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THE BORON-CimBON SYSTEM 

ABSTRACT 

The boron-carbon equilibrium diagram has been determined by X-ray, 

metallographic, and thermal analysis of s intered and arc-cast a l loys . A single 

carbide having a ranp;e of so lub i l i t y from approximately 9 to 2tta/o carbon and 

melting congruently ex is t s in the system. The terminal so lub i l i ty of carbon in 

boron i s 0 , l -0 ,2a /o . The freezing react ion bet̂ >feen boron and the carbide i s a 

degenerate pe r l t ec t i c -cu tnc t i c reaction at the composition and melting tempera­

ture of elemental boron; there i s a eu tec t ic react ion at 29a/o carbon and 

2375''C, No al lotropy of boron was observed. 
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THE BORON-CARBON SYSTEM 

I . INTRODUCTION 

To a i d t h e s tudy of r e a c t o r components, more d e t a i l e d b a s i c informa­

t i o n was r e q u i r e d concerning t h e equ i l i b r i um i n t h e boron-carbon system. I n 

accordance w i th Cont rac t No. A T ( l l - l ) - 5 7 8 , P r o j e c t Agreement No. 1;, e n t i t l e d 

"The Boron-Carbon System," a d e f i n i t i v e i n v e s t i g a t i o n of the phase e q u i l i b r i a 

i n t h i s system was under taken . This F i n a l Technica l Report summarizes t h i s 

i n v e s t i g a t i o n f o r t h e pe r iod May 1 , I 960 , through Apr i l 3 0 , 1961. 

I I . HISTORICAL BACKGROUND 

Boron and boron carbide have been of Interest for a number of years 

because of their high hardness and resistance to chemical attack. More recently 

boron has been considered as a possible base for light, high-melting alloys, 

and boron carbide as a refractory material. 

Boron materials are also of great Importance in the nuclear field 

because of the high neutron capture cross section. Boron has been of interest 

as a neutron control and burnable poison material for many years. 

Although boron has been incorporated into reactors in many ways, the 

most common method has been a dispersion of boron carbide in a structural metal 

or alloy. The equilibrium of boron and carbon has been investigated by many 

Individuals, but unfortunately the agreement has been poor. The present inves­

tigation was undertaken as a definitive study of the equilibrium in the boron-

carbon system. 

A. Boron 

There is incomplete agreement concerning the melting point of boron. 

The first determination was made by Weintraub in 1913 in which the melting 
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(2) point was reported to be 2ii00''C. Gueilleron determined the melting point 

(3) to be 2000°-2075''C, the l a t t e r figure considered the more r e l i a b l e . Cooper^-^' 

has estimated the melting point to be between 2100'̂  and 2200''C. A l a t e r 
() ^ 

determination places the melting point at 2300°C. 

Probably no other element has been reported to c rys t a l l i ze in so 

many unit c e l l s . When elemental boron i s produced at temperatures above 1500°C, 

the c rys ta l s t ruc ture i s invariably rhombohedral (designated p-rhombohedral, 

c = 23.811A, EQ = lO.piiUA when referred t o an hexagonal l a t t i c e ) . Elemental 

boron produced at tenperatures below lOOO^C i s again rhombohedral, but in the 

form designated a-rhombohedral, c^ = 12.567lj a© = ij..908l when referred to an 

hexagonal l a t t i c e . The products of decomposition in the temperature range 

between 1000* and 1500**C are of varied c rys ta l s t ruc tu re s , A tetragonal form 

of boron is consis tent ly produced in t h i s temperature range. When boron i s 

heated at temperatures above 1500*'C, the c rys ta l s t ruc ture invar iably assumes 

that of p-rhombohedral boron. No one as yet has converted p-rhombohedral boron 

to another form by ameal lng. 

(5) 

Hoard and Newkirk^-^' have recent ly reviewed the l i t e r a t u r e thoroughly. 

I t i s t he i r conclusion that boron may be thermodynamically s table in one of 

three possible crystal formss p-rhombohedral from the melting point to a t 

l e a s t 1500®C and possibly lower, and a-rhombohedral at temperatures below 1000°C| 

a "possible" stable range for tetragonal boron (c = 5,068l, a^ = 8.7i4.0A) i s 

between 1100" and 1300°G, The many reported "a l lo t ropic" forms of boron can 

be explained by the reduction processes. Metal borides i n equilibri\im with 

boron usually are very high in boron; e . g . , MB25 '^^ poss ible . The common 

method of producing elemental boron i s by decomposition on a metal subs t ra te . 
(5) I t i s hypothesized^-^' tha t the many crys ta l forms of boron ar ise from a continued 

growth of boron atoms i n the basic configuration of the high-boron iretal boride 
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on which i t must grow. Thus, because of the exis tent k ine t ics of the produc­

t ion of boron, various monotropes rather than al lotropes of boron are produced. 

(Webster defines monotropy as "the re la t ion of two different forms of the same 

substance which have no defini te t rans i t ion point , since one only i s s tab le ." ) 

Detailed X-ray diffract ion data for te t ragonal and p-rhombohedral 

(5) (6) 

boron are tabulated by Hoard and Newkirk and by Decker and Kasper for 

a-rhorabohedral boron. 

S« The Boron-Carbon System 
(7) 

The f i r s t boron-carbon equilibrium diagram was published by Ridgway 

in 193U. He concluded t ha t "resul ts indicate tha t the boron-carbon system con­

s i s t s of three phases; boron, a compound in the neighborhood of B. C, and 

graphi te ." There was no evidence to indicate a range of so lub i l i ty for the 

compound. An indicat ion of the melting point of the carbide was given in tha t 

the reacted products were l iquid at 2500-2600°C. Prior to the invest igat ion of 

Ridgway, as a resu l t of the work of Moissan, i t was commonly believed that 

boron carbide had the formula B/C. 

