (197) 
B vac.h-p.up. 1.1*5 (1*7) 
B commercial 1.27,1.18, 

0.9U 
(1*7) 

B up.px. 1.5 0.6 (Be)p (75) 
B up.px. 1.5 0.7 (C) n (75) 
B up.px. 1.5 0.5 (Si)n (75) 
B ß-rh,sx. 1.56 (56) 
B a-rh.sx. 2.00 + shallow 

levels 
(89) 

B px. 1.39 (66) 
B 1.2 0.03,0.06 (128) 
B - O.Ui,o.6U (128) 
B 1.5 (115) 
B? $0$ 1.6k (258) 
Bia^s 0.7 (127) 
BiaC3 1.61 0.7 (18U)(188) 
BP 5.8 (21*9) 

a-BxaAl 1.8-1.9 (115) 
BiaAl 1.7 (126) 
BiaAl 1.1,1.08, + shallow 

1.22 levels (25) 
BxaSi3 2.0 (1*9) 
BiaSia 1.2 (1*9) 



öd cd CO cd ttf s ^ TJ 
T3 0) •d 

(to 
•O  w 3 X X i 

i? 
<j 

i   X 1 • • c+ (to 
c+ • c+ 

9 9 

H- H 

3 3 
OB 
M • 

(• 0 a 

o 

» 0) 3
 *P   ? 3 P *Ü P g P M 

Q (ft 1 M (ft H 
II    M I! d- N 

H n 
3 

ii N a 
VJ\VJJ H O o 

O H O M (ft • C~ O 5: (ft 
X   O O 

M 
H O • (D M, 

>1 P 'S O -^J DJ M> 
M C+ c* tr »1 c* OB H- 
o o O o (ft O o P 

n 
O 

H» (to n a 
H. 

tf H- 
• ui M ^i o O 

2. 
Cft 

O O 1 UT 
ü 

• V N 3 
O   O O H- v-ri \o O H*   c+ 
(to (ft ^ o o <$ O * 
►5   O   O 4 o » d • 0) »i 

&%% 
W 

H. (D 
H 
o 

VO 

ff <ft   ^s^\ o N, CO 3 o (ft H 
*i   <  < 3,* <4 er =L CM 4 M 
M   W   01 w U M o 

3 S 
o «3 o 
H. 

01 
s 

er »-9 
ft 

Q, M er 
H- H 

ff 
(ft 

1 
O 

V» 

S 3 
3 

M 

3 
a 

0 o 
in o 

♦a 3 
rr o 
H- (V 

H »-9 a 3 
8 o i 

A 
•i 
(to 

5* Sd W W w i? 
c«- 

1 H3 H H H h* 
\o • o 
o c+ 3 
o 0 5 

0) 

*S (0 

PC 
(ft 

o 

a 

o 

/"■■> ,-—^ ^—-x •—>. H* ►1 
ro ro <"** H M 

n 
H- 

O O -J \o SO 
$ \o 00 vA (30 ->J 2 

W 
3 Cfl 

08 



31 

Table VIII . 

Comparative Values of Thermoelectric Power 

Material a >iv/°C Temperature °C Reference 

B p-rh.sx. 500 RT (56) 

B 300-325 100-700 (155) 

B4C 280 
700 

RT 
2200 

(15) 

B18C 2 $0 RT (187) 

BiaCa 200 RT (187) 

B4C 235 RT (187) 

BP 300 RT (209) 

BgSi 80 RT (187) 

B-Si-C 50-300 RT (169) 
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Relationships between heat flow and electrical-char ge- 

carrier flow in a material are called thermoelectric effects. 

The first such effect occurs when two different materials are 

joined and the junction is heated. Charge carriers tend to 

diffuse from the hot junction to the colder unconnected ends. 

Since the degree of charge shift is different for the two 

materials comprising the couple, a net potential will exist 

between the two unconnected ends. This potential is propor- 

tional to the temperature difference (AT) between the junction 

and the open end. The Seebeck coefficient (a) is the propor- 

tionality constant between small changes in temperature and the 

small potentials creatpi: 

Shorting the two unconnected ends causes a current to flow in 

the loop. 

If a current is passed through the junction of two dif- 

ferent conductors, heat is either released or absorbed at the 

junction. This heat is a linear function of current compared 

to the quadratic function of Joule heating. The proportionality- 

constant in the former effect is the Peltier coefficient (n). 

Q - *I (7) 
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A third thermoelectric effect was observed by Thomson. 

He found that heat (Q) was generated or absorbed in addition 

to the Joule heat by passing current (I) through a conductor 

along a temperature gradient {-TZ) : 

Q-flfi (6) 

The proportionality constant (T) is the Thomson coefficient. 

The three thermoelectric effects are related through 

the Kelvin expressions: 

aT « n (9) 

ff   T   «   T.-T, (10) 

The development of thermoelectric theory evolved from two 

parallel approaches: from thermodynamic derivations and from the 

electron theory of metals. More recent developments begin with 

these results and are concerned with the more complicated inter- 

action terms such as those arising from phonon drag. 

In 1928, Kammerer (102) initiated the thermodynamic 

approach by using a temperature-entropy diagram to describe 

thermoelectric phenomena. Three years later, Onsager (161) 

produced his often-quoted paper on the reciprocal thermal rela- 

tions involving nonreversible processes. Onsager specifically 



cited the Thomson, Hall, and Righi-Leduc effects. In 1932, 

Bruzs (18) added an explanation of the Seebeck and Peltier 

effects. Onsagerfs reciprocal relations were applied to 

thermoelectric, thermomagnetic, and galvanomagnetic effects 

by Callen (21) who was able to derive the Seebeck, Peltier, and 

Thomson effects as well as the two Kelvin relations. He also 

obtained the equations of the Hall, Sttinghausen, Nernst, and 

Righi-Leduc effects. A book by DeGroot (38) began with Onsager!s 

reciprocal relations and outlined the thermoelectric derivations 

by several methods. By considering the entropy changes in a 

complete thermocouple, he derived the Seebeck, Peltier, and 

Thomson relations. DeGroot1s book (38), an article by Callen 

(20), and an article by Domenicali (39) provided the best sum- 

maries of these derivations through 19$k. 

The second approach to thermoelectric theory started with 

the Lorentz-Sommerfield theory of conduction in metals about 

the same time the thermodynamic approach began. The free elec- 

tron theory was first extended to nonmetals, then holes and 

electrons were considered together, and then interaction and 

scattering terms were added. Next, mean free path correlations 

and anisotropic variations were added, and finally, the concept 

of phonon drag was introduced by Gurevich (73) in 19^5, to 

account for an unusual low temperature rise in the thermoelectric 
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power of metals. A similar contribution was found in semicon- 

ductors by Herring (8l). 

As can be seen by the above developments, any effect 

which serves to impede or divert the flow of heat or current 

will affect the thermoelectric properties. Irregularities 

frequently enhance the thermoelectric power as shown by Abeles 

(1)(2) first In a study of lattice defects in metals and second 

in a study of metallic grain boundary effects. 

Domenicali's study (39) included the effects for aniso- 

tropic, inhomogeneous, and defect materials as well as the 

more perfect media. Greene (6U) has proposed a theory of 

surface thermoelectricity based on a surface space charge region. 

The thermoelectric power of germanium powder which conducts 

through a surface layer was found by Kmetko (108) to be a func- 

tion of the surface. A change of atmosphere from oxygen to water 

vapor also changed the sign of the thermoelectric power from 

plus to minus and altered its magnitude over several hundred 

microvolts per degree centigrade. Granville (60) studied the 

surface layers on germanium and lead sulfide by means of thermo- 

electric properties. 

Thermoelectric measurements on single crystals of boron 

were made by Shaw (198)* He found that hole conduction predomi- 

nated at high temperatures, but at low temperatures, hole con- 

duction predominated only in typically high-resistance crystals. 
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At low temperatures,  electron conduction may predominate in 

low-resistance crystals.    Thermoelectric power values ranged 

from -200 nv/°C   „o -600 |iv/°C.    Some samples increased in posi- 

tive value with increasing temperature while others went through 

a maximum positive value between 200°C and U)0oC. 

Although the sign of the thermoelectrical potential is 

frequently used to determine the sign of the carriers, Henisch 

(78)pointed out that this test should be used with reservations. 

Distributed thermal potentials could alter the measured sign in 

samples with a heterogeneous distribution of impurity centers. 

Samples with contaminated surfaces could also exhibit thermo- 

electric potentials with misleading signs. 

The Seebeck coefficient for a mixed conductor is: 

k    rWg-fcT  ) - rf     kT    ) 
a =  (11; 

e ne^e + nh^h 

where k is the Boltzman constant, e is.the electronic charge, 

ne is the number of electrons, n^ is the number of holes, \i  is 

the mobility, EQ is the band gap, and Ep is the position of the 

Fermi level. A semiconductor with equal numbers of holes and 

electrons for the same mobility will have, then, a greatly de- 

creased thermoelectric power because of an increased denominator 

in expression (11). 
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£• Thermal Conductivity .  The basic equation for the 

conduction of thermal energy per unit time along a solid path 

is: 

Q--KA— (12) 
dX 

In a purely conductive system, the amount of heat carried per 

unit time is proportional to the area carrying heat and the 

temperature gradient causing the energy transfer. The propor- 

tionality constant is called the thermal conductivity. 

The thermal conductivity is a more complex function in 

semiconductors than in metals and insulators. In metals, the 

transfer of thermal energy is by electron motion. In insulators, 

the movement of bundles of vibrational energy (phonons) through- 

out the lattice accounts for the transfer. In both metals and 

insulators, scatter and interference mechanisms which impede 

this transfer of thermal energy are present. Thermal energy 

is transported in semiconductors not only by electrons and 

phonons, but also by the motion of holes. With a limited 

number of charge carriers, the scattering of carriers is pro- 

portionately more important, and with more transfer mechanisms, 

interactions effects are more pronounced. 
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Because each mechanism of thermal conduction contributes 

to a different degree at eacl temperature, and because many 

absorption modes are present, the interpretation of thermal con- 

ductivity values for many semiconductors is semiempirical. This 

is particularly true for complex polycrystalline samples. 

The subject of thermal conductivity in semiconductors and 

ceramics was reviewed by Drabble (UO), Kingery (lOlt), and Norton 

(1^7). Drabble!s book, in particular, provided a comprehensive 

review of theories, methods of measurement, and a comparison of 

measurements with theory from which much of this survey was 

obtained. 

All of the theories suggested to explain thermal conduc- 

tivity must begin by approximating Eucken's law. This is an 

experimental law that states that as temperature is increased, 

the increased amplitude of vibration will decrease the passage 

of thermal energy. The thermal conductivity then is proportional 

to the reciprocal of temperature. This i law is obeyed by many 

materials with low thermal conductivity. The high temperature 

end of the curve for better conductors is found to follow other 

functions dependent on the concentration of charge carriers. 

The propagation of displacement waves through a material 

depends on the density of the particles and the elastic constants 

connecting them. The density determines the displacement of mass, 
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and the elastic moduli define the restoring forces. Propagation 

without loss occurs when the material density and its elastic 

moduli are both homogeneous. Irregularities caused by structural 

variations or interference effects cause scattering which reduces 

the thermal conductivity thus producing the i law. The greater 
T 

the displacement of atoms from their mean, the more the scatter- 

ing effect.    This is why a tightly-bonded solid of light atoms 

conducts more readily than a loostxy-bonded material of heavy 

atoms in which large displacements are expected. 

The thermal conductivity is made up of a lattice conduc- 

tivity (K^) and an electronic conductivity (Ke). 

K = KL ♦ Ke (13) 

In a metal, Wiedmann and Franz showed experimentally 

that the ratio of thermal to electrical conductivity is the 

same for all metals at a given temperature. Lorenz showed that 

the ratio was proportional to absolute temperature. These obser- 

vations for a degenerate metal are combined in the expression: 

*.&&"<« (110 

The Debye equation, 

KL - 1/k pCvX (15) 
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applies to the conductivity of crystals where p is the density, 

Cy is the heat capacity per unit volume, and X is the mean free 

path of the wave packet. 

Prom these equations, the thermal conductivity of a semi- 

conductor can be seen to be affected by the following: 

1. The number of charge carriers which is determined 
by: 

the degree of purity, the nature of the 
impurities, the extent of mixed conduction; 

2. The mobility of the charge carriers which is: 

a function of material and charge carrier 
effective masses; 

3. The anharmonic elastic constants in the crystal 
which: 

redistribute phonon energy among the 
modes thus contributing to charge carrier- 
phonon interference and phonon-phonon 
interference, this is the source of iso- 
topic effects; 

U. The anharmonic elastic constants in the crystal 
which cause: 

unequal bonding or directional effects 
that contribute to scatter; 

5. Crystal imperfections which: 
interact with phonons and act as sources 
and sinks of charge carriers; 

6. Crystal boundaries which: 
being poor reflectors of phonons limit the 
mean free path to crystal size, the mean 
free path is therefore more limited in 
polycrystalline bodies than in single 
crystals and is still smaller in amorphous 
bodies and disordered systems; 

7. The heat capacity which is: 
controlling only in a system where the 
mean free path is extremely limited. 



91 

In addition to the very low temperature maximum, the 

central position of a thermal conductivity vs. temperature curve 

has on several occasions exhibited a slight maximum instead of 

following the approximation to the 1  curve. This effect was 

reported by Austin (9) and Kittel (10?) for various compositions 

of glass and quarts crystal. While the thermal conductivity of 

quartz crystal climbed sharply at low temperature, the addition 

of a glass-phase produced increasing reduction at low tempera- 

tures. Fused quartz and boro-silicate glasses actually possessed 

slight maxima in the 100°C to U00°C region. Kittel proposed 

that the mean free path be limited to about the U-l$ angstrom 

range of the dimensions of the "unit cell" of the glass. With 

the mean free path limited by the disordered state of the glass, 

its thermal condactivity became a function of the volume heat 

capacity which decreased with temperature. 

Wray (253) also obtained thermal conductivity curves 

that dropped at low temperatures for clear fused silica. Radia- 

tive effects were minimized in his experiment. 

A study of alumina, magnesia, and beryllia by McQuarrie 

(137) produced two deviations from expected results. A plot of 

thermal conductivity vs. temperature indicated a maximum conduc- 

tivity from about 500°C to 100C°C and a minimum for the region 

above 1000°C. McQuarrie stated that the low temperature rise in 
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conductivity for beryllia was to be expected because of its 

abnormally high conductivity. The higher temperature minimum 

in conductivity was explained on the basis of radiative transfer 

of energy through the body. 

The concept of the transfer of energy by internal radia- 

tion has been proposed as a mechanism to account for a very 

marked maximum in the thermal conductivity of pure tellurium 

form 150°K to $00PK. A study was made by Devyatkova and reported 

by Drabble (Uo). Three samples of single crystal tellurium, 

each with a different impurity level, were measured. Only the 

least pure sample behaved as expected. The purest sample showed 

the most deviation from the thermal resistivity vs. temperature 

straight line function. In a sample transparent to infrared, 

Devyatkova expected energy transfer by photons to be consider- 

able. The least pure sample then had sufficient free charge 

carriers to scatter the radiation and prevent the abnormal effect 

of the curve. 

Beryllia was studied by Taylor (222) and found to follow 

exactly the - relation to 1?CC°C. Above this temperature, com- 

plications such as grain growth affected the results. Taylor 

discounted the radiation mechanism in polycrystalline fine grain 

ceramics and suggested that deviations might result from an incom- 

plete understanding of the theory. 
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Measurements of the thermal conductivity of refractory 

brick by Ruh (179) again produced many samples whose conduc- 

tivity decreased with temperature. These were fireclay and 

silica compositions evidently with a high state of disorder. 

A clay-bonded silicon carbide sample not only had a high thermal 

conductivity, but its curve was almost horizontal and possibly 

even exhibited a slight maximum. 

Deviations from expected behavior have been attributed 

to: (1) a high degree of disorder as in a glass or a bonded 

system, (2) an excessive number of charge carriers as in the 

low temperature effect for beryllia, and (3) a radiation con- 

tribution as in the high temperature effect for beryllia and 

in tellurium crystals at lower temperatures. 

Thermal conductivities are measured by either static or 

dynamic methods. The static or steady-state method requires an 

exact determination of the heat input and pattern of heat flow. 

While measurements at thermal equilibrium are more accurate, 

they are also more time-consuming. If, instead, a dynamic 

method is used, the thermal gradients are observed as a function 

of time, and more rapid measurements are possible. 

A comparative measurement is a variation of the steady- 

state method. In this case, the heat input is determined by 



the thermal characteristics of a standard and net by an aksc- 

lute electrical or calorimetric measurement. 

Drabble (LO) described a comparative apparatus construc- 

ted by Stuckes (215) which is of interest in this study. Since 

the procedure is described in the Experimental Procedure section 

of this investigation, it is sufficient to mention the chief prob- 

lems associated with such a test unit. Good thermal standards and 

adherence to sound construction and operating techniques are 

certainly required. As in most steady state testing, the accu- 

racy of the measurement depends en ones ability to get the heat 

to flow along the theoretical paths under the conditions in 

which a single mechanism of conduction prevails. 

Very few measurements have been made of thermal conduc- 

tivity of boron and the borostitials. The values that were 

reported have been assembled in Table IX. Briggs (16"' has pre- 

pared a general bibliography on heat conduction in sell us. 