The c rys ta l structure of boron carbide has been determined to be 
(9-12) rhombohedral. The l a t t i c e parameters on the basis of the equivalent 

hexagonal indexing are a.^- 5.60A and CQ = 12.121. 
A more comprehensive determination of the equilibrium in the boron-

(13) 
carbon system was made by Meerson and Samsonov.^ ' Compositions in the range 

10-50 weight per cent carbon were produced by s inter ing boron carbide with 

e i ther carbon or elemental boron. On the basis of metallographic. X-ray dif­

fract ion and thermal analyt ical techniques, i t was concluded t ha t the carbide 

Bj C was formed by the pe r i t a c t i c reaction L + B —> Bj C a t 2250°C. On the 

basis of a range of parametric values , i t was suggested that the carbide might 

have a range of so lub i l i t y . A eutect ic react ion L —> B[̂ C + Graphite a t 2l50°C 
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and 30.2w/o carbon was reported. If the thermal data of these authors are 

exbropolated, a melting temperature of approximately 2500°C is indicated for 

elemental boron. 

Considerable amount of research has been done ©n the alloying charac-

(12) 
teristics of boron carbide. Clark and Hoard^ ' point out that by interstitial 

substitution of boron in holes in the boron carbide structure a range of solid 

solutions from Bj cS> to B. C (17«7 to 20a/o C) is possible, Russian investiga-

(lii =16) tors have shown that solid solution formation occurs by substitution 

with covalent bonding forming B__C- (l2,3a/o C)„ This has been verified by 

(17) 

Allen. On the basis of l i nea r var ia t ion of X-ray dif f ract ion l ines Post 

et a l . conclude tha t the so l id so lub i l i t y region of boron carbide exis ts 

from at l ea s t U to 28a/o carbon. 
(19) SsBnsonov e t a l . have presented a boron-carbon phase diagram 

based on microscopic and X-ray diffract ion data of hot pressed compacts. The 

thermal data, p e r i t e c t i c react ion, and eutect ic react ion of Reference 13 were 

incorporated. These invest igators accept ».2075°C as the melting point of boron. 

In order that t h i s be consistent with t h e i r pe r i t e c t i c react ion, i t i s necessary 

for them to postulate tha t two boron carbides exis ts—sol id solutions based on 

the stoichiometric compositions B, C and B -C . No metallographic or d i f f r S t i o n 

evidence i s presented to substant iate the bifurcation of the boron carbide 

solid solut ion. A t h i r d carbide BjfjCjjj ex is t ing at approximately 52w/o carbon 

fonned by p e r i t e c t i c reaction i s reported. The eutect ic reaction thus i s 

re-evaluated to be L —> Bj||C-solid solution + 6^0^. No experimental e'^ddence 

i s given t o support the eutect ic react ion L ™> B + B]_5C2-solid solut ion a t 

approximately 2w/o carbon. 
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Zhuravlev proposes that a single carbide, which congruently 

melts, exists in the composition range 5-2l|.w/o carbon. The carbide previously 

(21) 

designated B^Cĵ  is positioned at 68-69w/o carbon. Samsonov r e j ec t s the 

proposal for a s ingle carbide in the range 5-2li per cent on the basis of pre­

vious p e r i t e c t i c melting data. 

Figure 1(a) depicts the boron-carbon phase diagram as determined \sj 
(21 22^ 

Russian investigators and as summarized by Samsonov. ^ 
(23) 

The complete boron-carbon diagram has been reported by Dolloff. 

This diagram,Fig. l (b) , shows but a single carbide melting congruently and 

having eutec t ics with boron and graphi te . The determination was by photoelectr ic 

and d i f f e ren t i a l thermal analysis ; metallographic and X-ray di f f ract ion tech­

niques were used to supplement these data. The diagram presented by Dolloff 

i s not documented with experimental data; i t i s therefore d i f f i cu l t to adjudge 

the qual i ty of the determination. With respect to the boron-carbon diagram 

in Fig . l ( b ) , the following should be noteds ( l ) The eu tec t ic composition at 

1-2 per cent carbon was determined by extrapolating the l iquldus to t he eutect ic 

temperature. The microconstltuents taking pa r t in the eutect ic react ion were 

established by micrographic and X-ray techniques, (2) The melting point of 

boron was determined as 2130 ± 20"G; however, the pur i ty of the boron was only 

98.9^. (3) The r e s t r i c t e d so lub i l i t y of boron carbide at temperatures below 

1800°C i s not discussed, (I;) The high boron so lub i l i t y l imi t of the boron 

carbide i s s ta ted i n the t ex t to be approximately 10a/©, but indicated on the 

diagram as approximately lUa/©. 

The two different versions of the boron-carbon phase diagram 

suggested by the above data are shown in Figure 1. That presented i n Fig . l ( a ) 

i s based on melting point determinations in the range 10=50 per cent and on a 

large amount of speculation with regard t o alloying charac te r i s t i c s of boron 
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carbide. The boron-carbon diagram of Fig , l (b) i s apparently a complete 

experimental determination of the equilibrium; however, the lack of documenta­

t ion of the data does not allow i t s v a l i d i t y to be es tabl ished. The def in i t ive 

invest igat ion of the equilibrium as determined by the present study was very 

much needed. 

III. EXPERIMENTAL PROCEDURES 

A. Compositions and Alloys 

A combination of experimental techniques are required for a def in i t ive 

delineation of phase equ i l ib r i a . For the determination of the boron-carbon 

system a combination of metallographic, X-ray di f f ract ion, and thermal ana ly t i ­

ca l techniques was used. Both s in tered compacts and arc-melted specimens were 

required. 

In general, the puri ty of boron that has been used by previous 

invest igators has been l e s s than 99%,> For a def in i t ive determination of the 

phase equ i l i b r i a high"=purity components are necessary. Two sources of powder 

were used for production of working a l loys . Analyses were supplied as follows? 

Boron 
Carbon 
Iron 
Sllieon 

Cooper Metallurgical 

99,6^ 
0,09 
0,12 
=,„ 

Shieldallo^ 

99,65^ 
.==. 