3« The Thermoelectric Figure of Merit.  The thermoelectric 

figure of merit (Z) is: 

CLaO z« Y (16) 

loffe (93) pointed out that all three of the terms on the 

right are functions of the concentration of n.  me concentration 

cf charge carriers.    The electrical c^nriurtivit.v  ' r) and the 
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Table IX. 

Thermal Conductivities of Boron and the Borostitials 

Thermal conductivity 
Material   Kcal sec"1  cm"1   °C"*    Temperature °C     Reference 

B amorph. 0.007? 60 (219) 

B px. 0.003 20-80 (217) 

B4C 0.05 
0.07 

1000 
100 

(lOli) 
(10U) 

B4C 0.155 
0.180 
0.220 
0.290 

700 
500 
300 
100 

(183) 
(183) 
(183) 
(183) 

B4Si 0.023 70 (19) 

BaSi 0.023 70 (1*9) 

Bia^a 0.081 25 (165) 



96 

electronic thermal conductivity (Ke) are both proportional to 

n. The thermoelectric power (a) tends to approach zero with too 

high an increase in n. Ioffeshowed that a?a reached a maximum 

at about n - 10*9/cnP. He al«opointed out (9$) that n » 2.5 x 

1019 /cm3 was the approximate dividing line between nondegenerate 

conduction and the beginning of degenerate conduction. 

Ke = ko (17) 

A nondegenerate    - 1.0 x l(Te  (at 290°K). 

A degenerate = 1.65 x 10"  . 

It is clear that too high a degeneracy will reduce the 

Wiedmann-Franz ratio, but the introduction of a measured amount 

of impurity can be favorable.    Ioffe stated that extensive doping 

can be used to increase aacr in spite of the attendant drop in 

mobility. 

A review of the figure of merit by Drabble (1|0)    led to 

the conclusions that:(l) the Fermi level of the best materials 

should be near the contributing band edge (i.e., the valence 

band for p-type and the conduction band for n-type materials). 

At this point, a    is about 200 u.v/°C.    Higher values of   a 

are not desirable because cf a rapid decrease in n and thus 

also in a.    The second conclusion is that:(2) at optimum carrier 

concentration, Z depends on the carrier mobility (u>), the 
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the effective mass (m*), the scattering parameter (p), and K^ 

as: 

*&* m> 

Both the numerator and the denominator of the first term 

(JLJ 
are usually large in covalently bound materials and small 

in ionically bound materials. 

Ioffe (93) called boron a crystal with pure valence bonds 

with an energy gap of 1.1 ev and an impurity gap of 0.5 ev. 

m* From its properties, Ioffe conclude that — = 0.7. 
m 

Many thermoelectric materials depend on high temperature 

for efficient operation. Too high a temperature, even though 

the material can withstand it, leads to other complications 

some of which Ioffe (9M summarized. He stated that additional 

conductivity was caused by diffusional flow of electron-hole pairs, 

exciton flow, the drag of phonons by pair flow, the drag of 

phonons by exciton fluw, and heat transfer caused by radiation. 

Chasmar (26) has considered the effect of energy gap upon 

a choice of material for thermoelectric application. He point 

out that the gap should be sufficient to prevent degradation of 

the figure of merit by the buildup of minority carriers, i.e., 

intrinsic conductivity. To the contrary, large band gap mate- 

rials usually have low carrier mobilities and high thermal 
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conductivities. It is best, then, to have a material in which 

the band gap is just large enough for operation. 
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III. EXPERIMENTAL PROCEDURE 

A. Materials 

For all of the hot-pressed compacts, the starting mate- 

rials were either finely powdered boron monophosphide, BP, or 

a suitable mixture of amorphous toron and amorphous red phos- 

phorous.    The materials were used in one of the seven patterns 

shown in Table X,    Most of the 83 hot-pressed compacts were pre- 

pared by the first scheme, i.e., the rapid decomposition of BP 

in the hot-press as pressing conditions were reached.    By pres- 

sing BP below 15$0°C, a soft compact of BP with little or no 

decomposition was produced. 

The slow decomposition of ten samples of BP to ^is?2 was 

carried out in vacuum as shown in the third scheme.    One other 

was slowly decomposed in hydrogen while three others were rapidly 

heated to B^Pa  in the induction furnace as shown in scheme four. 

Since, as shown in the next two methods, amorphous boron 

and amorphous phosphorous could be reacted rapidly, BP and Bx3Pa 

could be produced at will by controlling the boron-to-phosphor- 

ous ratio and the temperature of reaction.    By placing the boron- 

phosphorous mixture into a furnace preheated tc between 1600°C 

and 1800°C, the subphosphide was produced.    An excess of 10 to 

204 phosphorous was added to ensure a phosphorous atmosphere 
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Table X- 

Preparation Procedures 

Starting 
material 

Fast reaction 
furnace 

1. BP  - 

2. BP  - 

3. BP  - 

h. BP  - - BxsPa - 

$. B ♦ P - - BxaPa - 

6. B + P - - BP - 

7. B ♦ P - 

Slow decomposition    Product of 
vacuum furnace hot-pressing 

"■   Sis?» 

- BP 

-    B^Pa -   BxaPa 

^   BxaPa 

- Bx3Pa 

-*   BiaPa 
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long enough for reaction to take place.    At lower temperatures 

and with a slight excess of phosphorous over the one-to-one 

atomic ratio, pure monophosphide was produced.    Twenty-one such 

reactions were carried out, each under slightly different con- 

ditions.    The products were analyzed and   the best ones used 

for hot-pressing. 

The final method    is that of reaction hot-pressing which 

was quite successful.    The technique here was to preheat the 

induction furnace, place the cold mold in a massive hot suscep- 

tor, and press as soon as the optical pyrometer indicated that 

reaction temperature was attained.    This material compared 

favorably with that of the hot-pressed compounds. 

Although some of the BP was made by direct reaction, 

most of the BP used in methods one through four was supplied 

by The Monsanto Company.    This material was prepared origin- 

ally by combining ferroboron and phosphorous or ferrophosphor- 

ous.    Boron monophosphide formed and the iron was removed by 

acid leaching.    This process is now covered by Stone's patent 

(20?) assigned to The Monsanto Company. 

The Fisher Chemical Company and The U.S. Borax Company 

supplied pure amorphous boron. Ultrapure amorphous boron was 

obtained from The Leytess Metal and Chemical Corporation. 
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Technical grade red phosphorous from The Fisher Chemical 

Company was used for preliminary trials, but ultrapure phosphor- 

ous was obtained from The American Agricultural Chemical Company 

and used for the final preparations« 

A product of The Allis-Chalmers Company, Cerac 3, was 

obtained as a sample of B^Pa.    Several pure samples of BxsPa 

were obtained through the courtesy of Dr. Matkovich of The 

Carborundum Company. 

B.    Hot-pressing 

A hot-press was constructed for the pressing of the boron 

phosphide samples.    It is described in the 1961 Annual Report of 

the ONR project (62).    It was designed to press molds up to eigfit 

inches in length.    For most of the samples prepared in this study, 

an inner graphite-tube susceptor was added to take two and a half 

inch outside diameter molds, three inches long.    By drilling an 

off-center hole up through the base and through the mo Id-support 

carbon blocks, a sight path for an optical   pyrometer was pro- 

vided.    This measured the temperature on the bottom of the mold 

immediately adjacent to the ram.    This sight path was flushed 

with helium while pressing to remove phosphorous vapor.    The 

phosphorous pentoxide which formed at the top of the hot-press 

was condensed in a water-cooled steel suction cap fitted over 

the outside silica cylinder. 
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The silica cylinder was surround by a 7-1/2 inch ID 

induction coil with forty turns which was connected to a 20 kw 

output spark-gap converter high frequency power supply.    Be- 

tween the silica tube and the machined graphite suseeptor tube 

was a packing of carbon black insulation.    Carbon blocks were 

machined to fit above and below the mold to reduce vertical heat 

loss. 

The graphite molds were 2-1/2 inches in diameter by 3 

inches in height.    The ram diameters were either 19/32 or 3A 

inch.    All molds were cooked out at 2000°C before use to remove 

volatiles.    The first mold used, see Figure 5, had quarter-inch 

thJQk tips of boron nitride (EN) on the cylindrical rams.    The 

insides of the mold were painted with a suspension of BN powder 

in a 50< water - 50^ alcohol solution.    In one series of runs, 

two samples were prepared one above the other each with BN tips 

above and below. 

It is interesting to note that the use of boron nitride 

as a high temperature liner was introduced by Weintraub (23^) 

in 1913.    He used it to protect the "purity" of boron parts 

being pressure sintered. 

As boron or boron phosphide was heated from 1800°C to 

2000°C, the rate of carbide formation increased markedly.    This 

carbon came from impurities, pick-up from contact with the 
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Figure 5.    Coated Mold for Figure 6.   Completely-lined 
Hot-pressing Hot-press Mold 
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Figure 7.    Lined and Sealed Figure 8.    Typical Hot-pressing 
Hot-press Mold Time-Teraperature Curve 
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graphite mold, volatile carbon compounds, or any combination 

of these factors. Carbon monoxide and dioxide were particu- 

larly suspected of being the cause of sample contamination. 

After obtaining pure starting materials and isolating the 

sample, the next requirement was to seal the sample and reduce 

the effect of volatiles. 

The second mold design was fully lined with solid boron 

nitride as shown in Figure 6. The machined boron nitride sleeve 

was forcibly pressed irto the center of the graphite mold prepared 

for it. The boron nitride paste was still used to coat the inside 

of the mold to increase the seal. A variation in the use of the 

fully lined mold is shown in Figure 7. Boron powder was placed 

above and below the sample as shown. As the temperature increased, 

the boron changed to boron carbide thus sealing the sample in and 

keeping out volatile forms of carbon. The outside plugs pressed 

first, thus making possible sufficient pressure on the sample for 

high density. Helium flow was increased inside the susceptor and 

nitrogen flow was added between the silica tube and the graphite 

susceptor. The gases acted to reduce oxygen which could form 

carbon monoxide and dioxide. 

An optical pyrometer was aimed at the sight area shown 

in Figures 5, 6, and 7. This was calibrated against a standard 

light bulb and the temperature distributions inside the mold 



106 

determined by a high-temperature thermocouple. As a further 

check, a hole was drilled up into a mold thus putting the opti- 

cal sight area right next to the sample. 

A tungsten 3$ rhenium vs. tungsten 25$ rhenium thermo- 

couple with a thoria sleeve was used for calibration. This 

thermocouple is available from Engelhard Industries,, Inc. Each 

type of mold and each sample position was measured and the re- 

sults related to t>e optical measurements used in operation. 

Consequently, all pressing temperatures have been corrected and 

pressing temperature tolerances estimated. 

The temperature vs. tine curve for each pressing was 

plotted, and the pressing rrce and hold-time tabulated. A 

sample heating curve is included in Figure 8 since tha heating 

rate is a function of furnace heat capacity, heat loss, power 

output, and coupling. This sample was heated at 59°C per minute 

and held between 1$>50°C and 2000°C for twenty minutes. Other 

pressings were made at heating rates from 7°C to 86°C per minute 

with most of them at 60°C per minute. Hold-times varied from 

0-79 minutes with most of them 0, 10, or 20 minutes. 

Pressing temperatures range from 1360°C to 2180°C. Most 

of the samples were pressed between 1930DC and 2030°C with best 

tolerances estimated at 20°C and poorest at $0°C. All pressings 

were made between £000 psi and 6000 psi. The 6000 psi figure 
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was the maximum dictated by the strength of the rams and the 

strcugth of the carbon block below the bottom ran;. Since the 

sight hole angled up from beneath the bottom ram, exact place- 

ment of the mold was required each time both to prevent failure 

in the blocks and to ensure an exact sight area. 

As an alternate method to the solid boron nitride linings, 

a sleeve of tungsten was inserted for two hot-pressings. Solid 

boron nitride ram tips were used within the tungsten sleeves. 

The first sample of BP pressed at 1850°C produced a poorly-bonded 

compact and a mild reaction between sample and sleeve. The 

second attempt at 2000°C produced a very hard compact which 

melted where the edges touched the sleeve. The compact was 

highly crystalline and exhibited mixed X-ray diffraction patterns 

of tungsten borides. 

C. Reactions 

Reactions were carried out in the induction-powered hot- 

press. The graphite mold and its carbon spacers were removed 

from the graphite susceptor tube. An alur-tina combustion tube 

was inserted vertically and a heavy graphite ring placed in the 

susceptor tube and around the alumina tube but not touching it. 

Many samples were prepared in alumina crucibles shaped 

from bubble alumina refractory bricks supplied by The Norton 
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Company. Covers, plugs, and spacers were also made from this 

material because it has excellent thermal shock resistance. 

Since reactions were carried out between 1600°C and 1800*C, 

the carbon alumina reaction must be considered. To reduce this 

reaction which proceeds rapidly above 1725°C, contact was mini- 

mized. Since alumina tubing becomes porous in the higher reac- 

tion temperatures, helium was continuously flushed through the 

inner alumina tube containing the sample in a 10-inch alumina 

crucible. Nitrogen was flushed through the area between the 

central alumina combustion tube and tht outer silica tube. 

The helium and nitrogen were needed to eliminate an influx of 

volatile carbon compounds which reacted readily with the boron 

or the decomposing boron phosphide. Twenty-one samples were 

prepared in this manner with reaction times from 5-35 minutes. 

By simply interchanging the helium and nitrogen, a simple test 

was made in two reactions to see what nitrides formed. Boron 

powder in the sample crucible was subjected to nitrogen in the 

1600°C to 1800°C range with markedly different results. 

Two methods were used for the reactions. In the first, 

sample crucibles were raised on alumina rods into a preheated 

reaction zone, held for a suitable combination period, and 

removed before combined phosphorous could be further reduced. 



In the second, cold sample crucibles were heated in a furnace 

which could be rapidly heated and cooled by reducing the mass 

to be heated. 

D. Decompositions 

Th«* ten vacuum decompositions were carried out in the 

tenperature range llliO'C to 1360°C for between 13 hours and 

69 hours. The BP powder supplied by The Monsanto Company was 

used for all of the decompositions. For the vacuum decomposi- 

tions, it was placed in an alumina boat. This boat was placed 

in an evacuated silica tube which was connected to a mechanical 

vacuum pump through a liquid nitrogen trap. 

One sample was decomposed at 1000°C for 2li hours in a 

continuous stream of pure hydrogen. 

Three samples were rapidly decomposed in a helium atmos- 

phere in the reaction furnace at 1600°C to 1800°C. Decomposi- 

tion time ranged from 15-30 minutes. 

E. X-ray Studies 

X-ray diffraction patterns were obtained for all powders 

prepared by decomposition and reaction. Because of the extreme 

hardness of the hot-pressed compacts, their sufaces were ground 

and patterns determined for the solids by flush mounting them in 

micarta holders machined for the purpose. The major peaks were 

tabulated for over 170 compacts and for portions taken from the 

preparations. 
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In addition, a precision study was made of the spacing 

between the lOU and 021 peaks of the B^Pa X-ray diffraction 

patterns.    This information was needed to distinguish between 

BxsPa and fyaPa since they were expected to have different 

values if they were present as distinct compounds.    About 130 

"doublet" spacings were measured. 

Since indications pointed to the presence in the compact 

of tvro distinct X-ray patterns, knowledge of the extent of pos- 

sible solid-solutions between them was desirable.    By using 

Cohenfs method (32) as outlined by Henry (80), three major 

X-ray diffraction peaks from a pattern were selected and the 

rhombohedral unit cell parameters determined.    Peaks were selec- 

ted from three mutually perpendicular sets of planes which best 

defined the change in shape of the unit cell as the interstitial 

atoms were changed.    Parameters were determined using different 

groups of planes and two references.    Since no fiduciary point 

had    been determined for the patterns, the parameters were 

referred prim^ily to the 100 intensity peak of BiaCj, which was 

given a recognized angle from the literature.    Because in some 

samples the carbide content was sufficient to make the phosphide 

100 peak indistinct, the B13Pa  100 peak was used as a seondary 

reference point. 
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With two references and many composition variables from 

the boron-phosphorous-carbon system, about 280 sets of parameters 

were determined. Since each set required several hours of cal- 

culation to solve the three simultaneous equations involved, 

the IBM 1620 Computer was used. 

The X-ray diffraction work was done on a General Electric 

(XRD-5) Diffraction Unit with copper radiation. Additional X-ray 

measurements were made using the General Electric (XRD-6) Fluo- 

rescent X-ray Unit. Over 100 samples were analyzed using chromium 

radiation and an E.D.T. crystal in an atmosphere of helium. 

F. Analyses 

The compositions of the compacts, reaction products, and 

decomposition products fall in the ternary diagram of boron, 

phosphorous, and carbon. For this reason, analysis of two of 

these, carbon and phosphorous, suffices to fix the composition 

of the materials. The carbon analyses were carried out with a 

Leco Carbon Analysis Unit. The phosphorous in the samples was 

estimated by X-ray flourescent technique. Chemically analyzed 

samples and compounds of known compositions were used for cali- 

bration. The chemical analyses for phosphorous were carried 

out by the ammonium phosphomolybdate technique. 
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The second phase of analysis consisted of spectro- 

graphic estimation of impurities in the starting materials 

and the finished products. Samples were subjected to a dc 

arc analysis. Impurity 3evels were determined by the us a of 

comparison standards. A Bausch and Lomb Large Quartz Littrow 

Spectrograph was used. The emission spectr^copy results 

were tabulated so that relative impurity levels could be 

compared to electrical properties. Spectroscopic analyses 

of the mold and mold-liner materials were included. 