0,15 
0.10 

Very high puri ty boron was obtained for the determination of the 

so lub i l i t y l imi t of carbon in boron and for the investigation- of a l lo t ropy of 

boron. A quantity of high puri ty boron was obtained from the General E lec t r ic 

Company. This mater ia l , which had been produced under contract , had the 

following analysisJ 
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Ojqrgen <0 .01^ 
Hydrogen 0.02 
Ni t rogen <0,003 
Carbon 0,05 
Tantalum 0,02 
Other 0 .01 

Boron + Carbon 99^91 % ( d i f f e r ence ) 

A small q u a n t i t y of s u p e r - p u r e , zone- re f ined boron was purchased 

from the Eag le -P icher Lead Co, This ma t e r i a l by spec t rog raph i c a n a l y s i s showed 

no contaminat ion , a l though t h e manufacturer e s t ima ted i t t o be contaminated to 

the ex ten t of a t o t a l of 10 p a r t s p e r m i l l i o n , 

S p e c t r o s c o p i c a l l y pure g r a p h i t e was obta ined from the Na t iona l 

Carbon Co, Th is m a t e r i a l conta ins 0 ,001^ ash. 

Attempts t o a rc melt compacts of boron and g r a p h i t e were unsuccess fu l . 

I t was necessary t o s i n t e r p r i o r t o arc me l t i ng . 

Ten-gram a l l o y s were weighed from boron powder and g r a p h i t e . Powders 

were then thoroughly blended by mixing i n a mor ta r and p e s t l e and subsequen t ly 

b a l l - m i l l e d for twelve hours . Compacts were made by cold p r e s s i n g i n a l / 2 i n , 

diameter d ie wi th a load of 20,000 p s i . Compacts were wrapped i n tantaltxm f o i l 

and s i n t e r e d f o r ten minutes i n a dynamic vacuum which was maintained a t 0 , 1 

micron. Rout ine ly a s i n t e r i n g tempera ture of 1600*'C was employed, a l though f o r 

X-ray de te rmina t ion of phase boundaries compacts were s i n t e r e d a t 2000"G. I t 

was e s t a b l i s h e d by v i s u a l i n s p e c t i o n and X-ray examination t h a t s i n t e r i n g would 

not take p l ace a t 1200''C. No vigorous exothermic r e a c t i o n s were observed 

during t h e s i n t e r i n g o p e r a t i o n . There was no i n d l e a t i o n of contaminat ion from 

the t an ta lum wrapping. 

S i n t e r e d compacts were arc mel ted on a wate r -coo led copper c r u c i b l e 

i n an argon atmosphere. S ince t h e s i n t e r e d compacts were of uniform composi t ion, 

i t was unnecessary t o melt r e p e a t e d l y as i s o r d i n a r i l y done to i n su re homogeneity, 
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Weight losses occurring in the arc melting operation were d i f f i cu l t t o evaluate 

accurately s ince, i n p a r t , t h i s represented material that was l o s t mechanically 

as a r e su l t of the extremely b r i t t l e nature of the charged and melted composi­

t ions . 

A ser ies of d i lu te alloys were made for the determination of the 

so lub i l i t y l imi t of carbon in boron. These alloys were made with high-puri ty 

boron and a $% master a l loy. 

Chemical analyses were used t o verify that arc-melted compositions 

did not grossly differ from the nominal compositions. Carbon analyses were 

made by standard combustion techniques in which the resul t ing CO2 i s e i ther 

weighed or i t s volume determined under known condit ions. Boron was determined 

by prec ip i ta t ion of the Mannitol-borate complex from boric acid formed by the 

fusion of the boron-carbon sample in sodium carbonate. Carbon which Interferes 

with such a determination i s expelled as carbon dioxide. 

Chemical analyses of arc-melted compositions are presented in Table I . 

In general, analyses verify that there i s not a great loss of the charged con­

s t i t u e n t s . Carbon analyses for the di lute alloys i n general are unre l iable . 

For compositions containing greater than 0.2w/o carbon the agreement i s generally 

good. On the basis of the general qua l i t a t ive and occasional precise agreement 

of the carbon analyses with the nominal compositions i t i s concluded that the 

analy t ica l method i s the source of error and that in r ea l i t y the t rue composi­

t ion i s very close to the nominal composition. Carbon and boron analyses "for 

the compositions in the range of boron carbide are fur ther subject to e r ror as 

a r e su l t of sampling since gross segregation often occurs in arc cast ing, 

B. Heat Treatment 

Isothermal heat treatments were performed at temperatures from 900° 

to 2300''C. In the temperature range 900®-1200°C specimens were sealed i n quartz 
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bulbs and annealed in wound-resistance tube furnaces in which the temperature 

is controlled +2''C. A partial pressure of argon or helium was used to prevent 

collapse of the bulb. Heat treatments at lUOCC and above were performed in 

tantalum tube resistance furnaces; specimens are suspended by tungsten or tan­

talum wire or supported in a refractory metal basket in the hot zone of the 

furnace. Temperature is controlled and monitored optically. After initial 

evacuation to 0.05 microns an atmosphere of argon was maintained in the furnace 

chamber in order to minimize vaporization of the specimen. (Preliminary experi­

mental work established that both sintered and cast specimens volatilized 

excessively when heated in a vacuum for long periods of time.) 

Except for the quartz-encapsulated specimens. Isothermal heat treat­

ments of multiple specimens were not water quenched. Specimens cool to a black 

heat in approximately seven minutes. 

C. Metallography 

Metallographic specimens were made by the conventional technique of 

mounting in bakelite or luclte. Preliminary studies were made to determine a 

satisfactory method of polishing. The conventional procedure employing a 

succession of silicon carbide grits followed by diamond and alumina, all on a 

Buehler "Automet," was unsatisfactory. There was excessive chipping of the 

second phase of a two-phase structure; even more distressing was the inability 

to obtain a flat surface by such processing. 