G. Hardness Measurements 

Hardness measurements were made on five polished sam- 

ples of various phosphide-carbide compositions. The hot- 

pressed compacts were surface ground with a 100 mesh diamond 

wheel, then diamond ground on an embedded wheel to 30 microns. 

A diamond paste of 30 microns followed by one of 1$ microns 

was used next on a brass lap for fine grinding. This was 

followed by 6 micron and then 1 micron diamond polishing paste 

on photographic paper, Olive oil was an effective lubricant. 

Twenty-seven samples of hot-pressed compacts and several 

of the prepared powders were cast in polyester resin to provide 

a firm mount for polishing. In addition to the polishing pro- 

cedure just cited, many variations were tried such as glass laps 

and alumina, silicon carbide, and boron carbide abrasive powders, 
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The use of silicon carbide paper and heavy pressure on the 

surface to be polished is also effective. It is most important 

to use sufficient diamoni abrasive well embedded for grinding 

and to be certain to have the proper sizes. A high polish 

should be rapidly attained with the right selection of powder 

sizes. 

Many of the samples mounted would not polish. Those 

prepared at lower (below 2000°C) temperatures tended to have 

hard particles loosely bonded. Particles pulled out of the 

surface of these, ruining any polish already obtained. The 

samples which polished well were prepared at high temperatures 

and were the better cemented specimens. These were used for 

hardness measurement. 

The hardness testing was done with a Wilson MO Tukon 

Microhardness Tester using a Knoop pyramidal diamond indenter. 

This is a microindentation hardness tester using shallow smal^ 

area indentations. It is used with loads from 10-1000 grams. 

Knoop hardness number values (kg/mm3) were plotted against 

load (grams). For each point graphed, 20 to 100 indentations 

were averaged. Histograms were drawn to evaluate the precision 

of the average. The instrument was aligned by a factory repre- 

sentative immediately before use and checked on a standard 

sample of known hardness. The Knoop diamond indenter had angles 
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of 130° and 1^2°30! with «5 long to short diagonal ratio of 

7/1. This indenter lasted for five load curves but fractured 

on the sixth. 

H. Density Measurements 

The density of solid samples was determined both by 

volume measurement and weight and by mercury displacement 

with similar results. 

The density of reacted and decomposed powders and of 

small solid chips was determined by the High Density Liquid 

Method. Krumbein (122) pointed out that acetylene tetrabromide 

(tetrabromethane) with a density of 2.96 gm/cm3 at 20°C is mis- 

cible in all proportions with carbon tetrachloride with a density 

cf 1.5>'ß gm/cm3 at 20°C. This is a linear miscibility so a series 

of high density liquids was prepared and powder densities deter- 

mined by a flotation test with a centrifuge. 

I. Microscopy 

Both optical and electron microscopes were used for the 

study. A reflecting optical microscope was used from 100 to U00 

magnifications. Samples polished as for the hardness tests were 

etched and inspected. The best etching agent was fused sodium 

hydroxide although some camples were etched with concentrated 

nitric acid and sulfuric acid. Fused alkalis attacked the sur- 

face, but aqueous alkalis and other acids had no effect. Fused 

sodium peroxide reacted too rapidly. Electroetching in fused 

sodium hydroxide accelerated the etching. 
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The optical microscope was used on polished and etched 

sauries from hot-pressing, on fractured surfaces, and on powders. 

The same types of samples were examined with the RCA Electron 

Microscope. 

With the latter instrument, magnifications from lliOO to 

8000 power were used.    The etched and fractured surfaces were 

impressed into a softened cellulose acetate film (Fax Film, 

Ladd Research Industries) which was shadowed with platinum and 

coated with a film of carbon.    The acetate was removed and the 

replica placed on a grid for examination. 

Eighteen representative photographs were selected from 

the several hundred taken and are reproduced in this study. 

Information on particle, grain, and crystal size,  grouping, and 

shape was obtained.    Etch patterns, porosity, fractures, and 

grain details were also found.    The intergranular paths along 

which phosphorous escaped were obvious. 

J.    Electrical Conductivity 

Two electrical conductivity units were constructed for 

measurement of electrical conductivity versus temperature by 

the standard Four-Point Probe Method.    The units were inserted 

in evacuated copper tubes which could be heated to !iOO°C or 

cooled by liquid nitrogen to 130°C below zero.    The tube tops 

were water-cooled and sealed with replaceable Parker Seals. 
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The inserted unit consisted of U-shaped mounting blocks 

of fired wonderstone which held the sample between current- 

carrying contacts. Tension was applied by forcing mica sheets 

between the contacts and the frame. This material supplied 

pressure at both high and low temperatures. Several layers of 

mica were put under the sample to maintain a pressure against 

the two steel needles pushing down from the top. The potential 

across the needles when divided by the current gave the sample 

resistance. The product of resistance and cross sectional area 

divided by the length between the needles gave the resistivity of 

the sample. The needle mount and the U-shaped sample mount 

could be raised and lowered on brass thread stock which attached 

them to the tops. The application of a gold chloride (HAuCli) 

solution to the points and current contacts greatly reduced 

contact resistance. 

The current was accurately determined by measuring the 

potential across a standard resistor. Potentials were measured 

with a Leeds and Northrup Precision Potentiometer and a Leeds 

and Northrup K-2 Potentiometer. A Hewlett Packard Microvolt- 

meter was used when sample contact resistance was high. Accu- 

rate measurements free of rectification effects were obtained 

by reversing current direction. Care had to be taken to elimi- 

nate the thermoelectric potentials which occurred upon occasion. 
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K. Thermal Conductivity and Thermoelectric Power Measurements 

These measurements were made in the thermal conductivity 

apparatus described in the 1959 Annual Report of the ONR project 

(63). This test unit is similar to that discussed by Stuckes 

(215). It is a comparative device in which a linear heat flow 

is set up through an unknown sample. The same heat flows 

through two samples of known thermal conductivity, one above 

and one below the unknown. Thermal gradients are measured 

across all three samples by thermocouples placed in silver blocks 

adjacent to the samples. The quantity of heat is determined 

from the standards and then the thermal conductivity of the 

unknown is calculated from the heat, the unit gradient, and the 

area. By measuring the potential across the gradient-measuring 

silver blocks on either side of the sample, the thermoelectric 

power is obtained. 

All surfaces were polished before each run. Considerable 

pressure was applied to the stack by a spring mounted ouside the 

hot zone and by spacers forced in between the ceramic frame and 

the heat sink at the bottom of the stack. The thermal gradient 

was supplied by a heater at the top of the stack. The entire 

stack, consisting of heater, silver block, standard, silver 

block, unknown, silver block, standard, silver block, and heat 

sink, was supported on three legs of 3/16-inch ceramic thermocouple 
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tubing« This tubing also carried the thermocouple and contact 

wires into the stack in the furnace. Tests were made in a 

vacuum from room temperature to 600°C. The same measuring poten- 

tiometers and meter were used as for the electrical conductivity 

tests. 

Anomalous values from the phosphiae ccjipacts were avoided 

by measuring at the highest temperatures first. Several tests 

were run to confirm the need for this procedure. 

L. Hall Effect and Magnetoresistance Measurements 

Measurements of dc Hall effect were made with a magnet 

producing a field of approximately 7000 gauss. The sample w*s 

mounted in a unit inserted into a brass tube centered in the mag- 

netic field. An "0" ring was used for a vacuum seal since all 

measurements were made under vacuum. A noninductive heater 

wound on a heavy copper tube was interchangeable with a liquid 

nitrogen Dewar vessel. Either of these could b* moved up over 

the sample tube and within the pole pieces of the magnet. The 

magnet current, the sample current, and the potentiometers were 

all supplied by heavy-duty batteries for stability. 

Since the Hall potential was in the 0-30 microvolt region 

the biggest problem was that of making noise-free contacts both 

to the sample and in the circuit. The Five-Contact Method was 
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used with a potentiometer across the two upper Hall probes. 

§1 
li This potentiometer consisted of several resistance boxes and a 

! slidewire.    These same two upper probes were used for magneto- 

resistance measurements as in a Four-Point Probe system. 

Tapered-plug contacts and screw-terminal contacts were used. 

Sliding contacts were avoided except for a linear wire type. 

The Leeds and Northrup K-2 Potentiometer was used for the Hall 

potential and the   Leeds and Northrup Precision Potentiometer 

was used for temperatures.    The Hewlett Packard Micro volt met er 

was used for preliminary balance and to trace noise in the 

circuit. 

The   most difficult problem was that of maintaining five 

noise-free contacts on the sample at both high and low tempera- 

tures.    After much experimentation with cemented contacts, 

pressure contacts, and with resistance-reducing films and chemi- 

cals, a sjbtple technique was developed.    A rectangular frame was 

machined from wonderstone.    When fired, this became a good elec- 

trical ceramic mount.    Before firing, a number of small holes 

were drilled through the frame for positioning and tying wires, 

two on the side 1/16-inch apart for the top contacts and one on 

the bottom corner for the end contact.      All five contacts were 

improved by the application of a small amount of gold chloride 

(HAuCl*) solution.    Little square pieces of copper were placed 
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over the ends of the sample. The second current contact was a 

flattened copper contact wedged between the copper square at 

the end of the sample and the upper side of the frame. Once 

again, pressure was maintained by forcing three or four pieces 

of mica into the gap. The fifth contact, on the bottom, was 

attached to a floating block which was positioned at the center 

of the bottom and forced against the sample by inserting several 

pieces of mica between the floating block and the frame. 

Samples had a length tc width ratio at at least li/l. 

After mounting and before measuring, the samples were cleaned 

by sandblasting. 

Measurements were made from 170°K to 680°K. For the two 

Hall measurements, a field of 7 050 gauss and a current of 0.2 

amps were used. This current was reduced to 0.09 amps for the 

magnetoresistance measurement. 

An attempt was made to measure all points in both current 

directions and with both magnetic fields of orientation. For 

some of the steep areas of the curve, as temperature slowly 

changed, this was not possible. These areas were run and re-run 

until the curve shape was firmly established. 
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With a high thermoelectric power, these samples produced 

siaeable thermal currents by Peltier cooling if the current were 

allowed to flow continuously in one direction. For this reason, 

the current was cycled for stability before each reading. It 

was found that if tho magietic field, current value, and poten- 

tiometer balance could be obtained within five seconds after 

starting the current in the desired direction, thermoelectric 

effects did not interfere. The potential increased exponenti- 

ally beyond five seconds. The balance point was approached each 

time the current was in the desired direction until a stable 

reading was obtained. 
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IV. RESULTS 

A. Confound Preparations 

1, Preparation by Decomposition .  Boron monophosphide (BP) 

was decomposed by either a long low heat (1000QC to 11A00°C) in 

vacuum or a rapid high heat (l600°C to 1800°C) in helium. The 

product in both cases was boron subphosphide powder (B^Pa) of 

nominal composition. The vacuum preparation is the preferred 

method because it is easier to control and is more likely to 

produce the desired 13/2 boron to phosphorous ratio. Typical 

results are given in Table XI. Even though analyses indicate a 

composition approaching a 13/2 boron to phosphorous ratio, densi- 

ties for the powders are usually lower than the calculated 

2.7U g/cm3 of rhombohedral B^Pa. Densities frequently approxi- 

mate 2.53 g/cm" which is the calculated value for rhombohedral 

BjgPa. 

Samples for vacuum decompositions were placed in alumina 

boats in heavy silica tubes. After each decomposition, a dark 

amorphous layer rich in boron covered the sample. The B^Pa 

was slightly volatile from 1200°C to llOO°C and usually formed 

a condensation ring on the cooler end of the boat. The phosphor- 

ous that evolved upon decomposition condensed in the cooler area 

beyond the ring and in a liquid-nitrogen-cooled cold trap. The 

condensate usually contained about 80< silica and 2(A phosphorous, 
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Sample D-10A is the product of heating BP in dry hydrogen 

for 2li hours at 1000°C, This is the preparation cited by Mellor 

(ih3) for making B5P3, Diffraction patterns were found in the 

product for BP and B^Pg, but no other lines occurred. 

2. Preparation by Reaction.  Boron subphosphide was also 

prepared by reacting rapidly the amorphous elements from 1600°C 

to 1900°C in a helium atmosphere. By increasing the B/P ratio 

and working at 1600°C, good samples of BP were prepared. For 

samples prepared this way, the temperature range as shown in 

Table HI is slightly misleading. This is the furnace tempera- 

ture range. The variation within this range is determined by 

the sample position within the furnace. Since each sample was 

split into four to six fractions for analysis, %  letter (A, B, 

C, or D) in the sample number is indicative of position and thus 

of temperature. The three R-13> samples (Table XII) show the 

effect of furnace temperature variation. 

The values under BP and B^Pg represent the intensity of 

the major X-ray diffraction peaks for these compounds. The high 

BP value for R-l£B is a function, not only of temperature, but 

also of phosphorous atmosphere since the sample was above the 

other two and received their phosphorous output. 

All samples in Table Til  had less than 1*4 carbon. Most 

contained 0.3# carbon. The column Ad (I0h-02l) is the spacing 
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in angstrom units between the lOli and 021 X-ray diffraction 

peaks of B^Pa. High values in Table XII may be attributed 

to interference in the measurement by the major BP peak. 

Boron and phosphorous in the proper ratio were placed in 

an alumina crucible which in turn was placed in a vertical 

alumina tube. This tube was inserted longitudinally within 

the graphite susceptor of the hot-press. Since such alumina 

tubes become porous in the region of the reaction temperatures, 

a slight positive helium pressure was maintained in this tube. 

To reduce further the influx of volatile carbon compounds, par- 

ticularly carbon monoxide, nitrogen was passed through the 

area between the inner alumina tube and the outer silica tube 

of the hot-press-reactor construction during reaction. 

This experimental operation is described to explain a 

variation introduced into the compound preparation procedure. 

Among the borost /tials prepared so far, a boron subnitride is 

notably absent. An attempt was made to synthesize what might 

be the missing compound. Boron nitride (BN, hexagonal) is 

extremely stable and is the expected product of nitriding boron, 

Nevertheless, if boron and phosphorous react from 1600°C to 

l8C0°C, identical conditions might produce a subnitride. By 

switching the helium and nitrogen lines and by filling the 

inner crucible with amorphous boron rather than boron and phos- 

phorous, these conditions were produced. 
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The X-ray diffraction (CuXa radiation) patterns for 

samples R-20C and R-21B are compared in Table XIII with the 

pattern for BN (hexagonal).    Most of the remaining lines can 

be accounted for by comparison with a-rhombohedral boron. 

The 021 peak of the boron is notably missing, although a 

strong unaccounted-for line appears at 39.h°.    The a-rhombohe- 

dral boron pattern does not appear in any of the reactions or 

hot-pressings that did not have nitrogen surrounding the 

sample. 

B.    Results of Hot-pressing 

1.    Effect of K&ximum Temperature.     A double series of hot- 

pressed samples was prepared at the temperatures indicated in 

Table XIV.    An attempt   was made to keep as the only variable, 

the maximum pressing temperature.    Two samples (A and B) were 

pressed each time.      The A sample is the bottom one.    The flow 

of helium about the mold is from bottom to top.    Temperatures 

for the A series are slightly more exact than those of the B 

series. 

The effect of pressing temperature on density is shown 

in Figure 9.    A large slump occurred while pressing at tempera- 

tures from 1600°C to 1800°C.    Above this latter temperature, 

density increased to 2.70 g/cm   for sample P-Ü2.    All samples 

were made by hot-pressing BP which is decomposer in the mold. 
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Table XIII. 

X-ray Diffraction of the B-N System 

R-20C 
26 Cu     I 

R-21B 
29 Cu      I 

BN 
26 Cu     I/Io 

a-rhomb. B. 
29 Cu     iAo 

20.7 8 20.5 7 20.9 1*5 

21.8 27 22.0 21 21.9 100 

26.7 li*5 26.7 93 26.7     100 

25.1 2 

31.9 52 35.0 39 35.3 70 

36.0b 8 36.1*b 11 36.2 1*0 

3". 3b 10 37.3b 12 

39.1* 33 39.1* 25 

1*1.7 39 1*1.8 30 1*1.5     15 1*1.1* 1* 

1*2.8 11* 1*2.6 11 1*2.1* 

1*2.8 

1* 

Si? 

1*1*.o 23 1*1*.0 16 1*3.9       6 

1*1*.6 < 2 

50.2 22 50.3 11* 50.2     13 

5l.l»b 10 51.8b 9 

51*. lb 9 51* .lib 8 

55.0 16 55.2b 9 55.1       6 55.1 h 

59.1*      5 
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Table XIV. 

Conditions of Preparation for the Series P-21 to P-U2 

Pressing Mold   Hold time 
si 

Sanple Source temp«    C tffiS minutes *C Measured 

P-21A 1 1380 Fig.  5 6 5.5 
P-22A 1 lh50 5 6 5.5 
P-23A 1 1525 $ 0 6.1 
P-2U 1 1600 5 0 6.1 
P-25A 1 1725 5 0 12.0 
P-26A 1 1800 5 0 13.3 
P-27A 1 1900 5 0 Hi.5 a 
P-28A 1 2000 5 0 18.2 K, a 
P-29A 1 2080 5 0 21A.9 
P-30A 1 2100 5 0 18.2 

P-21B 1 1U20 5 0 6.7 
P-22B 1 1185 5 0 8.5 K,a,< 
P-23B 1 1560 5 0 5.0 
P-2liB 1 I6I1O 5 0 1U.8 
P-25B 1 1760 5 0 11.2 
P-26B 1 1830 5 0 11.8 
P-27B 1 19h0 5 0 12.0 
P-28B 1 2030 5 0 13.8 
P-29B 1 2120 5 0 12.9 
P-30B 1 213? $ 0 9.7 HM 

P-I4I 1 2060 5 0 16.2 
P-U2 1 2180 5 0 13.6 
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Figure 12.    Preparation Temperature Effect 
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021 X-ray Diffraction Peaks 
(P-21 to P-U2) 
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The starting material contained 5.2# carbon which, at higher 

temperatures, was converted to boron carbides. As decomposi- 

tion progressed, the 5.2* carbon increased because of the loss 

of so much phosphorous. 

This decrease in phosphorous content is shown in Figure 

10. The abscissa represents, by the intensity of the X-ray 

fluorescent P-a line for phosphorous, the amount of phosphorous 

present. The curve is regular for the bottom samples, but the 

top sample values deviate from the expected at high temperatures. 

This may be due to their being in the phosphorous vapor coming 

from the bottom samples either at pressing temperature or while 

cooling. The deviation at Pa ■ 2800 occurs at about the inten- 

sity that one could obtain for B!3P2 (2700) with this carbon 

content (12$). 

The effect of maximum temperature on the carbon content 

of the sample is shown in Figure 11. The BP starting material 

which contained $.2^ carbon decomposed rapidly at 1600°C. Above 

the temperature, the relative carbon content increased as phos- 

phorous was expelled. 

As the maximum pressing temperature increases, B^Pa 

changes to B^Cg. Changing the size of the interstitial atoms 

would also change the unit cell dimensions. This latter change 

can be followed by measuring the spacing between the 101 and 021 
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X-ray diffraction peaks of BisPa.    The 021 peak has an intensity of 

100, and the lOU peak has an intensity of 80 at d * 2.569 A.    This 

80 peak almost coincides with the 80 peak at d - 2,57 A for Bx3Ct. 

Any sudden increase in carbide content then increases the 

peak separation for the phosphide pair.    Thus, in Figure 12, a 

reference to B^Pa or 6x303 spacing is a measure of the distance 

between the B13F3 021 (100) peak and the double peak which may 

be either or both B^Pa 10U (80) and B^Ca  10l (80).    The curve 

of Figure 12 breaks sharply just above 1900°C. 

The results of hot-pressing at different maximum tempera- 

tures are seen clearly in Figure 13.    The abscissa represents 

the intensity of X-ray diffraction patterns.    The maximum inten- 

sity as determined for the strongest line for each of the three 

compounds is assigned a value of 100.    In this way, the formation 

and decomposition of each compound can be followed at various 

temperatures.    The intensity scale does not represent percent 

composition but is related to it.    Since the development of good 

crystal structure takes time, this plot probably has an inherent 

lag built into it.    This might mean that the temperatures of 

change, indicated in Figure 13, may be slightly higfr. 

Sample colors, sample hardness, and degree of sample 

bonding, all closely follow the temperatures of change seen in 

Figure 13-    Brown samples occur up to about 1$$0°C.    Most of 

the phosphorous evolution upon pressing takes place between 
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lU$0°C and 1550°C.    Above 1600°C, samples are light gray if pure 

and darker gray with increased carbon content.    If carbon-free, 

the color gray predominates to 20£0°C.    At this point, samples 

become very dark gray to black and have a somewhat metallic 

luster.    Samples with higher carbon content darken from l850pC 

to 2050°C.   '" 

A distinction should be made between particle hardness 

and strength of particle-to-particle bonds resulting from hot- 

pressing.    All three compounds have exceedingly hard crystal- 

lites, but boron monophosphide sinters very little even immedi- 

ately below its decomposition temperature.    The best compacts of 

BP were obtained after partial decomposition.    These compacts 

were still soft-bonded. 

Boron subphosphide does sinter into hard-bonded compacts. 

The carbon-free subphosphide compacts sinter best above 2000°C. 

Those with moderate carbon sinter strongly even at lower temper- 

atures (to 1800°C).    As expected, the high carbide samples are 

very strongly bonded.    As a rule, the higher the phosphorous 

content at the beginning and ending of pressing, the more diffi- 

cult it is to obtain strong bonds between particles.    The results 

of the rule are particularly evident in samples selected for 

polishing.    Of twenty samples, only nine polished well.    The 



other eleven were damaged easily when loosely-bonded particles 

pulled out of the matrix and ground into the surface. 

2.    Effect of Time-at-pressing Temperature.     A number of 

identical samples were hot-pressed, each with a slightly differ- 

ent hold-time at the pressing temperature (1950°C to 2000°C  . 

Increasing the time increased the decomposition and thus increased 

the relative carbon content above the 5.2^ carbon at the start 

of the hot-pressing.    This carbon increase and the phosphorous 

decrease are shown in Table XV.    The density-time curve for 

these samples is shown in the upper curve of Figure lli.    After 

ten minutes hold-time, the   phosphorous content drops sharply 

and a constant density is reached. 

The lower curve in Figure ill was an attempt to show the 

time-at-temperature effect when the carbon was eliminated.    These 

samples, taken from Table XVII, were made with low carbon mate- 

rial in BN lined molds.    The densities did not approach an expec- 

ted curved line as indicated.    The absence of correlation in the 

lower curve of Figure lb is significant.    It indicates that 

better sintering and densification in the more pure samples 

could be obtained at a higher temperature.    It may also be indica- 

tive of a decreased rate of heat transfer caused by the lower 

thermal conductivity of the mold lining. 
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Table XV. 

Composition as a Function of Time at Temperature 

Sample Source 
Pressing 
temp«    C 

Mold 
Hold 
time 
min. «C * P     Measured 

P-l3 1 1950 Fig. 5 0 9.9 11           K,a 

P-33 1 1970 5 0 12.8 38 

P-9 1 1990 5 h (8.9) (36) 

P-UltA 1 2000 5 5 15.6 (3D 

P-ISA 1 2000 5 8 15.1 7 

P-52 1 1990 0 10 12. h (32) 

P-1*5B 1 1990 5 10 16.9 > 

P-U6A 1 199C 5 20 17.6 S 

P-li7 1 1950 5 LO 19.1 3 

P-U8 1 1950 5 80 v.high partly- 
melted 
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3. Effect of Carbon Content.  A number of samples listed 

in Table XVI were pressed at 2000°C to 20$0°C with identical 

heat cycles. The variable in this series was the amount of car- 

bon in the sample before pressing. All six samples were BP to 

start. Sample P-L9 was prepared from the reaction of the elements 

in a separate furnace. The remaining five samples were prepared 

from the BP with $.2^ carbon. The first attempt to change the 

carbon content was by froth flotation. The samples with 3$, 8$, 

and 11$ carbon were prepared this way. To reduce the carbon to 

l£, a dense liquid (acetylene tetrabromide, density ■ 2.98 g/crt1) 

separation was used with centrifuging. 

In Figure 15, the intensity of the major peak in the Bi3Ca 

X-ray diffraction pattern for the compacts is compared with the 

carbon content before and after pressing. The intensity of the 

&i3?2  major peak is compared with the per cent carbon by weight 

after pressing in Fig re 16. The carbide formed depends, of 

course, on the carbon present. When sufficient carbon is present 

to fill all of the interstitial sites (the B^Ca point) two things 

happen: the carbide X-ray intensity effectively stops increasing, 

and the phosphorous content drops sharply as the carbon replaces 

phosphorous. 
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Table XVI. 

Ultimate Composition as a Function of Initial Carbon Content 

Pressing   Mold   < C    < C    < P 
Sample  S.ource  temp. °C   type  start finish finish Measured 

P-U9 3,6 1990 Fig. 6 0 0.2 2b 

P-50 1 202$ 5 0.9 I4.8 18 

P-51 1 2025 5 3.1 7.6 - 

P-52 1 2025 5 5.2 12.1 0.6 

P-53 1 2030 5 8.2 ll.2 o.L c 

P-5U 1 2025 5 11.2 27.7 0.3 K,a 

all held 10 minutes at temperature. 
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h.   Hot-pressing Pure Samples.  In every attempt to obtain 

a correlation between properties and composition, pure materials 

must be obtained. In this investigation, one objective was to 

determine the properties of po Iyer ysta Hin e boron subphosphide. 

This pressing procedure required the excluding of other elements, 

primarily carbon, and the obtaining of a reasonably stoichiometric 

ratio around A3P3, and the producing of a series of compacts 

with a phosphorous content above and below this ratio. 

Hot-pressed samples prepared in BN lined molds are listed 

in Table XVII. The first three samples had a high carbon content 

at the start of pressing and were used merely to work out the 

technique. The remaining samples were given the additional pro- 

tection of a boron seal above and below the sample as shown in 

Figure 7. 

With ultrapure amorphous boron, ultrapure amorphous phos- 

phorous, and a fully protected mold, samples P-67B and P-70B 

had a carbon content below 0.1$ which was the lower limit of 

detection. 

Occasionally, a sealed sample such as P-68B or P-6I1B, had 

a hi*>h carbon content. This indicates that the seal was incom- 

plete or that the mold lining cracked. 

In Table XVII, the starred samples were made by decomposing 

BP. The samples marked with a single cross were pressed from 
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Pressing 
Sample Source temp.    C 

P-36 1* 1885 
P-37 1* 2000 
P-lOB 3,6* 1960 
P-1*9B 3,6* I960 
P-55 3,6* 1960 
P-56 3,6* 1960 
P-57B 3,6- I960 
P-58B 3,6- 1960 
P-59B 3,6- 1960 
P-60B 3,6- 1960 
P-62B 3,6- I960 
P-61B 2,5* 1985 
P-66B 2,5- 2000 
P-67B 2,5- I960 
P-68B 2,5* 1970 
P-70B 2,5* 1970 

*as BP 
-as Bxa Ps 
*B + P react in hot-press 

Table XVII. 

Samples Hot-pressed in Lined Molds 

Hold 

type 

Fig. 

Hold 
time 
min. 

10 

<C 

12.0 

4 P     ] Measured 

6 
6 11 7.8 - M 
7 17 U.6 7.0 
7 9 0.21 2U.0 
7 20 o.Ui 22.0 K,a 
n \ 20 0.33 27.5 a,R 
7 20 2.2 21.0 H,M 
7 ?0 1.2 20.5 
7 J iJi 16.0 
7 .0 1.9 20.0 
7 20 0.5 19.5 a 
7 28 3.3 31-0 a5R 
7 29 0.25 16.0 a 
7 29 o.ol lU.O K,a,a 
n 32 2.1 25.2 
i 30 0.03 31.0 H,K,a 



prepared B^Pa.    The compacts marked with a doable cross were 

the product of reaction hot-pressing.    Boron and phosphorous 

were reacted at the same time as they were hot-pressed. 

In samples prepared in unlined molds, if B^Pg were the 

starting material, a lower phosphorous content resulted.    Start- 

ing with BP or B + P (ratio about l/l), a product with a higher 

phosphorous content was obtained under identical conditions of 

pressing.    This is more evident in unlined molds because of 

their shorter hold-times at temperature. 

Several other samples, as shown in Table XVIII were pre- 

pared for comparative use.      Sample P-72 is approximately BiaC3 

and P-71B is approximately B^Ca. The others were used in various 

test procedures. 

At the end of the listing of each sample in Tables XIV to 

XVIII is a key to the ultimate use of the samples: 

Symbol Used for: 
H Hardness measurement. 
M Subject of microscope study, 
a Electrical conductivity measurement. 
K Thermal conductivity measurement, 
a Thermoelectric power measurement. 
R Hall effect measurement. 

Some of the transition temperatures of importance in hot- 

pressing are summarized in Table XIX.    The most important concept 

to keep in mind while interpreting these effects is the position 
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Table XVIII. 

Hot-pressed Samples 

Sample Source 
Pressing 
temp.    C 

Mold 
type 

Hold 
time 
min. iz 4? Measured 

P-72 9 2190 Fig. 5 0 2L.8 0 H,a,M 

P-71B 3 2120 5 IC ll.8 0 a,M 

P-15 1 1970 5 0 11.1 (18) H,M 

P-32 1 ie?o 5 c 7.2 (10) M 

P-39B 1 1980 5 0 10.9 - M 

P-69 1 200C 5 10 11.3 0.2 a 
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Table XIX . 

Transition Temperatures in Degrees Centigrade 

2500 

2h00 

2300 

2200 

2100 

2000 

1900 

1800 

1700 

1600 

1500 

1U00 

1300 

1200 

1100 

1000 

j= 
k-J 

*! * 

* 

4J 

BisCa melts congruently 

ß-rhombohedral boron melts in this range 
BxaCs peritectic melting 

Rapid change,  B^Pa  + C - B^Cg 

j       Boron hot-press area 

Boron subphosphide, hot-press area 

Slump area hot-pressing B^Pg 
Reaction zone B + P j- 

J       ß-rhombohedral boron forms 
        BP decomposes rapidly in air 

Amorphous boron transition point 

BP decorposes slowly in vacuum 



of the sample in its phase diagram. This position determines 

the pressing characteristic, the sintering temperature, and the 

extent of crystallization of the sample. 

C. Results of Microscopic Examination 

Samples with varying phosphide and carbide content were 

examined with a reflecting microscope and an electron micro- 

scope. Eighteen representative photographs from this examina- 

tion are reproduced in Figures 17 through 3^. These photographs 

are captioned in Table XX, and sample properties and composition 

are summarized *.n Table XXI. 

The descriptions of photographs given in the three pages 

of Table XX include the sample number, its composition, its par- 

ticular preparation, and a pair of magnification numbers. The 

second number is the approximate magnification as printed. 

Figures l7 through 19 are powders photographed with the 

electron microscope. Amorphous boron and amorphous phosphorous 

were reacted to produce the B13Pa powder of Figure 17. Reacted 

material usually had a particle size range from 0.05 - 0.2 microns. 

Sample R-10C had particles approximately 0.16 microns in size. 

Many of the particles seen in Figure 17 are agglomerates. 

Particles of the boron phosphide (BP) supplied by The 

Monsanto Company are shown in the electro" microscope photograph, 

Figure 18. Most particles are in the range of three to seven 
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Table XX. 

Descriptions of Photographs 

Figure 17 

Particles of Boron Subphosphide 
(Bi3Pa) Prepared by Reaction of 
the Elements (Electron Microscope 
2000X, Printed 2$00X) (R-10C) 

Figure 18 

Particles of Starting Material 
(BP) (Electron Microscope liiOOX, 
Printed 1750X) (l) 

Figure 19 

Particles of Bi3Pa Prepared by 
Decomposition of BP (Electron 
Microscope liiOOX, Printed 17$0X) 
(D-8E) 

Figure 20 

Lightly-etched Areas between 
Large Grains, Phosphide Removed 
(Optical Microscope £0X, Printed 
25ox) (p-i5) 

Figure 21 

Fracture Areas around Lightly- 
etched Indentation fi'om Micro- 
hardness Testing (Optical 
Microscope 100X, Printed 1000X) 

Figure 22 

Fracture Areas around Lightly- 
etched Indentation from Micro- 
hardness Testing (Optical 
Microscope 100X, Printed $00X) 
(P-15) 
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Figure 17 Figure 18 

Figure 19 Figure 20 

Figure 21 Figure 22 



Table XX. (cont'd). 

Descriptions of Photographs 

Figure 23 

Heavily-etched Area, Focused down 
in the Grain Boundary, P-15 (Optical 
Microscope 2£0X, Printed 1250X) 

Figure 2k 

Heavily-etched Area, Focused on 
Grain Surface, P-15 (Optical 
Microscope 250X, Printed 12$0X) 

Figure 2$ 

Replica of Surface Etched until 
Crystals Were Removed (Electron 
Microscope 5600X, Printed 10,OOOX) 
(P-15) 

Figure 26 

Lightly-etched Carbide Diffusion 
Band around Crack (Optical 
Microscope 50X, Printed 250X) 
(P-15) 

Figure 27 

Medium Grains at Start of Sintering, 
P-32, Replica of Fracture Surface 
(Electron Microscope liiOOX), Printed 
1750X) 

Figure 28 

Escape Path of Phosphorous Vapor 
between Partly-sintered Grains, 
P-57B, Replica of Fractured 
Surface (Electron Microscope 
liiOOX, Printed 1750X) 
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Figure 23 Figure 2h. 

Figure 25 

II 

k 

c • - 

Figure 26 

Figure 27 Figure 28 



lli? 

Table XX (contfd.). 

Descriptions of Photographs 

Figure 29 

Large Grain Growth from Small 
Particles, P-32, Replica of 
Fractured Surface (Electron 
Microscope lliOOX, Printed 17?0X) 

Figure 30 

Carbide Grain Growth from 
Fine Particles, P-72, Replica 
of Fractured Surface (Electron 
Microscope lliOOX, Printed 17f>0X), 
BxaCa 

Figure 31 

Grain Detail on Well-eiriiored 
P-39B, Replica of Fractured 
Surface (Electron Microscope lliOOX, 
Printed 1750X), Partly Crystalline 

Figure 32 

Grain Detail of P-71B, Moderately 
Crystalline Bi3Ca, Replica of a 
Fractured Surface (Electron 
Microscope lliOOX, Printed 1750X) 

Figure 33 

Portion of a Large Grain with 
Crystal Faces Forming, P-37, 
Replica of a Fractured Surface 
(Electron Microscope IiOOOX, 
Printed 5000X) 

Figure 3k 

Extensive Crystallization, P-3f, 
Replica of a Fractured Surface 
(Electron Microscope 2000X, 
Printed 50C0X) 



Figure 29 Figure 30 

Figure 31 Figure 32 

Figure 33 Figure .31 
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microns. The larger ones are as large as lli microns. Almost 

all particles show evidence of crystallinity and many are hex- 

agonal in form, Figure 18. 