With the assistance and suggestions of personnel of Adolph Buehler, 

Ltd., a satisfactory process has been developed. The following grinding and 

polishing is on automatic polishing equipment; 
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1, Grind with 320 g r i t "Norbide" boron carbide on cas t 
iron wheel (no cloth) o i l veh ic le , 30 minutes. 

2, Grind with 30(1 diamond on bake l i te disc (no cloth) 
o i l vehic le , 60 minutes. 

3 , Final polish with Linde A alumina on s i l k , water 
vehic le , ii5-60 minutes. 

This procedure has enabled a f l a t surface t o be obtained without 

excessive fragmentation and chipping away of the non-matrix phase. Even with 

special polishing procedures there i s a degree of r e l i e f etching. No etching 

medium has been found to del ineate s a t i s f a c t o r i l y the grain boundaries. However, 

by etching with equal parts of n i t r i c acid, hydrofluoric acid, and water for 

three to four minutes i t i s possible to del ineate more precisely multiphase 

specimens. Alloys r icher in carbon than the carbide do not require etching, 

D. X-Ray Diffraction 

Sintered or arc cast alloys were crushed to -200, +325 mesh for 

X-ray examination. Straumanis type cameras of IIJ4..59 mm diameter were used 

throughout the program with n i cke l - f i l t e r ed copper radia t ion. A l imited number 

of X-ray studies were made with a Norelco diffractometer, but these were not 

as useful as the powder pa t t e rns , 

E, Melting Temperature Determination 

Because of the reactive natxire of boron and boron-carbon alloys with 

refractory materials and metals, the determination of accurate melting tempera­

tures was exceedingly difficult. Optical techniques are used for the determina­

tion of the melting temperatures. A specimen is placed in a high-temperature 

resistance furnace and slowly heated as it is observed through an optical pyro­

meter. The temperature of Initial melting is usually easy to observe since 

sharp corners become rounded; the determination of the temperature of complete 

melting is less reliable. 
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Specimens were supported in the furnace either suspended on a 

refractory wire, or supported in a crucible of graphite or boron nitride, an 

extremely refractory and inert substance. 

Boron nitride cannot be produced in solid forms unless approximately 

5w/o boron oxide is used as a binder. Prior to using the boron nitride, the 

boron oxide was reduced by heating for eight hours in a hydrogen atmosphere 

at 1500°C. The boron nitride was then further outgassed by heating slowly 

to 2000''C in vacuum. 

Melting point determination of elemental boron was done either in 

boron nitride or suspended by wire since it was not desired to contaminate 

with carbon. Graphite crucibles were satisfactory for the determination of 

the incipient or first melting temperature in the compositional ranges between 

boron and boron carbide, and between boron carbide and graphite. 

Determination of melting temperatures of the carbide was extremely 

difficult. Boron nitride could not be used since it formed a liquid phase 

which sweated out at tenperatures above 2200°C. (This phenomenon could possibly 

result from residual boron oxide binder that had not been decomposed.) Speci­

mens tended to carburize from the graphite crucible, and the melting tempera­

ture characteristic of the graphite-carbide eutectic would then be observed 

rather than the true melting temperature of the alloy. Boron carbide reacts 

with molybdenum and tantalum at these temperatures. The most accurate measure­

ments of the melting temperature of the boron carbide were made by heating 

rapidly to minimize the effect of alloying with the crucible or metal support. 

In this way an Indication of a lower limit of the true melting temperature was 

determined. 

The determination of melting temperatures by techniques in which 

the temperature is continuously increased may be termed "dynamic". In contrast, 
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a limited number of cross checks were made by "static" methods. In such a 

procedure several compositions bracketing the solidus or liquldus are iso-

thermally heated in a small crucible containing multiple cavities. Subsequent 

to the annealing, macro- or microscopic examination of the specimen will 

ascertain whether it was all liquid, all solid, or liquid plus solid during 

the isothermal treatment. The solidus or liquldus boundary may thus be bracketed 

if suitable compositions are chosen. Because of the extreme reactivity cf 

boron-carbon alloys, such a technique could only be used to distinguish melting 

from non-melting. 

IV. THE PHASE DIAGRAM 

A. Allotropy 

On the basis of extensive isothermal heat treatment of elemental 

boron, i t must be concluded tha t p-rhombohedral boron i s s t a b l e . These exper i ­

ments are summarized in Table I I . If e i the r a-rhombohedral or te tragonal boron 

are true a l lo t ropes , the transformation is cer ta in ly extremely sluggish. Any 

c rys ta l l ine form of boron other than p-rhombohedral as a consequence need not 

be considered in regard to the boron-carbon system, A typ ica l pat tern of 

p-rhombohedral i s compared to a published standard pat tern in Table I I I . 

B. Phase Equi l ibr ia 

The nature of the phase diagram of the boron-carbon system was 

established by metallographic invest igat ion of three se r ies of arc-melted 

a l loys , 

The f i r s t ser ies of alloys made from Shle lda l loy boron consisted 

of compositions at 2a/o in terva ls up to 30a/o C, plus the compositions ii.O, 50, 

and 75a/o C, From the mlcrestructures of these compositions, as cast and 
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annealed at l500® and 1950®C, the features of the boron-carbon diagram were 

established. The observed microconstltuents are summarized in Table IV. 

As-cast alloys up to l8a/o showed carbide and a boron matrix in 

coexistence. The amount of carbide mlcroconstituent reached a maximum at l 8a /o . 

No evidence of e i ther eu tec t ic or pe r i t ec t i c freezing was observed. Alloys 

from 20 through 28a/o carbon showed decreasing amounts of pro-eutect ic carbide 

in a carbide-graphite eutect ic matrix; alloys containing 30, UO, 50, and 75a/o 

carbon showed pro-eutect ic graphi te . From the east a l loy s t ruc tures i t was 

concluded t h a t there was but one compound in the boron-carbon system and t ha t 

the carbide and graphite formed a eutec t ic at approximately 29a/o carbon. 

X-ray diffract ion studies confirmed that the microconstltuents were 

boron, carbide, and graphite , respect ively. 

The arc-melted alloys in the composition range 0-lOa/o carbon showed 

segregation on cas t ing. This segregation made subsequent annealing and melting 

point determinations d i f f i cu l t since the average composition in small portions 

of cast ingots would deviate appreciably from the nominal composition. Segrega­

t ion was most pronounced in the more d i lu te a l loys . 

Figures 2, 3, and ii show the cast mlc res t ruc ture of the nominal 

2a/o carbon alloy at magnifications of 25, 100, and 1000 diameters. At 25X 

the complete cross section of the metallographic sample i s shown. The segrega­

t ion of the microconstltuents i s apparent. The photomicrographs at lOOX and 

lOOOX show the equilibrium between the carbide and boron matrix. I t should be 

noted especial ly tha t there i s absolutely no indication of e i ther p e r i t e c t i c 

01* eutect ic reaction. 

Figures ^-9 show typ ica l mlcrostructures of cas t alloys of composi­

t ions containing 6, 16, 20, 28, and iiOa/o carbon. The mlcrostructures of 
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Figures 3 and 6 (2 and 6a/o carbon) are noticeably s imi lar ; however, the micro-

consti tuents of the 6a/o alloy are f a i r l y uniformly d is t r ibuted while those of the 

2a/o alloy are grossly segregated. The l6a /o a l loy i s t yp ica l of al loys in 

the range 10-20a/o carbon in which there are large quant i t ies of the gray 

carbide surrounded by a matrix of cream-colored boron. The 20a/o alloy shows 

carbide with grain boundary carbide-graphite eutec t ic formation. The so lub i l i t y 

extent of ihe carbide phase i s d i f f i cu l t to del ineate precisely by metallographic 

means. The graphite-carbide eutect ic tends to degenerate when i t i s present 

in small amounts. Such a degenerate eutect ic consist ing of t i ny graphite 

f lakes i s d i f f i cu l t to dis t inguish from normal cracking. 

The composition of the carbide-graphite eutect ic i s positioned at 

29a/o carbon; cast s t ructures containing 28 and 30a/o carbon showed pro-eutect ic 

carbide and graphite , respect ively. Figure 8 i s typical of carbide in a matrix 

of the eu tec t i c . Pro-eutect ic graphite grows in to a p la te s t ruc tu re , giving 

a needle appearance in cross sect ion. Figure 9" 

Microexaraination of specimens annealed at 1950® and l500''C revealed 

tha t the carbide has an extended range of sol id so lub i l i ty . Other than for 

equi l ibra t ing the non-equilibrium co-existent phases in the composition range 

of approximately 10-20a/o carbon, heat treatment did not a l t e r the micro-

s t ruc tures . There was no spheroidization of carbides or p rec ip i ta t ion of 

carbide from the boron sol id solut ion. Figure 10 i s typica l of t h e homogenized 

alloys in the range of 10-20a/o carbon. I t i s noted tha t there i s excessive 

cracking in t h i s specimen. I t was suspected tha t th is cracking resul ted from 

mounting in bake l i t e ; however, subsequent specimens in t h i s composition range 

were mounted in luc l t e with no diminution in cracking, I t must be presumed 

that the cracking arose from the annesllng operation, 
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A second series of boron-carbon alloys was melted and annealed in 

order to study more carefully the solidification of boron carbide. These alloys 

were prepared at l/2a/o Intervals between 9 and 21a/o carbon. The metallographic 

examination of these alloys, as presented in Table V, enabled the composition 

of congruent melting to be established as l8.5-19.0a/o C, Alloys from this 

series, supplemented with alloys from the first serie^ were annealed at 1200°, 

1600", 1950°, and 2300°C to establish carbide solubility limits. Although 

such data are not best suited for the determination of solubility limits because 

of the segregation on casting, it is clearly indicated that the solubility 

limits do not vary appreciably as a function of temperature. 

A third series of dilute carbon alloys was prepared in order to 

evaluate the solubility limit of carbon in elemental boron. The observed 

microconstltuents of these alloys, listed in Table VI, establish that the 

solubility limit is between 0,1 and 0,2a/o carbon. Typical mlcrostructures 

of the carbide in the boron matrix are given in Figures 11 and 12 for 0.3 and 

0.6a/o carbon. Again, it is noted that there is no sign of peritectic or 

eutectic reaction. 

Alloys in the range 10-20a/o carbon at times showed a very small 

amount of a white mlcroconstituent, usually at grain boundaries. Attempts were 

made to identify this by the use of a microprobe analyzer, but only with very 

limited success? because of the poor electrical conductivity of the boron 

carbon sample, the unidentified phase was soon burned away when the mlcrobeam 

was focused on it. A higher scattered electron image indicated that the uniden­

tified material was composed of elements other than boron and carbon and hence 

was unrelated Lo the nhase diagram. 

The observed metallographic data are presented graphically in 

Figure 13. 
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C. Melting Temperatures 

Melting data for the boron carbon alloys are summarized in Table VII 

and plot ted in Figure li t . From these data 2075''C i s taken as the temperature 

of the three-phase equilibrium between boron, l iqu id , and boron carbide; the 

temperature of the eutect ic reaction L„g / „ —> Carbide + Graphite i s es tab­

l i shed as 2375°C. 

The extreme reac t iv i ty of boron carbide T«ath other refractory metals 

prevented an accurate determination of the melting temperature of boron carbide. 

From the trend of the liquldus a melting temperature of 2li.50°C i s indicated. 