A similar photograph, Figure 19 (sample D-8E), is of the 

BisPa formed when the BP was decomposed slowjy in vacuum. Par- 

ticles are of one to ten microns in size and are crystalline 

but slightly less crystalline than the BP starting material. 

In addition, all particles have fuzzy edges. Many more fine 

particles were also evident. 

Figures 20 through 26 are of hot-pressed sample P-l£ 

which contains 11^ carbon, about 18$ phosphorous, and is well 

sintered and polished. An etch for three minutes in fused 

sodium hydroxide produced the patten shown in Figure 20. The 

lines are scratches that were accented by the etching. The 

scratches do not continue through the dark areas which are 

the etch holes produced by removal of the more soluble phase. 

These holes are usually two to five microns in size with the 

larger ones 10-1? microns, i.e., about the same as the starting 

material BP. The large light areas are between 80 microns and 

210 microns in diameter. It is possible that these large areas 

were produced by reaction with the free graphite grains in the 

starting material. A black hole (20-30 microns in diameter) was 

found in the center of a number of large areas. 
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High load hardness indentations produced cracks where 

the high stress points at the indent corresponded to weak areas 

in the surface indented. Light etching in fused sodium hydrox- 

ide caused chips to lift out at the cracks. Such glass-like 

fracture areas are shown in Figures 21 and 22. At least six 

large fracture areas can be seen in tne portion of the indent 

(Figure 21), but the detail is difficult to reproduce because 

of the low depth of field. Fractures occur in the regions 

where the dark etch holes are most numerous. This can be seen 

clearly in Figure 21. The two "butt er fly-like" fractures of 

Figure 22 are at the center angles of the diamond indenter. 

Photographs of the same area were taken through the 

reflecting microscope, Figures 23 and 2l. The surface was 

etched for 18 minutes in fused sodium hydroxide. The diag- 

onal band which separates the light areas corresponds to the 

band of dark etch holes shown in Figure 20. The photograph 

in Figure 23 is focused down into this etched-out band. The 

Figure 2\x  photograph is focused on the light, possibly car- 

bide rich surface on either side of the band. 

A number of small rhombohedra can be seen both in the 

band and on the surfaces. These are usually one to four 

microns in size. Light reflects strongly from different 

surfaces as the angle of the reflected light is changed. 
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The surfaces are of random orientation and at various heights« 

Each rhombohedra extends above its immediate surroundings. The 

smallest angles for the rhombohedra measure between 65 and 67 

degrees. 

In addition to the rhombohedra, a number of needles or 

plate-like chips can be seen in both the band and surface 

areas. These particles are 7-13 microns long by two microns 

thick. More chips or needles extending above the background 

exist in the large surface grain than in the band. 

A short additional etch with fused sodium hydroxide 

removed all rhombonedra and chips from the surface. Attempts 

to obtain the crystals by etching other samples produced only 

isolated areas with crystals. This same sample, P-15, after a 

total etch of 25 minutes, was examined with the electron micro- 

scope. The "blister-like" pattern of Figure 25 is a photograph 

of a replica of this surface. The little round "blisters" are 

the cavities left after a grain has been removed by etching. 

The crystals (rhombohedra and chips) were the center 

portions of the particles at the start. As these particles 

were pressure sintered together, phosphorous escaped leaving 

areas of high and low phosphorous content. Light etching 

attacked the grain boundaries first, Figure 20. Further 

etching removed Tiore and more of the boundary between parti- 

cles until the crystalline center of the particles was 



uncovered. Continued etching then freed the crystal and left 

the blistered bottom seen in Figure 25. Each cavity is one to 

five microns in size. 

With both the reflecting microscope and the electron 

microscope, a few etch pits were evident. Attempts to etch 

with boiling concentrated sulfuric acid probably produced 

them. 

The dark area at the bottom of Figure 26 is a crack that 

formed during preparation. The dark band across the middle is 

either a surface region which has lost more phosphorous than 

the bulk or a diffusion band indicating the ingress of carbon 

to form carbide. The sample was given a brief fused alkali 

etch which was followed by extreme boiling in concentrated 

sulfuric acid. Sulfuric acid etching emphasizes the scratches. 

The pattern across the top one third of the photograph matches 

in size and number the holes of Figure 20. Continued etching 

left a single horizontal band dividing the top two thirds of 

the photograph. The sharpness of this boundary indicates that 

the effect is caused by the diffusion of carbon which is known 

to be quite rapid in a boron matrix. 

Figures 27 through 3^ are photographs taken with the 

electron microscope of replicas of the fractured surfaces. 
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Figures 27 and 29 are of sample P-32 which sintered to 

form grains of 10-27 microns.    In Figure 27, small particles 

have formed into chain-like larger grains.    In Figure 29, a 

massive grain has been formed from particles which are one to 

fiva microns in size.    Voids have not been completely absorbed. 

Sample P-57B, Figure 28, has a high phosphorous content 

and a low carbon content.    It is lightly sintered and is per- 

meated with a number of paths such as the one to five micron 

wide horizontal band «cross the middle of the photograph.    This 

is emphasized by some of the plastic from the replica which was 

incompletely stripped from the platinum-carbon shadow and back- 

ing material.    The plastic is black (absorbing) and can be seen 

in the cracks between the grains.    Many such plastic-outlined 

regions resemble   a river and its tributaries.    These paths 

are evidently the escape paths for phosphorous vapor.    They are 

particularly evident in this sample because, with a low carbon 

content,  sintering was light.    Particles in this sample were 

3-lli microns in size. 

Sample P-72 (Figure 30) had a composition which was essen- 

tially BX2C3.    It was prepared at a higher ternperature (21°0°C) 

than were most of the other samples (2000*C) inspected with 

microscopes      and has a totally different appearance from the 

others.    It seems to have two phases.    Large (20-25 micron) 
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well-rounded grains such as those seen in Figure 30 are common. 

Between these is a very fine grain material. No evidence of 

crystals was seen. 

Sample P-39B (Figure 31) is slightly crystalline and has 

small grains, 1-13 microns. Its low density and low phosphorous 

content may account for its appearance. The sample has been 

sufficiently hot for the large light particles in the top left 

portion of the photograph to sinter lightly. On the other hand, 

much of it looks highly porous as if phosphorous had escaped 

but pressure was not applied or maintained sufficiently late in 

the heating cycle to cause complete densification. 

The composition of sample P-71B (Figure 32) is approxi- 

mately BxaCa. It was prepared at 2120°C and was moderately 

crystalline as seen in the photograph. Some of the black be- 

tween grains is caused by remnants of replicating plastic. 

Most of the crystals are from five to seven microns in width. 

The samples were prepared from amorphous boron and graphite. 

Figures 33 and 3^ show the crystal faces developing in 

sample P-37. These crystals have grown from the surface of grains 

about 12 microns in diameter. This sample probably has more 

crystallization than the comparable P-1S because P-37 was held 

at temperature (2Ö00°C) for 11 minutes. 
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D. Repults of Analyses 

1. Emission Spectroscopy.  Emission spectroscopy was used 

to determine the approximate amount and probable source of the 

impurities in the compacts. In order to identify the source 

of an ijflpurity, analyses of the starting materials as well as 

the mold and mold liner materials are included in Table XXII. 

The composition of representative compacts is given in Table 

XXIII. 

Sample 1 in Table XXII is the BP used for many of the 

decompositions and high carbon hot-pressings. A chemical analy- 

sis indicated 0.02$ iron. After decomposition, the iron con- 

tent of sample D-7A was 0.8$. In like manner, the iron was 

found to increase when BP was hot-pressed. This was followed 

by X-ray fluorescent analysis for the series P-21 to P-30. 

The iron content was inversely proportional to the phosphorous 

content. 

Boron samples 3 and h were combined with phosphorous 

sample 6 for many of the low carbon samples. In this case, 

magnesium and calcium would be expected in the product. For 

best results, boron (B-2) and phosphorous (P-5) were combined 

in molds fully lined with boron nitride. The product of this 

preparation should contain aluminum from the mold liner. If the 
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lining or seal were cracked, then impurities from the graphite 

and carbon should increase. Emission spectroscopy, therefore, 

provides an excellent test for the quality of protection. 

The first three samples listed in Table XXIII were pre- 

pared from the purest materials with the best protection. The 

preparation of P-70B was excellent. Sample P-66B acquired 

impurities from the mold liner«, The high carbon content of 

sample P-6I4B probably indicates an incomplete seal or a damaged 

liner. Since the best samples were cut from the lined molds 

to prevent cracking, it was difficult to tell if the liner 

cracked. 

Sample P-56, prepared from amorphous boron and phosphor- 

ous, has a concentration of manganese and silicon. It would 

be expected to have more manganese and calcium unless they 

are somewhat volatile. Samples P-27A and P-$3 have the expec- 

ted concentration of iron, magnesium, and silicon. The hot- 

pressing of boron (B-3) in an unlined mold (sample P-71B) 

produced essentially Bi3C3 with a collection of impurities 

from the boron and the graphite mold. Sample P-22B has approx- 

mately the same composition as the BP starting material. 

A comparison of Tables XXII and XXIII indicates the 

following about the preparation of boron subphosphide hot- 

pressed compacts: 
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(1) Samples prepared from BP-1 will be very high in 

carbon and will contain appreciable quantities of iron, sili- 

con, and magnesium. 

(2) Samples prepared from boron (B-3 or B-U) and phos- 

phorous (P-6) may be low in carbon and will probably contain 

appreciable quantities of manganese and silicon. 

(3) The most carefully prepared samples of boron sub- 

phosphide will probably contain less than a total of 0.1^ 

impurity. This figure includes carcon. 

2, Chemical Analyses.  The major peak for the X-ray 

diffraction pattern of graphite was not reliable for deter- 

mining carbon content. Too many other patterns interfered. 

The major peak of the B^C pattc-rn was used for relative 

determinations (e.g., Figure 13) but the carbon in most sam- 

ples was determined )y the Leco gas analysis technique. The 

results of this determination are used in twelve tables and 

eight figures in this study. The technique is effective down 

to O.r* carbon. Several samples with values reported below 

this may be anything from zero to 0.1^ carbon. 

Chemical analyses were combined with X-ray fluorescent 

analysis to determine the amount of phosphorous in the hot- 

pressed compacts. All samples, powders and solids, were 

analyzed by X-ray fluorescence. A aeries of powders and a 
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I: 
series of hot-pressed compacts were analyzed chemically and 

f the results used to calibrate the X-ray fluorescent intensi- 
fy 

ties.    The results are used in nine tables and three figures 

in this study. 

The carbon analyses had considerably more precision of 

measurement than the phosphorous samples.    Many factors such 

as density of packing, carbon content, and inhomogeneity had 

to be considered in making the phosphorous determinations. 

Because of this, the phosphorous content listed is good to 

within 1C# of the percentage given.    From test measurements 

that were made, most measurements are well within %4> of the 

figure cited.    When tre figure is in parenthesis, it is an 

estimate made from the best sample available, and an error 

as high as 20^ is possiblo. 

3.    X-ray Analyses«      Identification of the phases 

present was m»de by X-ray diffraction.    Only three patterns 

(BP,  B13PS, and B13C3) were obtained for the hot-pressed com- 

pacts.    Two other products (BN and possibley a-rhombohedral 

boron) were identified in the nitrogen-boron reaction (Table 

XIII). 

In addition to using X-ray   diffraction for identifica- 

tion of phases, two X-ray techniques were used to follow the 

change in the unit cell dimensions.    The first of these was 
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described under the Results of Hot-pressing in the   section on 

the Effect of Maximum Temperature.    The change in the spacing 

between the lOl peak and the 021 peak of the Bj3Pa pattern is 

plotted against the maximum pressing temperature in Figure 12. 

Unit cell parameters were determined by applying Cohen's 

method (32) to the diffraction patterns.    Solutions to Cohen's 

equations were obtained by using an IBM 1620 Computer which 

made a large number of determinations feasible.    Use of this 

technique requires the selection of three diffraction peaks 

representing planes which bound the unit cell.    If different 

groups of peaks are used, slight variations in the a and c 

values can be expected.    When relating a and c values to com- 

position, a consistent set cf three peaks should be used as well 

as a single fiduciary point.    In using Cohen's method, one must 

either know the angle exactly or refer to one peak whose angle 

is well established.    In Table XXIV, the calculated cell dimen- 

sions are related to carbon content.    The D group is made up of 

the 021, 015, and 211 planes.    The S group is made up of the 021, 

110, and 211 planes.    Unfortunately, as the composition changes 

from B^Pa to B^Cg, the fiduciary peak &i3?a  (021) is lost. 

Table XXIV does show a gradual change through a narrow solid 

solution   range caused by the change in phosphorous content. 

This is followed at about 12 to lb< carbon by a complete shift 

in pattern. 
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An attempt was made to relate cell dimensions and phos- 

phorous content for the boron subphosphide samples prepared in 

this study. The a and c values for 27 samples of known phos- 

phorous content were calculated with the D group of planes. 

Plots of a against phosphorous content and c against phosphor- 

ous content gave identical results as seen in Figure 35. At 

30.6^ phosphorous, a large minimum was obtained in cell dimen- 

sions. This corresponds to a composition B^Pa. No evidence 

of a minijnum or a maximum at 32.3^ phosphorous exists so B^Pa 

is unlikely. A second minimum does exist at 22^ phowsphorous. 

This might correspond to a ratio BioP. The peaks for Bi3Pa and 

BXQP are sharp and well formed. 

The data may be questioned on the basis of the tolerance 

in the phosphorous determinations. The estimated tolerance of 

10^ has been found by test analyses to be bettered considerably 

in practice. Most such tests were well within 5^ of the value 

expected. A favorable factor is that these fluorescent analyses 

for phosphorous content were all made on one test date with 

identical conditions. Therefore, even if the accuracy is ques- 

tionable, the precision is good. 

Because these data could still be questioned, the results 

will be given with qualification::. Similar figures were obtained 

with the S group of planes. This still does not ensure that 
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these data are real because they still depend on the same phos- 

phorous analyses. 

The solid solution range about the B^Pa peak is from 

26.5 to 3l*. The solid solution range about the BioP peak is 

from 20 to 26.5%. Eutectics or equivalent points then might 

occur at 20%, 26.5%, and 3k% phosphorous. 

E. Results of Property Measurements 

1. Hardness.  Five curves of Knoop microhardness at loads 

from zero to 1000 grams were prepared. These are shown in 

Figures 6 through UO. In each figure, the detail around the 

peak hardness has been expanded in an insert. 

Figure 36 presents the hardness spectrum for sample 

P-70B which is an uitrapure specimen with 31$ phosphorous. 

The peak hardness, 100 gram hardness,and 1000 gram hardness 

values taken from the five curves are represented in Figure Ul 

as a function of carbon and phosphorous content. A further 

attempt is made in Figure 1±2 to relate the peak hardness values 

obtained at various carbon contents with values reported by 

Samsonov (187). The 100 gram hardness values and 1000 gram hard- 

ness values are compared to the percent carbon and percent 

phosphorous in Figure 1*3. 
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Figure 37. Knoop Hardness at 
Various Loads for P-l$, 
Rich in Boron Phosphide, 
Medium Carbon Content 

-,«0001— 

3    5000 

4000 

3000 f- 

2000 I 

200 400 600 

LOAD    iN    GRAMS 

«00 IOOO 

Figure 38.    Knoop Hardness at 
Various Loads for P-57B, 
Low Carbide Content, 
Medium Phosphide Content 

200 400 600 800 

LOAD    >N   GRAMS 

Figure 39.    Knoop Hardness at 
Various Loads for P-30B, 
Low Phosphide Content, 
Medium Carbide Content 



170 

Figure U0. Knoop Hardness at Various 
Loads for P-72, All B^Cs 
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2. Thermal Conductivity.  Seven samples were tested 

for thermal conductivity from 1|00°K to 850°K. The samples 

were selected to provide a range of carbon and phosphorous 

compositions. Values for sample P-28A with 7$ phosphorous 

and 18.2$ carbon are shown in Figure hk. 

Early experience with boron subphosphide compacts pro- 

duced obviously erroneous values for thermoelectric power. In 

conversation, Chaberski of The Carborundum Company suggested 

that the values could be stabilized by making the measurements 

at elevated temperatures first. This was thought to remove 

moisture which combined with surface phosphorous to produce 

phosphoric acids which in turn enhanced thermoelectric poten- 

tials with electrochemical potentials. 

For this reason, thermal conductivity values were also 

checked as indicated by the arrows showing the sequence of 

measurements in Figure Uu After heating in a vacuum, as 

shown in this figure, the upper curve but not the lower curve 

was reproducible. All subsequent thermal conductivity meas- 

urements were made after heating in vacuum at 850°K. 

Figures h$ and 16 present the results for samples P-67B and 

P-70B which contain lh% and 31$ phosphorous respectively. Both con- 

tain less than 0.1% carbon. These measurements are followed by meas- 

urements on samples with higher carbon content. In Figures 1*7, ij8, 
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and li9,  the carbon content of samples P-55, P-h3, and P-5b measures 

O.Uif, 9.9$, and 27.7*, respectively. The corresponding phosphor- 

ous content for these samples is 18$, 11$, and 5#. 

The final thermal conductivity curve (Figure 50) reports 

the values obtained from sample P-22B which is essentially 

boron monophosphide. The BP from which this sample was hot- 

pressed was decomposed slightly to increase the bonding of the 

particles. 

3. Thermoelectric Power.  The measurement of thermal 

conductivity was accompanied by a measurement of thermoelectric 

power. The same seven samples were measured over the tempera- 

ture J'snge from U00°K to 850°K. The seven curves are reproduced 

in Figures 51 to 57. A check similar to that made in the ther- 

mal conductivity measurements was also made to determine the 

effect of adsorbed moisture on the thermoelectric potential. 

The double curve of Figure 51 resulted. When the sample was 

first heated in vacuum above 650°X, reproducible results were 

obtained. Several additional checks were made, and the results 

were all similar to those reported in Figure 51. 

The effect of carbon content on thermoelectric power was 

measured by Samsonov (187). His results are presented in 

Figure 58 for comparison with similar measurements reported in 

Figure ^>9.    The numbers next to the points in Figure 59 refer to 

the percent phosphorous by weight. 

"\ 
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U. Electrical Conductivity and Activation Energies. The 

logarithm (base 10) of electrical conductivity is shown as a 

function of the reciprocal of absolute temperature (°X"X) for 

twelve samples in Figures 60 to 71. The composition and sample 

number are reported for each figure in Table XXV. Intrinsic 

and extrinsic activation energies have been determined where 

possible, and these results are presented in Table XXV. Only 

two of the samples, P-6I4B and P-22B, had distinct extrinsic 

slopes. The other ten samples had conductivities which changed 

gradually along the gentle curve which is characteristic of 

boron and the borostitials. 

Different scales have been used for the ordinates in 

these twelve curves. The high temperature end of each curve 

approaches a steep intrinsic line between £0Q°K and 1000°K. 

A common intrinsic line does not appear to exist. 

The low temperature ends of the curves fall into three 

groups. The four samples with the lowest low-temperature con- 

ductivity values are P-62, P-66B, P-67B, and P-70B. These were 

prepared in lined and sealed molds. Except for P-62, they were 

prepared from ultrapure boron and phosphorous. Sample P-62 

does have a distinctly higher value of low-temperature conduc- 

tivity than the other three samples in this group. 
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Figure   Sample 

60.      P-66B 

61. 

62. 

63. 

6b. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

P-6hB BisPa 

P-56 BxaPa 

P-27A 

P-53 

P-72    B13C3 

P-71B BisCa 

P-22B BP 

P-62 

P-69 

Table XXV. 

Activation Energies 

i C   < P   RT Clem 
Resistivities Activation energies ev 

intrinsic extrinsic 

0.2$ 16 

3.3 31 

0.33 27.5 

III. 5 12.0 

Hi. 2 

21.8 

Hi.8 

O.U 

0 

0 

8.5 67.9 

0.53 19.6 

11.3   .2 

P-67B  below 0.1 16.5 U,l60 

P-70B  below 0.1 31  16,700 

278 

0.1 

0.9 

U.O 

1.5 

0.3 

0.3 

570 

5U0 

1.7 

1.02 

0.78 

2.2 

0.U3 

1.01 

0.11 

0.06 

0.03 

0.16 

0.05 

0.025 

o.o5 

0.03 

0.03 

0.08 

0.089 
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The second group of samples arranged by their low-temper- 

ature conductivity values are P-27A, P-53, P-22B, and P-69 in 

order of increasing conductivity.    Sample P-22B \«as prepared at 

low temperature and had a composition approximately that of BP. 

The remaining four samples all had a low-temperature 

(lu>0°K) conductivity   of just below 1 ohm""1 cm-1.    This group 

of four included the two carbide sample, P-72 (B^Ca) and 

P-71B (B^Ca) and samples P-56 and P-6UB.    The latter two sam- 

ples had phosphorous contents close to that of Bi3P3  (30.6#). 

5.    The Thermoelectric Figure of Merit.      The thermoelectric 

figure of merit is directly proportional to the electrical con- 

ductivity and the square of the thermoelectric power.    It is 

inversely proportional to the thermal conductivity.    All three 

of these measurements were made as functions of temperature for 

samples P-22B, P-67B, and P-70B.    Figures of merit values fjr 

the three samples are presented in Figure 72.    The maximum 

value was about lCf6°K    .    Even though all three factors were 

not measured on the same sample, it was possible to match sam- 

ples and produce figure of merit curves for composite data. 

Samples P-li3 and P-27A had similar carbon and phosphorous con- 

tents (10 to 15$)$ and samples P-5h and P-72 were essentially 

BiaC3.    The composite figure of merit curves are shown in Fig- 

ure 72. 
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6. Results of Measurement of Hall Effect.  The Hall coef- 

ficient was measured as a function of temperature for two samples, 

The logarithm (base 10) of the Hall coefficient for sample P-6UB 

is plotted against the reciprocal of absolute temperature CK"1) 

in Figure 73. A similar curve for sample P-56 is presented in 

Figure 7U. Figure 75 is a comparison of the two sets of meas- 

urements. The Hall coefficients are presented as functions of 

temperature (°K). 

The Hall potentials are unusually low. They are so !/;* 

that they were difficult to measure. The sign of the Hall poten- 

tial, like the sign of the thermoelectric power, indicated that 

these samples are p-type above 375°K. The other unusual feature 

of these Hall potentials is the change of sign which occurred 

three times below 375°K for both samples. 

Both samples measured had low carbon content and a phos- 

phorous concentration close to that of B^Pg. 
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V. DISCUSSION OF RESULTS 

A.    General Background 

A review of the literature reveals that boron subphos- 

phide is a most interesting subject of study and an example of 

an equally interesting system of compounds of similar structure. 

The discovery of the rhombohedral structure of Bi3Ca started 

the series.    Next, the confirmation of a-rhombohedral boron 

provided the parent member of the group.    Since then, rhombo- 

hedral BiaSia, B^Pa, and B^Asa have been confirmed.    These 

compounds together with other classified and unclassified ones 

are listed in Table XXVI.    Much can be learned about the boron- 

phosphorous system from a    study of the family. 

The boron-phosphorous system is difficult to study 

because the compositions of interest require very high tempera- 

ture preparations.    At such high temperatures, control of poten- 

tial impurities from containers and from the atmosphere is 

particularly difficult as is control of the temperature itself. 

The high strength of the bonds in the Bia structure which is 

reinforced    by extra bonds from the interstitial elements is 

another source of a problem (hardness) one encounters in working 

with the borcstitials.    The third factor which contributes to 
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Table XXVI. 

Borostitial and Related Compounds 

Number of 
interstitial 
atoms per 
Big  group Rho;.*bohedral Tetragonal Qrthorhombic 

0 a-rh.B 

1 B!3S a-BiaAl 
BiaGa 

ß-BxaAl 

1.2 B!oAl 

2 (BiaPa) 
(BxaOa) 

BxaAsa 
B13C3 

B13P2 
BxaSia 
BiaOa 

unclassified 

B13C 
B^Si 

BiaGe^ 
BiaSny 
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the difficulty of working with the boron-phosphorous system is 

the ease with which the composition changes. As seen in the 

B-C system (phase diagram, Figure 3), preferred compositions 

which are called compounds exist with solid solution ranges on 

either side of them. Similar preferred compositions and solid 

solution ranges would be expected in the boron-phosphorous sys- 

tem and might explain the large variations in composition with 

a single phase identified by X-ray diffraction. 

Many of the hot-pressed compacts contained appreciable 

quantities of carbon. Such a system (B-C-P) can be approached 

in several ways. It can be studied as a boron-phosphorous sys- 

tem with impurities or a boron-phosphorous-carbon ternary system. 

The system may be considered as a combination of derivatives of 

a basic Bxa structure with simple variations on the properties 

of a-rhombohedral boron. 

Since many of the compositions prepared by hot-pressing 

approached either boron subphosphide or boron subcarbide, the 

compositions may be consi lered as located in the phase diagram 

defined by a double salt system (e.g., BxaPa-a and ExaC^-ß). 

Here a and ß can be small positive or negative numbers. 

The selection of any one of these methods of expression 

will depend upon the purpose assigned. For instance, to explain 

conduction mechanisms, it may be best to see how the conduction 
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of boron has been modified by interstitial additions, or con- 

versely, how boron added to fixed compounds may have modified 

their properties. On the other hand, to interpret X-ray 

parameters, one system (e.g., boron-phosphorous) migjrt be 

considered with other elements (e.g., carbon, silicon) viewed 

as unwanted impurities. 

In any case, the preparations usually involve dynamic 

changes controlled by reaction rates, diffusion, crystalliza- 

tion, and phase changes. Thus, sny phase diagram can only 

express what could be if sufficient time were available for 

equilibrium. A large difference, therefore, is possible be- 

tween what could be and the highly disordered often composite 

structure produced at high speed in a hot-press at 2000°C. 

Properties, then, are frequently closely related to the method 

selected for manufacture. A structure-sensitive variation is 

superimposed on the variation of properties associated with 

materials and amounts. 

B« Composition qnd Distribution 

X-ray analysis was used to determine the compositions in 

the product. A look at the phase diagram for the boron-carbon 

system (Figure l) indicates that the major compound is B^Cg. 

Its X-ray diffraction pattern was quite common in some of the 

hot-pressed compacts such as those made from BP with $.2$ carbon 
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or those made in unlined graphite molds.    The major line of 

the graphite pattern was frequently found in such samples. 

In the several samples with low phosphorous content 

and 8.5$ carbon content, the length of scan made with the 

X-ray diffraction machine was too short to permit recognition 

of any separate pattern attributable to Bx^C. 

The boron-phosphorous system was known to have two X-ray 

diffraction patterns, one BP and the other B^Pa or Bi3Pa. 

Matkovich (139), during the course of this study, established, 

on the basis of its rhombohedral X-ray pattern and a comparison 

of its calculated and experimental densities (both 2.7k g/cm3), 

that the compound was B^Pa.    This has been clearly demonstrated 

and verified in this study as well. 

If BxaPa with its rhombohedral pattern existed, the center 

three sites shown in Figure 2 would be occupied as phosphorous- 

blank -phosphorous, and the calculated density would be 2.53 g/cm3. 

If, on the other hand, the compound were B^Ps, the center sites 

in Figure 2 would be occupied by phosphorous-boron-phosphorous, 

and the calculated density would be 2.?U g/cm3.    Boron carbide, 

BisCa, has a density cf 2.5k g/cm3, and the highest density 

reported for any form of boron is 2.1*6 g/cm3  for the a-rhombohe- 

dral form. 
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Compacts with 5.2* caroon have been shown (at 2100°C) 

to approach a density of 2.70 g/cm3 (Figure 9) and 2.58 g/cm3 

after being held for ID minutes at 2000°C (Figure ll;, upper 

part). Low carbon samples prepared in lined and protected 

molds approached a density of 2.70 g/cm3 at only 2000°C. 

Reactions between the elements frequently produced 

samples with densities above 2.6 g/cm3 with the pattern of BP 

absent. Slow decompositions of BP in vacuum produced some of 

the best specimens approaching the composition of Bi3P8. Analy- 

ses of the boron to phosphorous ratio could not be used as sup- 

port because samples containing more or less phosphorous could 

be found for every sample which analysed 13/2. The stopping 

point in the decomposition was not sharp when the decomposition 

was carried out in this manner. Many of the densities of samples 

prepared by reaction did seen to be low. This could be the 

result of unreacted free amorphous boron (density, 2.35 g/cm3). 

The measurement of the spacing between lOl and 021 X-ray 

diffraction peaks of the boron subphosphide pattern would indi- 

cate two definite groupings if two subphosphides existed. Only 

one was found. In addition, this was found to be sensitive to 

the build-up of the carbide 80 intensity ;^eak and was used to 

follow that shift. 
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A final bit of evidence supporting the presence of Bi3?2 

over that of Bi3Pa is the measurement of X-ray unit cell parame- 

ters in the phosphide pattern as a function of phosphorous con- 

tent. The distinct minimum at 30.6$ phosphorous corresponds 

exactly to the percentage phosphorous present in IH3P3. 

Perhaps as interesting as what was found is an examination 

of what was not found. No pattern was found in the phosphide 

compacts for any crystal form of boron or for B5P3. An attempt 

to synthesize this B5P3 produced only a mixture of B^Pa and BP. 

A number of measurements of the rhombohedral unit cell 

parameters by Cohen!s method indicates that a narrow solid solu- 

tion range exists in the B-? system around Bx3Pa, and a similar 

one exists in the B-C system around BxsCa. No extensive solid 

solution between the two compounds was found, although smaller 

regions of solid solutions may exist near the compounds. 

A problem which closely parallels the problem of the 

composition of boron subphosphide exists in the boron-oxygen 

system. The problem is outlined by Rizzo (175) and is mentioned 

in the Related Materials portion of the Review of the Literature, 

Rizzo claimed a formula of BsO (density, 2.59 g/cm3 ) for the sub- 

oxide because the best powder densities were 2.62 g/cm3, and 

hot-pressed densities were 2.588 g/cm3. (The theoretical den- 

sity for BX302 is 2.80 g/cm3.) The unjustified assumption that 
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a definite B to 0 ratio will be attained may account for such a 

conflict. It might also require the consideration of carbon 

content as did the phosphide problem. No mention was made of 

the extent of carbon contamination or of any precautions taken 

to eliminate it. Even 8 small amount of carbon makes a great 

deal of BisCa with a low density. 

Grain growth in the boron subphosphide system is low at 

2000°C. The starting particle size of 1-13 microns is still 

found in most of these samples. One sample, P-32, held at 2000°C 

for eleven minutes had grains which had grown to 22-27 microns. 

Another, P-70B, held at 1970°C for 30 minutes had grains as 

large as hO microns. 

Crystallization took place in a sample, P-71B, with a 

composition of B^Ca which was heated to 2120°C for 10 minutes. 

Sample P-37, heated to 2000°C for 11 minutes, crystallized 

strongly. This sample contains 7.8^ carbon and has a very 

strong pattern of B^Pa. Its phosphorous content is high 

(25 to 30^) but cannot be precisely established. 

A better understanding of the crystallization and grain 

growth of these samples will be possible when more complete 

phase diagrams exist for the two systems. 

One other size effect was noted and this is the formation 

of large (80-210 microns) areas apparently of carbide. These 
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seem to be a product of the carbon flakes in the starting mate- 

rial. In many of these, a large very dark void can be seen in 

the center. Not only is this a source of inhomogeneity in the 

samples, but it helped to disclose differences in reactivity of 

the crystallite cores and their surfaces or grain boundaries. 

The boundaries were attacked first in a fused alkali etch. This 

boundary attack continued until the central crystal was freed. 

Prom etching polycrystalline high purity semiconductors, one 

learns that the disordered state or region with impurity concen- 

tration etches more rapidly than more perfect or pure crystals. 

This would indicate that a deep surface was modified by partial 

decomposition, absorption, or some other mechanism. 

A study of rhombohedral unit cell parameters as a func- 

tion of phosphorous content (Figure 35) indicates not only the 

presence of B^Pa at 30.6^ phosphorous, but also the possible 

presence of another compound at 22.2# phosphorous. As pointed 

out in the Results section, the phosphorous measurements are 

precise but may be slightly inaccurate. A content of 22.2# 

phosphorous, however, corresponds exactly to the content of 

BxoP which might easily be analogous to B^Al. 

A number of samples had decomposed to low phosphorous 

content.  One such, D-12B, was one of the few with extra dif- 

fraction lines of unexplained origin. The pattern of D-12B is 
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compared to that of BxaPa in Table XXVII.    Sample D-12B con- 

tained 7.9^ carbon and 21.6^ phosphorous and had no diffraction 

lines of B^Ca.    The unexplained lines might then be assigned 

to BioP.    They might also be attributed to BxaC although a com- 

plete absence of any B^Ca  lines makes this doubtful.    One might 

also speculate as to whether a low figure for the density of 

BioP migrt account for some of the apparently low densities 

obtained in reactions.    The existence, then, of BXQP is unre- 

solved, but sufficient evidence exists that further study is 

recommended. 

The other unresolved problem of composition is that of 

the X-ray pattern obtained from the B-N system and presented 

in Table XIII.    Both amorphous boron samples were heated to 

between 1600°C and 1800°C in a nitrogen atmosphere.    The total 

time to maximum heat was 35 minutes, and the estimated time above 

1600°C was seven minutes.    In other reactions with phosphorous 

present, BP and BiaPa X-ray patterns were obtained, but no pattern 

resembling a-rhombohedral boron was ever found. 

Hoard (8ii) points out that ß-rhombohedral boron should be 

produced whenever boron is heated above 1?00°C regardless of 

whether or not fusion occurs. 

The density of BN is 2.25 g/cm3, and a-rhombohedral boron 

is 2.h6 g/cm3.    The densities of eight samples prepared from 
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Table XXVII. 