This i s consistent with incipient melting temperature of 2li.20-2lt30°C in 

Table VII, 

Melting temperature experiments gave no indicat ion of a eutec t ic 

reaction at a composition of l -2a/o carbon. Sintered alloys with nominal com­

posit ion 1, 2, i|, 6, and 8a/o were heated slowly in a boron n i t r i d e crucible in 

an attempt to observe i f ore composition would melt at a lower temperature 

than the others. With the exception of the 8a/o composition, a l l melted a t 

2075"C, 

No evidence 5 e i ther metallographic or melting, substant ia tes the 

eutect ic reaction between boron, l iqu id , and the carbide phase at a composition 

of l -2a/o carbon and at a temperature appreciably lower than the melting point 

of boron as has been reported by others, ' The experimental evidence of 

th i s invest igat ion supports a degenerate eu t ec t l c -pe r i t ec t i c react ion in which 

the l iqu id composition is the same as the so l id (boron) and in which the 

temperature of the reaction i s iden t ica l with the melting temperature of boron. 

D. Solubi l i ty Limits of Boron Carbide by X-ray Diffraction 
(-ifi\ 

In a method similar to tha t used by Post e t aL, the so lub i l i t y 

l imi ts of boron carbide were establ ished by X-ray parametric means. In t h i s 
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method the Bragg angle of s intered compacts are p lo t ted as a function of 

composition; the angle var ies continuously in the single-phase f i e ld and i s 

constant in the two-phase f i e lds . 

Preliminary invest igat ions with the low angle l ines used by 

Post e t a l . yielded inconclusive da ta . . Attempts to refine the data by the 

use of an X-ray diffractometer to measure the angle - and leas t -squares solution 

to calculate the parameters were also unsuccessful in delineating the so lub i l i t y 

l imi t s , 

Ths use of an intense back-reflection l ine of the sintered boron-

carbon compacts proved to be idea l for such a determination. This l i n e at a 

Bragg angle of approximately 75" i s out of the range of the diffractometer, 

and so film techniques were required. High angle l i n e s , i f resolved, are best 

for the determination of l a t t i c e parameters for two reasons: (a) the absolute 

value of angular var ia t ion with parameter i s la rge so tha t observation errors 

are minimized, and (b) the systematic errors arising from absorption are small. 

Compacts of boron and graphite containirg 0 .5 , 1,0, 1.5, 2 .0 , 3 , 5 , 

7, 10, 12, 111., 16, 18, 20, 2ij., 28, and 30a/o carbon were s intered at 1600° and 

JOOO'C in argon for a half hour . Since s in ter ing does not occur at 1200''C, 

compacts s intered at 1600®C were annealed at 1200° to provide data per t inent 

to the l a t t e r temperature. A l imi ted number of specimens were also reannealed 

at 2280"C to provide the so lub i l i ty l imit at a temperature near the graphite-

carbon eutect ic temperature. 

The Bragg angle of the back-reflection l ine varied l i n e a r l y with 

the carbon content i n the composition range 10-l8a/o carbon. These data are 

plot ted in Figure l 5 . A least-squares solut ion of these data y ie lds the 

following equation: 
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9 - 0.2607X + 71.22 

where 6 i s the Bragg angle and X i s the composition of the compact in atomic 

per cent carbon. In making t h i s solut ion the datum l8a/o C-1200°C was eliminated 

since i t appeared t o have greater experimental error than the other data. 

Observed Bragg angles in the boron + carbide and carbide + graphite 

phase f i e lds were averaged and the composition of the saturat ion calculated. 

Data in the carbide + graphite f i e l d enabled a very accurate determination of 

the high-carbon so lub i l i t y l imi t to be calculated; interference from p-rhombo­

hedral boron pat tern did not permit many data to be averaged to obtain the 

low-carbon so lub i l i ty l imi t . 

A comparison of the observed pat tern of boron carbide with published 

data i s made in Table VIII . 

The observed data for the parametric determination of the so lub i l i t y 

l imi ts of boron carbide are p lo t ted in Figure 16, From these data, the following 

so lub i l i t y l imi ts were calculated? 

Solubi l i ty Limit, a/o C 

2280*'C 
2000 
1600 
1200 

Low Limit 

__ 

9,li 
9,1 
8,8 

High Limi-

19.9 
19,8 
19.9 
19; 8 

The Bragg angles cf a rc-cas t a l loys also were measured (Fig. I6e ) . 

These data are in agreement with the s in tered data supporting a maximum so lub i l ­

i t y of 19,9a/o carbon, at the eutect ic temperature. 

The so lub i l i t y data as determined by the X-ray technique are p lo t ted 

on Figure 13, The phase boundary of the carbide has been drawn through these 

data. Because of segregation occurring on casting boron-carbon a l l oys , i t i s 

believed that the boundaries determined by X-ray techniques are more accurate 
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than those determined by metallographic examination. Sintered alloys are 

homogeneous and wi l l deviate from the nominal composition l e s s than arc-cas t 

allojra. The metallographic determination of the so lub i l i t y l imi ts must not be 

minimized, however. Although subject to error ar is ing from the non-equilibrium 

conditions on cas t ing, the metallographic specimens support a single boron 

carbide with approximately the same composition l imi t s as determined by X-rajrs. 

V. MECHANICAL PROPERTIES 

Boron and boron carbide, both in the s intered and arc-cas t condition, 

are extremely b r i t t l e mater ia ls . No trend in hardness or f r i a b i l i t y was observed 

in the routine handling of the a l loys , 

Microhardness readings were made of cast a l loys . With 100 and 200 

gram loads specimens often cracked at the indentor; however, loads l e s s than 

100 grams yielded such small indentations tha t the diagonals could not be 

determined accurately. Typical values of hardness are recorded in Table IX. 

I t w i l l be noted that hardness readings made with a 200-gram load are l e s s 

than those made at 100-gram load . This can be a t t r i bu t ed to a greater amount 

of microcracking tha t ex i s t s for the greater load. 