X-ray Diffraction Patterns for D-12B and B^Pa 

D-12B 
,   ^ ,?

p? 
26 Cu d 

3.720 

I I/In 

60 

d 

22.9 72 3.88 
30.0 2.976 65 60 2.978 
35.0 2.562 121» 80 2.569 
35.7 2.513 390 100 2.522 
39.9 2.257 5 
1*1.6 2.169 35 
1*2.0 2.11*9 1*3 2*0 2.11*9 
1*5.0 2.013 6 
1*6.0 1.971 12 5 1.971 
1*6.7 1.91*3 22 5 1.91*6 
1*7.2 1.921* 51* 50 1.927 
53.2 1.720 1* 5 1.722 
55.9 1.61*3 52 70 1.615 
56.3 1.633 25 20 1.632 
57.5 1.601 16 10 1.607 
58.5 1.576 12 10 1.582 
60.2 1.536 96 
61.6 1.5013 78 90 1.509 
62.2 1.1*91 1*8 50 1.1*95 
65.7 1.1*20 1*8 50 1.1*26 
66.1 1.1*12 32 30 1.1*17 
67.2 1.392 1*0 50 1.397 
68.6 1.37b 5 
72.0 1.310 73 
72.9 1.300 35 60 1.300 
73.3 1.290 21 20 1.293 
73.7 1.231 23 30 1.287 
75.8 1.251* 15 1 1.265 
77.9 1.225 25 60 1.229 
79.8 1.201 6 20 1.205 
80.7 1.190 6 20 1.193 

New   Low   High 

x 
x 

X 

X 

X 

X 

x 
x 

X 

X 
X 

X 

X 

X 

X 
X 

X 
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amorphous boron (density, 2.3? g/cm3) and nitrogen gas were ail 

between 2,25 g/cm3 and 2.35 g/cm3. No heavier fraction existed. 

The powders were a dark blue-gray with scattered small white 

patches. 

The possible explanations then are either that the pat- 

* tern remaining after that of BN is subtracted is either a- 

rhombohedral boron or a subnitride. If it represents the boron, 

the third most intense peak has shifted 3.^° (copper radiation), 

and it is possible that a-rhombohedral boron formed while cool- 

| ing. If, as the density indicates, it could be a subnitride, 

the subject should be investigated further to fill in a vacancy 

in the borostitial family. 

C. Preparations and Hot-pressing 

The direct reaction of the elements is a suitable tech- 

nique for the preparatior of BP or B!3P2. Proper ratios (B to 

P), times, and temperatures can be determined empirically. The 

control of phosphorous pressure is essential for high quality 

products for research or for commercia Deduction where, for 

instance, selected or maximum hardness values are desired. 

Samples of B13P3 composition can be prepared by hot- 

pressing BP in a mold fully lined with BN and sealed with boron 

plugs. All hot-pressing information is based on 6000 psi 
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pressing pressure.    Hot-pressing between 2000°C and 2100°C will 

produce a high density product which can have a total impurity 

below 0.1*. 

One of the limitations in this study was the small size 

of the samples.    A larger sample would have made control over 

the phosphorous content much easier although thermal lag would 

have increased. 

In pressing samples in unlined molds at 2000°C, a 10 

minute hold-time is desirable.    Pressing at 2000°C in molds 

with a one-eighth-inch thick BN sleeve requires at least 30 

minutes for densification.    This time can be reduced at higher 

temperatures. 

Strong compacts of BP cannot be prepared by hot-pressing 

unless either partial decomposition takes place or a binding 

agent is added. 

Reaction hot-pressing is a very useful technique for 

the prepai^ation of B^Pa compacts.    Excellent samples were pre- 

pared with properties identical to those obtained from hot- 

pressing BP. 

For maximum strength in B!3P3 compacts, the percentage of 

boron carbide should be appreciable.    From the data in Figure U2, 

the carbide binding agent should have the compositions representing 

compounds in the B-C system. 
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For control of impurities while hot-pressing boron phos- 

phides, the use of a mold lining of boron nitride (BN) seems 

best. The suggested maximum working temperature of solid BN in 

an inert atmosphere is 16$0°C. If it is wel] contained, it is 

suitable for lining molds to 2100°C. It is essential to bake 

out graphite and BN parts before using them for hot-pressing. 

Graphite pieces contribute many volatile carbon and sulfur 

containing compounds to the sample if these volatiles are not 

removed first. Pieces of BN can only be hot-pressed if consider- 

able Bz0$  is added. Samsonov (187)pointed out that the boron 

anhydride becomes quite volatile from 1100°C to 1300°C and so 

can also be baked out. 

An attempt to use tungsten liners was successful to 18$0°C 

but not above this temperature. Tungsten borides formed readily 

above 18$0°C. 

While it would be best to eliminate completely graphite 

parts from the hot-pressing equipment to prevent contamination, 

the next best procedure is to isolate them. Carbon can enter 

a sample by contact or as a gaseous product. Hot-pressing fur- 

naces usually have highly reducing atmospheres. Under these 

conditions, carbon monoxide is thought to be the source of much 

of the contamination. 
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The deviation from the curve as drawn in Figure 10 is 

for the top sample only. This is probably the combined result 

of the presence of more phosphorous vapor about a slightly 

cooler sample. The top samples were usually 35°C cooler than 

the bottom samples in the same mold. The break from the curve 

may be indicative of the slight tendency in favor of the forma- 

tion of the composition IH3P3. 

Some of the temperatures of preparation and hot-pressing 

are summarized in Table XIX. These ranges are all approximate 

and depend on the conditions used in this study. It is also 

true that the temperature zones shown in Table XIX are functions 

of composition or of position in a phase diagram. 

D. Hardness 

Thf> Knoop microhardness measurements shown in Figures 36 

through hO represent thousands of indentations. Each point is 

the average of 20 to 100 indentations. Every indent was at 

least five times the narrow diameter from the nearest visible 

void or other indent. Later etching revealed that a certain 

percentage of the indents crossed grain boundaries or were within 

five narrow diameters of grain boundaries particularly at high 

load. A histogram was constructed for each point and measurement 

was continued until a regular shape developed. 
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The microhardness values related to composition, Figure 

hi, are the peak value, the 100 gram load value, and the 1000 

gram load value, respectively. In Figure iu, the pesk values 

are compared to 30 gram load hardness values reported by Samsonov 

(187) for the boron-carbide system. The measured curve and 

Samsonov!s curve are roughly comparable. It appears that carbon 

content is a major factor in determining the hardness values in 

mixed samples. 

Sample P-72 is B^Ca and has a much higher peak hardness 

than sample P-70B which is BiaP2. Samples P-30B and P-15B have 

almost the same carbon content, and again the sample with the 

higher phosphorous (P-15) content has a lower peak hardness. 

This difference in hardness, however, may just as logically be 

assigned to sample P-30B falling on the extra hard composition 

of B^C, with sample P-1?B having just enough more carbon to miss 

that composition. 

By coincidence, graphing peak hardness as a function of 

phosphorous content produces a very straight line between the 

values of P-72 and P-70B. This can only be coincidence, however, 

and does not reflect the effect of phosphorous except at the 

compounds at the ends of the line. 

In the first four hardness curves, Figures 36 through 39, 

there is a decrease or fall-off in hardness at loads below the 

load value associated with the peak hardness. This decrease has 
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has been attributed by Grodzinki (69) to the elastic recovery 

of the indentation at low loads. He has shown that by changing 

the definition of hardness from   load needed to produce an 

area of indent to that load needed to produce a constant indent, 

this low load fall-off is eliminated. Since this region of the 

curve depends on elastic behavior, B^Pg is more elastic than 

Bi^. The curve for B^Ca showed no fall-off at all. 

Grodzinski*s theory called for a linear fall-off from 

peak hardness to zero load as a result of the elastic effect. 

In P-70B (Figure 36) and P-15 (Figure 37), the low load fall- 

off flattens out. These are the two samples with highest phos- 

phorous content. The flattening out at low loads indicates that 

pure elastic behavior is being supplemented by plastic flow. A 

possible cause of this effect might be the collection of free 

phosphorous in the grain boundaries. Such a build-up would act 

as a lubricant and enhance plastic flow by movement of particles 

at very low loads. 

The hardness seems to approach a constant value at tie 

other end of these curves. These high load values of hardness 

for such brittle materials must be examined carefully. 

In samples P-l$ and P-30B, some cracks were noted about 

indents made with a 1000 gram load. At the same load, many more 

cracks were seen for sample P-70B, The fourth sample, P-57B, 
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even had a large number of cracks around indents made with a 

liOO gram load. The remaining sample, P-72, had extensive crack- 

ing around indents made with 200 gram loads, hOO gram loads, and 

1000 gram loads. 

The more cracking seen in a sample, the lower the hard- 

ness for that sample at 1000 gram load. The 100 gram load values 

also were a function of the extent of cracking except for the 

value of P-72. An examination of Figure 1*3 shows how closely 

the 100 gram values follow the 1000 gram values e This may indi- 

cate that the extent of cracking is greater than seen in the 

microscope. 

Griffith cracks were thought to exist naturally in mate- 

rials, but Stroh (213)(2ll) has shown how a pile-up of disloca- 

tions caused by plastic flow can initiate a crack. This would 

probably happen at loads just above the peak load. Fracture 

should, therefore, be considered as part of every property 

measurement for these brittle materials when plastic flow is 

extensive. 

E. Thermoelectric Evaluation 

Measurements of the thermoelectric value of boron sub- 

phosphide have indicated (19)(15) that it might have exceptional 

properties as a thermoelectric material. To evaluate composi- 

tions, the thermal conductivity, thermoelectric power, and 



electrical conductivity must be considered separately. Then 

they must be combined in the figure of merit in which a low 

thermal conductivity and high values of thermoelectric power 

and electrical conductivity are desired. 

A comparison of the thermal conductivity curves shows 

that a sample of B^Ca (P-51, Figure h9)    has the highest set 

of values. The lowest curve is of B^Pg (P-703, Figure 16). 

The values for P-22B, Figure 50, are midway between these. 

Sample P-67B (Figure 15) is very low in carbon. It has 

a very low thermal conductivity, but it has half the phosphor- 

ous content of the B^Ps sample. 

The remaining three samples have curves that lie in the 

middle. The two highest (P-55 and P-li3) have lower carbon and 

higher phosphorous content than the third (P-28A) which has 

relatively low thermal conductivity. Based on the pure samples, 

carbide content rather than phosphide content seems to indicate 

higher thermal conductivity. In these three mixed samples, this 

is not necessarily true. This change is not unexpected if one 

considers the many structural factors that can be as effective 

as composition in modifying thermal conductivity. 

The effect of carbon content alone on thermoelectric 

power was determined by Samsonov (18?) whose results are repre- 

sented in Figure 58. The measured values (Figure 59) follow a 
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similar path. An examination of the phosphorous values printed 

}{ next to each point shows that the thermoelectric power is also 

an inverse function of phosphorous content. In both the carbon 

and phosphorous comparisons, the samples with very low carbon 

content seem to be slightly out of place. A comparison of com- 
y 

i plete curves leaves no doubt, however, aoout the trends. High 

carbon content (above 2C$) and probably high phosphorous content 

(above 30^) sppear to reduce thermoelectric power considerably. 

Below these compositions, a low carbon, moderate phosphorous (10 

to 20^) content sample will have a good thermoelectric power. 

The thermoelectric figure of merit (Z) as reproduced in 

this equation is: 

2 - tl (16) 
K 

The thermal conductivity (K) for these samples can be modified 

about one order of magnitude at best. The thermoelectric power 

(a) can be changed by a factor of 2 to 5. If one is speaking in 

nundreds of microvolts, this is still only a six-fold improvement 

in spite of the square term in the expression (16). 

The electrical conductivity at high temperatures, on the 

other hand, has a range of at least seven orders of magnitude 

in this study. It is, therefore, more important to select a 
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sample for thermoelectric application by its electrical conduc- 

tivity than by either of the other two properties. 

An examination of the figure of merit values presented in 

Figure 72 indicates that the composition B^Ca (P-5& and P-72) is 

best for thermoelectric use in the temperature range investigated 

(h00°K to 850°K). The poorest sample (P-70B) in this range had 

the composition BiaPg. 

The figure of merit curve usually starts out with a slow 

increase, then increases sharply, and finally finishes with 

another slow increase. In spite of the straightening effect 

of the logarithmic scale, the sharp increase of the top (P-& 

and P-72) curve is apparent. The mixed composition samples 

(P-li3 and P-27A), the BP sample (P-22E), and the pure phosphide 

samples(P-70B and P-67B) do not yet indicate an upturn. For 

this reason, a useful zone at high temperature is possible for 

the four low samples. 

Boron carbide (B1SC3) appears to be a good thermoelectric 

material above 700°K. Boron phosphide (B13P3) in the pure form 

(P-70B) is poor. If 3" carbon is added to this sample, the high 

conductivity of P-6LB (Figure 61) results. The extrinsic conduc- 

tivity of P-6LB and the K and a of P-70B would indicate that a 

figure of merit of 10" is possible for an impure boron subphos- 

phide. 
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Except for those of the boron carbide sample, these figures 

are not too impressive until two factors are considered. In the 

first place, the electrical conductivity should be easily in- 

creased several orders of magnitude by suitable additions of 

impurities without a proportionate change in K and a. In the 

second place, the phosphide can be used to 1200°C or more a;.u the 

carbide to perhaps 1800°C. 

It would seem that excellent p-type thermoelectric mate- 

rials with a boron carbide base could be made for use from 500°C 

to 1800°C. Probably good p-type thermoelectric materials for use 

from 500°C to 1200°C might be made with a boron phosphide base. 

The figure of merit values reported for this study do not 

support those previously obtained (19)(U5). This is because of 

the effect of surface moisture as seen in Figures hk  and 51. 

Samples preheated in vacuum gave reproducible results. 

F. Conduction Mechanism   The low potential obtained from 

the measurement of Hall coefficients indicates that these samples 

are compensated mixed conductors. If the formula, 

a « neu- (19) 

is applied to sample P-70B, the purest B^Pa specimen, a total 

room temperature impurity concentration of n - h  x 1014 car/cm3 
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To calculate this requires the assumption of a mobility figure. 

An assumed mobility of 1 cm2/vs would be in keeping with Shawfs 

(h8l) measured values for boron.    Applying the jame method to 

samples P-61B and P-56 for which Hall potentials were determined, 

produces total carrier concentrations of 5 x 1019 car/cm3 and 

7 x 1019 car/cm3, respectively.    These are the impure samples 

with the highest electrical conductivities of the compacts con- 

taining phosphorous.    The magnitude of the Hall potential in B13P3 

is approximately the same as that reported for boron. 

The sign of the thermoelectric power and the sign of the 

Hall potential both indicate that boron subphosphide samples are 

p-type above 375°K.    An element such as boron with a Group IV (C) 

or Group V (P) impurity would be expected to be n-typej yet boron 

and    all of the borostitials are p-type at high temperature. 

A surface effect might also account for the p-type conduc- 

tivity through the mechanism of a p-type inversion layer on the 

surface.    A similar p-type layer is reported by Dunlap (hi) to 

be produced on n-type germanium by exposure to oxygen, ozone, or 

hydrogen peroxide. 

A surface layer on a fine grained polycrystalline conductor 

could create a high impedance barrier between particles.    If the 

particles were of high conductivity and if each particle were sur- 

rounded by a surface of altered composition, charge carrier passage 

could be impeded. 
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The concept of a p-type layer on an n-type crystalline 

particle is compatible with observations. Such a distribution 

would create p-n junctions around every particle. These surface 

p-n junctions have both the property of readily creating rectify- 

ing contacts with attached If Ms and also of creating insulating 

barriers between particles. Rectification at attached wire con- 

tacts was observed frequently during experiments. 

Abeles (1) compared the resistivity of single crystalline 

and polycrystalline materials with the same concentration of 

impurity centers. The resistivity of the polycrystalline mate- 

rial was higher with increased boundary content because of the 

grain wall barrier action. Abeles pointed out that where resis- 

tance between grains is high, electrical resistance falls off 

rapidly es  one increases the ac frequency. This is caused by a 

capacitive shorting effect at high frequencies. 

Lagrenaudie (125) measured the conductivity of fused 

blocks of boron and AlB^ and obtained a similar response to 

frequency. He concluded that the central part of the crystal 

was more conductive than the intergranular part;, particularly at 

low temperatures. 

The high conductivity in the interior of the particle 

might be enhanced by conjugation through the crystal. The 

mobility of charge carriers would be markedly affected by both 
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conjugation and a high impedance surface layer. Mobility would 

be much greater within a well-formed crystal and the mean free 

path could extend to particle dimensions. The high impedance 

surface layer would be expected to limit strongly mobility by 

limiting mean free paths. Unless the two paths contributing to 

mobility can be separated, any estimate of mobility based on 

conductivity and Hall data is meaningless. Any great reduction 

in the mobility of a surface layer would also cause a corres- 

ponding increase in the concentration of impurity sites in the 

surface. 

Etching experiments provide further evidence of a thick 

particle surface with properties different from those of the 

bulk crystals. High purity etching studies with CdTe revealed 

the difference in reactivity of p-type and n-type material. 

In the boron subphosphide compacts, as wide grain boundary or 

surface layers were removed by etching, well-developed crystal- 

line cores were untouched. 

The small negative magnetore&istance value obtained for 

boron subphosphide probably indicates a high level of inhomo- 

geneity in the sample. Carmichael (2l) has aLso obtained a 

reverse (negative) magnetoresistance effect in vacuum fused 

polycrystalline borer, prepared from zone refined material. He 
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also reports a charge storage effect which is produced if con- 

ducting particles are separated by an insulating layer. 