VI. DISCUSSION 

The phase diagram as determined in th i s def ini t ive inves t igat ion 

differs from both those diagrams previously published. In general , however, 

the diagram i s very s imilar to tha t determined ty Dolloff, with the following 

points of agreements 

(1) A single carbide melting congruently 

(2) The temperature of the three-phase reaction 
between boron, carbide, and melt, 

(3) The eutect ic temperature between carbide, melt, 
and graphitej the composition of the eutect ic i s 
in approximate agreement. 
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The diagram differs from that of Dolloff in the followings 

(1) No eutectic reaction is observed at 1-2^ carbon, 

(2) The sClubility limits of boron carbide are not 
restricted to a narrow composition range below 
1800°C, This has been verified by X-ray diffraction 
and metallographic examination (Figure 10.) The 
solubility limits of boron carbide were determined 
at even lower temperatures than determined by 
Dolloff and no restriction was indicated. 

(3) Boron does not dissolve more than 20a/o carbon at 
the eutectic temperature. 

Inasmuch as the diagram published by Samsonov is based mostly on 

speculation, it is not surprising to find points of disagreement, namelys 

(1) A single carbide is observed in the composition 
range of less than 20a/o C in ccmparison to two 
reported by Samsonov, 

(2) No supercarbide B̂ Ĉ ĵ  is observed, 

(3) The eutectic temperature between carbide and 
graphite is observed to be 2375''C in comparison 
with 2125°G for the comparable eutectic observed 
by Samsonov. 

The eutectic composition of 29a/o carbon (31w/o) is in agreement 

with the eutectic composition determined by Samsonov, 

VII. SUMMARY 

The phase diagram presented in Figure 17 incorporates the experi­

mental data previously discussed in t h i s paper. Sa l ien t features of the diagram 

are as followss 

(1) A single carbide of boron e x i s t s . This has a i" 
rhombohedral s t ructure and an approximate so lub i l i t y 
range from 9 to 20a/o carbon. The carbide melts 
congruently a t a temperature of approximately 2ii.50°C 
at l8 .5a /o carbon, 

(2) The sol id so lub i l i t y of carbon in boron i s between 0 .1 and 
Oi2a/o. p-rhombohedral boron was found to be stable a t 
a l l temperatures above 900°C; no al lotropy of boron was 
noted. 
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(3) Boron-carbon al loys in the range 0-9a/o carbon 
freeze by a degenerate eu tec t i c -pe r i t ec t i c 
react ion a t 2C7^*'C. 

ih) Alloys r icher in carbon than boron carbide freeze 
by the eutect ic react ion 

Lon / r. ~-> Carbide-„ o / ^ * Graphi te 29a/o C 19.9a/o C ^ 
at 2375°C« 
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TABLE I 

CHEMICAL ANALYSIS OF COMPOSITIONS 

Nominal Carbon 
a/o 

0.075 

0 , 1 

0.2 

0.3 

0 .6 

2 .0 

6.0 

12 .0 

18 .5 

19 ,0 

19 .5 

20.0 

22.0 

28.0 

30 .0 

Composition 
w/o 

0.083 

0 .111 

0.222 

0.333 

0.666 

2.215 

6.616 

13.1I16 

20.125 

20.658 

21,190 

21.722 

23,8li3 

30 ,151 

32.236 

Analyzed Composition 
Carbon, w/o 

Outside Firm 

2,75 

7,02 
6.95 

21,85 

23.08 

29,85 

ARF 

0,332 
0.170 

0.18U 
0,3ii7 

0.2li0 

0.212 

0 .886 
0.668 

17,52 

20.hh 

21,It2 

Bor( 3n, w/o 
ARF 

96.6 

8I108 

81.76 

78.81i 

78.ii8 

78.31; 

72.01; 

68 ,6 
68.5 
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TABLE I I 

Condit ion 

As-rece ived 
Loose powder 
Loose powder 
Loose powder 
Loose powder 
Arc c a s t 
Arc c a s t 
Arc c a s t 
Arc c a s t 

powder 

Compacted powder 

As-rece ived powder 
Compacted powder 
Arc c a s t 

As- rece ived 
As- rece ived 
As- rece ived 
As-rece ived 

As-rece ived 
As-received 
As-received 
As-received 

s o l i d 
s o l i d 
s o l i d 
s o l i d 

s o l i d 
s o l i d 
s o l i d 
s o l i d 

TO 

Time, 
h r 

__ 
168 

1;8 
72 
h 

c o _ 

6 
6 
6 

1/2 

0 , = . 

1/6 
=•-

<=><» 
720 
720 
720 

« , - . 

720 
720 
720 

SUMMARY 01" INVESTIGATION 

ASCERTAIN ALLOTROPY OF BORON 

Temp, 
V Furnace 

S h i e l d a l l o y 

__ 
900 
950 

1100 
1100 

— 
ll;00 
1500 
1600 
2000 

=.̂  
1600 

-=" 

oatsa 

Globar 
Globar 
Globar 
Globar 

__ 
Vacuum-resis tance 
Vacuum-resis tance 
Vacuum-resis tance 
Vacuum-resis tance 

Cooper 

_=. 
Vacuum-resis t a m e 

— 

General E l e c t r i c 
«,_ 

1000 
1100 
1200 

E 

=,«. 
1000 
1100 
1200 

==.= 
Muffle 
Muffle 
Muffle 

ag le -P icher 

—=, 
Muffle 
Muffle 
Muffle 

Conta iner 

__ 
Quartz tube 
Quartz tube 
Quartz tube 
Quartz tube 

~_ 
Ta package 
Ta package 
Ta package 
Ta package 

»_ 
Ta package 

- -

__ 
Quarts •*• 
Quartz"*" 
Quartz"^ 

_« 
Quartz* • 
Quartz"*" 
Quartz •*• 

S t r u c t u r e 

p-Rhomb. 
P-Rhomb. 
p-Rhomb. 
P-Rhomb. 
P-Rhomb. 
P-Rhomb. 
P-Rhomb. 
p-Rhomb. 
p-Rhomb. 
p-Rhomb. 