The gradually changing electrical conductivity curves 

obtained in this study and reported so frequently in the litera- 

ture for boron and its derivatives are not uncommon. Such a 

curve represents an energy system of progressively changing 

barriers. As temperature is increased, more and more charge 

flows because it gradually becomes more plentiful or because it 

is more free to move as conductivity paths become more passable. 

If the gradual change in conductivity were a function of 

the availability of charge carriers, a great many closely spaced 

extrinsic energy levels would be required. The concept of tun- 

neling through a barrier might also explain enhanced movement 

with increased temperature. Higher temperatures would give the 

charge carriers an increased probability of barrier penetration. 

Another way of looking at this is to consider the Arrhenius 

equation for activation energy: 

-4E 
kT (20) 

a  = Ae 

lna = — + constant (21) 
kT 

In most semiconductor materials, the logarithm of the conductivity 

(a) is a straight line function for particular activation energies 

(AE). In this case, A is a constant. If instead, A is a function 

i 



of temperature, a curved line results. The problem then is to 

determine if A is a function of temperature because of many 

extrinsic energy levels or because of a thermal enhanced pene- 

tration of a barrier to conduction between regions of high 

conductivity. 

Shaw (198) stated that the gradual change in the conduc- 

tivity curve for boron was due to Joule heating. This is a way 

of saying that the constant (A) in the Arrhenius equation is a 

function of temperature. Shaw suggested that heating introduced 

imperfections capable of contributing charge carriers. 

Among the suggestions made to account for the sign change 

in boron, was the double-conduction-b* d theory mentioned by 

Putley (l70). Another concept, proposed by Shaw (198), was that 

acceptor and donor levels alternately contributed carriers in 

increasing numbers. A third mechanism, suggested by Rupprecht 

(l82) to account for sign change, is that of a surface effect. 

Sign change could be induced by chemically or mechanically 

treating the surface or by an anneal in an appropriate atmosphere. 

A surface mechanism is readily associated with a polycrystalline 

sample. A surface effect and a double-conduction-band theory 

might be adequate  for explaining a single change of sign but 

not for a triple change. Shaw's (198) proposal is the most 

probable one because multiple impurities and phases are known 
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to be present. A single impurity in two similar phases of dif- 

ferent composition might produce two closely spaced energy levels 

just as two different impurities might do so in one matrix. 

At the high temperature end of the conductivity curves, 

a common intrinsic slope should be approached for samples of the 

same material. That this does not se*m to happen with these 

samples indicates that several intrinsic slopes exist. The in- 

trinsic activation energies listed in Table XXV are probably low 

since measurements to over 1000°K are needed to establish accurate 

slopes. The spread in the activation energies reported in Table 

VT emphasizes the difficulty in determining this slope. The dif- 

ficulty is twofold. These curves are almost all gradually 

changing curves rather than joined straight segments. Electri- 

cally they represent a number of different compounds, not boron 

with impurities. At concentrations below those needed for com- 

pound formation, as the impurities are reduced, the properties 

approach those of pure boron. 

A low temperature (150°K to 300°K) comparison of the 

electrical conductivity curves indicates three groups of curves. 

The group of four samples with the lowest conductivity consists 

of P-70B, P-67B, P-66B, and P-62B. The first three were made from 

ultrapure material. The fourth, P-62B, was made from low carbon 

material. Only P-70B has a phosphorous content equivalent to B13Pa* 

The others have half this amount. 
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Two samples in the highest conductivity group are the 

BiaCa sample (P-71B) and the B13C3 sample (P-72). The two 

remaining samples i/» the highest conductivity group were expected 

to be in the very pure, low conductivity group. Apparently, the 

mold lining for sample P-6ÜB cracked because its carbon content 

is 3.3^. Carbon or whatever else was picked up produced a 

straight extrinsic conductivity plot probably indicating a very 

high impunity concentration. This sample is essentially BxaPa. 

Nc obvious explanation exists for the high conductivity 

of sample P-S6 (Figure 62*. Emission spectroscopy indicates 

that it nas a high manganese and silicon content, but sample 

P-62B also has these and is a low conductivity specimen. Accord- 

ing to Figure 35, the 27.?^ phosphorous content of sample P-56 

falls on a eutectic composition. This could mean greater crys- 

tallization or grain growth and thus a higher conductivity. 

The changes of sign of the Hall potential can best be 

accounted for by several extrinsic activation energy levels. 

Such a mechanism is proposed in Figure 76. The four extrinsic 

levels are shown in separate phases because of the probability 

of a surface layer of opposite sign from that of the bulk. 

As temperature is increased, the extrinsic levels shown 

in Figure 76 first release electrons and then a slightly greater 

number of holes. This cycle takes place a second time. The 
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third change of sign (P-6liB) occurs at the exhaustion point of 

the extrinsic portion of the conductivity curve. The p-type 

high temperature conductivity may be determined not only by the 

filling of the D level, but it may be augmented by having u-n > u-e. 

Throughout all of these changes, ne and nn remain almost the same. 

The conductivity changes produced by the levels extrinsic 

to the material are probably further modified by a preparation- 

induced surface layer. 

Speculation as to the nature of such a surface layer leads 

to a number of possibilities. Phosphorous is clearly present 

around the grains and in escape paths which can be seen with the 

aid of a microscope. Freshly fractured surfaces smell like phos- 

phorous as do polished and ground surfaces. The thermoelectric 

potentials supplemented by electrochemical potentials is another 

possible indication of the existence of phosphorous between 

particles. 

Phosphorous could also combine with an impurity such as 

silicon to produce a highly p-type material, phosphorous doped 

silicon. Reactions competing with the formation of such a layer 

would be the oxidation of phosphorous and the formation of a 

silicon boride. Giessen (58) has shown that phosphorous is solu- 

ble in silicon to only 1,3^ by weight at 12$C°C. This solubility 

decreases rapidly with temperature. If one thinks of compounds 
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instead of solubility, SiP, Si5P2, and Si3P4 might be formed. 

The compound SiP hydrolyzes readily and could account for the 

anomalous thermoelectric potentials. 

Other impurity elements beside silicon could behave in a 

similar manner to promote a p-type layer. 

In the decomposition of a crystalline grain, a concentra- 

tion gradient is likely to be created. Such a gradient would 

exist both in phosphorous content and in defect content. A 

high concentration of defects at the surface would, according to 

Abeles (2), increase the resistance. 

A situation paralleling that in organic semiconductors 

exists. Grains in this case are similar to the giant molecules 

of organic semiconductors. According to Clark (28) and Hoard 

(86), conjugation is possible in the crystal containing the boron 

lattice. Complete occupation of the three central sites would 

3id conductivity along conjugate paths. Vacancies would interrupt 

paths and reduce conductivity. The grain boundaries with the 

adjacent surface layer full of defects would then correspond to 

the jump distance between organic molecules. Many organic semi- 

conductors do have curved line conductivity plots rather than 

straight ones. 
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Absorption measurements by Gaule (56) indicated that 

crystalline boron can accommodate a large conc-ntration of 

gaseous impurities. Using unpublished results of experiments 

by Medcalf, Gaule showed that oxygen and nitrogen on the surface 

increased resistivity by 200* while hydrogen reduced it by 35<*. 

This was also reported by Starks (206) who found that bars of 

boron heated in hydrogen at 1200°C had resistivities as low as 

100 ohm cm at RT. The same figure increased to 10 megohms 

when the bars were heated in oxygen. Turovtseva (226) determined 

the gas content in powdered boron. He reported 0.09 to 0.25$ hydro- 

gen by weight, 0.21 to l.Ol* oxygen by weight, and 0.011 to 0.08^ 

nitrogen by weight. In the less carefully protected samples, 

carbon monoxide was thought to be responsible for much of the 

increase in carbon content. Thus one can consider a dynamic 

oxygen balance. Oxygen could be available from the boron starting 

material and carbon monoxide. Phosphorous and boron would com- 

pete for it. Oxygen then would form a boron suboxide or a layer 

of Bs03. The Ba03> according to Samsonov (187) is volatile 

between 1100°C and 13C0°C. 

Nitrogen and hydrogen could presumably be accommodated in 

the Bis lattice, but at the temperatures involved in hot-pressing, 

any impurity compounds might decompose. The boron suboxide, for 

instance, decomposes above 1750°C, according to Rizzo (175). 
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Gaseous impurities would be removed from the area around the 

sample by the helium flow or by the excess of phosphorous vapor. 

Conductivity below LOO°K d^nends on the effects of several 

extrinsic levels located close to the conduction and valence bands. 

The alternate release of extrinsic carriers is probably modified 

by a high impedance layer on the oorface of the particles. Such 

a layer can be caused by a concerrUdtion of defects or impurities 

around the high conductivity particle cores and affects the con- 

ductivity curve at both high and low temperatures. A surface layer 

can cause a curved conductivity plot by the requiring of different 

energies for penetration of the barrier or by the providing of a 

disordered layer packed with many very close surface energy states. 

In either case, a surface layer probably exists. 

If boron could be prepared with narrow grain boundaries 

and highly ordered regions on either side, straight line conduc- 

tivity plots would be expected. A similar preparation with 

volatile interstitial elements in the borostitials would be many 

times more difficult to prepare.  However, boron with almost 

straight line paths has been prepared by Eubank fli7) from ultra- 

pure samples that were vacuum hot-pressed. 

One can only speculate on the nature of the extrinsic 

levels shown in Figure 76. The impurities detected by emission 

spectroscopy could account for them. Unknown surface states 
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from absorption or defects could also explain these levels and 

final?y, natural phases from the phase diagram could act as 

impurities in the bulk material. 

G. Properties of B^Pa 

The properties of the best sample of B^Pa are summarized 

in Table XXVIII. Values of BP, B^Ca, and B^Ca are included for 

comparison. 

A comparison of Bi3P3 and B13Ca reveals that the phosphide 

has a much lower electrical conductivity and about one third the 

thermal conductivity. The phosphide is not as hard as the car- 

bide and exhibits slightly more elastic and plastic deformation. 

The thermoelectric power of the phosphide is higher as is its 

density. 

Properties of the compacts produced in the boron-phosphor- 

ous-carbon system do not follow the same pattern. Hardness 

values appear to be determined mostly by the phases of the boron- 

carbon phase d<* Tarn with phosphorous content exerting a secondary 

influence. 

Thermoelectric power depends on both phosphorous and carbon 

content apparently falling rapidly if either content becomes high. 

A wide range or composition with high thermoelectric power appears 

to exist. 
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Table XXVIII. 

Summary of the Properties of B^Pa 

Property 
B13P3 
P-70B 

BP(90<) 
P-22B 

B13O3 
P-71B 

BiaCa 
P-72,P-5h 

Density g/cm3 

Electrical conductivity 
2.7l 2.98 2.5U 2.51 

ohm"1 cm"x      RT 
800° K 

6 x 10~B 

5x KT3 
1.8 x 10~* 
0.8 

'    3.3 
100 

3.3 
U x 104 

Figure of merit 
1                 100#K 

^T               800°K 
5 x 10"10 

10-« 
5 x 10-7 

5 x 10-6 
- above 10"3 

io-s 

Grain size 
microns 3-UO 1-13 5-7 13-30 

Knoop hardness 
kg/mn?        peak 

30 gm 
100 gm 

U795 
3700 
2720 

- - 7156 
looo 
293U 

Thermal conductivity 
cal/cm°C sec 

li00°K 
800°K 

0.0U9 
0.028 

(0.0U7) 
(O.OU8) 

- (0.1$) 
0.07 

Thermoelectric power 
|iv/°C           100° K 

800°K 
210 
328 

(60) 
233 

- 68 
155 
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Thermal conductivity values probably increase with carbide 

content and decrease with phosphide content, but this is diffi- 

cult to establish. Structure effects tend to obscure composition 

effects. 

Electrical conductivity in the boron-phosphorous-carbon 

system is so complex that little can be said about it. Carbide 

content appear? to increase it while phosphide content appears 

to decrease it. Bulk composition effects, however, may be 

obscured by general impurity effects. 

H. Further Investigations 

Any further investigation of the boron-phosphorous system 

should begin with the construction of a high temperature furnace 

and a hot-press. This unit or these units should be capable of 

subjecting a sample to vacuum before pressing and capable of 

maintaining a desired pressure of phosphorous while pressing 

or reacting. 

Impurity control would be greatly aided if graphite were 

not needed inside the preparation unit and if higher purity boron 

nitride parts could be obtained. 

Test equipment (K, a, a) capable of extremely high temper- 

ature is needed to evaluate properly the thermoelectric properties 

of these compacts. 
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A phase diagram study of the boron-phosphorous system 

using Cohen's method and carefully anfilyted samples should 

confirm the presence of other compounds besides B^Pa. If, 

as indicated, other compounds exist, these should be prepared 

in pure form and their X-ray properties determined. 

To evaluate the indications of a surface effect, samples 

should be first checked for a photo effect at p-n junctions. 

The electrical conductivity should then be determined for samples 

in various atmospheres (e.g., oxygen, vacuum, etc.) and at vari- 

ous frequencies. 

Reaction hot-pressing is recommended for future sample 

preparation in the boron-phosphorous system. 

Any equipment improvement made to facilitate the study 

of probable new phases such as B^P would also be suitable for 

the investigation of new borostitials, in particular, the pos- 

sible existence of a boron subnitride. The untouched borosti- 

tials such as those containing germanium, selenium, and heavier 

elements should also be the subject of research. 



?26 

VI. SUMMARY AND CONCLUSIONS 

Hot-pressir.g BP produces a decomposition product, boron 

subphosphide, with a preferred composition of B^Pa. Since this 

is an interstitial compound, a wide range of phosphorous con- 

tent is possible, Preparation between 2000°C and 2100°C produces 

the best results, The same material can be prepared by reaction 

hot-pressing the elements. 

Addition of carbon will produce preferred compositions 

such as BiaCs and B^C, but a wide range of carbon content is 

also possiole. The compound reported as B4C or B13C3 melts 

peritectically. A solid solution range exists about each of the 

congruently melting compounds mentioned in the B-P-C system. 

Fine grained, very hard, strong compacts can be prepared from 

compositions in the S-B^Pa-B^Cg system. These have high 

thermoelectric power, moderate thermal conductivity, and an 

electrical conductivity ranging from 10"5 ohm"1cm"1 up to semi- 

metallic behavior. 

The compound BP can be hot-pressed, but bonding is poor 

without particle decomposition or the addition of a binding 

agent. A sample prepared with 10* decomposition had thermal 

and electrical properties midway between those of B13Pa and 

B13C3. 



By taking special precautions, pure B13P2 can be prepared 

with total impurities below O.l^t by weight. This material has 

the proper boron to phosphorous ratio by analysis. The solid 

solution range around this compound is from 26.5 to Jh% phosphor- 

ous. The compound has a density of 2.?U g/cm3 and, under the 

conditions of hot-pressing, usually retains the grain size (1-lU 

microns) of the starting material (BP). The pure material has a 

thermal conductivity of O.OU0 cal/cm °C sec at U00°K and a thermo- 

electric power of 210 uv/°C at li00°K. The electrical conductivity 

of the pure material at room temperature is low, 6 x 10"8 ohm"1 cm"1 

The peak hardness of B^Ca (7U56 kg/tar?) is much higher 

than the peak hardness of B^Pa (U795 kg/mm3). On the other hand, 

Bis Pa has a slightly better resistance to fracture as seen by 

comparison of the 1000 gram load values. The Bi3?2  also has more 

elastic and plastic deformation at very low loads. The hardness 

vs. load curves were analyzed and the meaning of the various 

features was explained. 

The 6^3 compact is more suitable for use as a thermo- 

electric generator than B13P3 in the temperature range from U00°K 

to 8£0°K. Mixed phosphide-carbide compacts are also less effec- 

tive than the pure carbide. Good performance at temperatures 

above 8$0°K is likely even for the B*3Pa. 
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Measurements of electrical conductivity and Hall effect 

establish that a very small Hall potential changes sign three 

times before the materials become p-type even though they might 

be expected to be n-type. These effects with that of a non- 

linear thermal response of the electrical conductivity are 

explained on the basis of a dual conduction picture. Mixed 

conduction depends on the contribution of a number of extrinsic 

energy levels for charge carriers. The movement of these is 

probably hindered by a surface layer of opposite sign to that 

of the IxLk material. 

The existence of the phase B^P is sufficiently well 

established in the boron-phosphorous system to warrant further 

study. It probably exists with a solid solution range from 

20 to 26.5$ phosphorous. 

While no bore, subnitride has been shown to exist, the 

experimental observations require further study before they 

can be explained. 

From this study, the following may be concluded: 

1. The composition Bi3P2 is not as good a thermo- 

element as BisCa which appears to be worthy of 

further investigation as a high temperature 

thermoelectric material. 
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2. The conduction mechanism in B^Pa is of mixed 

polarity and probably involves a surface inver- 

sion effect and multiple extrinsic levels. 

The electrical conductivity of pure B^Pa is 

four to seven orders of magnituae below that 

of BxaCa from 190*K to 1000°K. 

3, The hardness of Bi3Pa at low loads is only 

slightly less than that of B^Ca. An entire 

series of compositions with a wide range of 

hardness values can be produced In the B-P-C 

system. An even greater range should be pos- 

sible in the borostitial family leading to a 

» 
family of hard abrasives. 

lu Although carbon is the major impurity in the 

boron subphosphide samples, pure B^Pa powders 

and theoretical density compacts of high purity 

can be prepared. 
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