p-Rhomb. 
p-Rhomb. 
P-Rhomb, 

p-Rhomb. 
p-Rhomb. 
p-Rhomb. 
p-Rhomb, 

p-Rhomb, 
p-Rhomb, 
p-Rhomb. 
p-Rhomb, 

Boron samples were packed in boron powder to minimize any contamination 
during annealing. 
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TABLE I I I 

COMPARISON OF OBSERVED p-RHOMBOHEDRAL 

BORON PATTERN WITH PUBLISHED DATA 

Publ i shed Data"" ARF Data 
hk l 

101 
003 
012 
110 
lOll 
021 
113 
202 
015 
006 
02li 
211 
122 
205 
116 
107 
300 
2lU 
303 
123 
018 
027 
220 
009 
131 
223 
312 
208 
306 
217 
13li 
119 
iiOl 
0U2 
1.0.10 
315 
128 
226 
liOli 
321 

137 

* Rj?ference 5 

d, I 

8.806 
7.937 
7.1a5 
5.1i72 
5.0li l 
ii.6[|8 
U.505 
ii.l^03 
I1.255 
3.969 
3.708 
3.5U2 
3,U30 
3.359 

r3 .213 
I 3 . 2 0 2 

3.159 
3.07U 
2.935 
2.863 
2.81;0 
2.763 
2.736 
2.6U6 
2.613 
2.587 
2.567 
2,520 

[2.172 
l2.1i67 

2.U05 
2.382 
2.360 
2.32lt 
2,309 
2.301 
2.289 
2.253 
2.201 
2.165 

J. 

2.080 

I 

<1 
Uo 
2)̂  
21 

100 
56 
28 
10 
25 
17 
23 
28 
17 

2 
1 
1 

<1 
6 
7 

19 
7 
6 
9 
9 

17 
8 
8 

12 
10 

8 
17 

9 
11 
13 

1 
2 
3 
5 
8 
2 

ll 

d, 1 

•5HJ-

7.9291; 
7.3981; 
5.1;631 
5.0l;5l 
1.6506 
It. 521^ 
1;.3773 
U,2525 
3.9611; 
3.7082 
3.5338 
3.1;265 

r 3 . 2 1 3 6 

3.0775 
2.9386 
2.8603 

2.7653 
2.7365 
2.6536 
2.6196 
2.5756 

2.5263 
r2.1;72i; 

2.1020 

2.3591; 
2.32i; l 

y 2*2927 

2.2i)68 
2.1987 
2.1633 
2.1101 
2.0823 

1 " 

8 
7 
7 

10 
9 
6 
6 
7 
7 
8 
8 
7 

<1 

5 
6 
8 

1 
6 
5 
6 
5 

7 
9 

6 

6 
6 

<1 

3 
6 

<1 
<1 

3 

f̂* (101) i s observed i n some f i l m s , no t i n o thers 
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TABLE IV 

SUMMARY OF METALLOGRAPHIC DATA 

FIRST ALLOY SERIES 

Nomi nal ' Microconstituents Observed 
Composition, 1500 ''-2hr 
a/o C As-Cast 1950°-i;hr (homog. 1950°-l;hr) 

2 
1; 
6 
8 
10 
12 
11; 
16 
18 
20 
22 
21; 
26 
28 
30 
1;0 
50 
75 

B 
B 
B 
B 
B 
B 
B 
B 
B 
C 
C 
c 
c 
c 

E 
E 
E 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

E 
+ 
+ 
+ 

C 
C 
c 
c 
c 
c 
c 
c 
G 
E 
E 
E 
E 
E 

G 
G 
G 

B 
B 
B 
B 
B 

C 
C 
C 
C 
c 
E 
E 
E 

+ 
+ 
+ 
+ 
+ 

C 
C 
c 
c 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

c 
c 
c 
c 
c 

E 
E 
E 
E 
E 
G 
G 
G 

B + C 
B + C 
B + C 
B + C 
C 
C 
c 
c 
c 

C + E 
C + E 
C + E 
C + E 
C + E 
E + G 
E + G 
E + G 

* B « Boron Solid Solution 
C » Boron Carbide 
E = Carbide-Graphite Eutectic 
G <= Graphite 

A R M O U R R E S E A R C H F O U N D A T I O N O F I L L I N O I S I N S T I T U T E O F T E C H N O L O G Y 

- 27 - ARF 2200-12 
(Final Technical Report) 

280 32 



Nominal 
Composition, 
a /o C 

6.0-="'̂  
s.ô ':''-
9.0 
9^S 

10.0 
10,5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
ll;.0 
ll;.5 
15.0 
15,5 
16.0 
16.5 • 
17 .0 
17.5 
18.0 
18.5 
19.0 
19.5 
20.0 
20.5 
21.0 
22,0 '̂" '̂-

SUMMARY 

-——— 

As-Cast 

B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 
B + 

G 
C 

C + 
C + 
C + 
C + 

G 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
G 
c 
c 
c 

E 
E 
E 
E 

2; 

OF 

iOO' 

G 

c 
c 

TABLE V 

METALLOGRAffilG DATA, SECOND ALLOY SERIES 

' -1 /1; 

C 

+ E 

+ E 
+ E 

h r 

Microcons t i tuen t s Observed'^ 

1950 ^"l; h r 

B + C 
B + C 
B + C 

C 

c 
c 

C + E 
C + E 

1600^-1; h r 
(homog. 1900^-1; h r ) 

B + C 
B + C 
B + C 
B + C(most areas 

a l l C) 

C 
C + E(?) 
C + E 
C + E 

1200^-600 h r 
(homo g. 1800 " -1 ; h r ) 

B + C 
B + C 
B + C 
B + C(mostly C) 
B -i- C 

C 

c 
c 

C + E 
C + E 

For meaning of Symbols, See Table TV. 
-Jŝ i- Alloys taken from f i r s t s e r i e s . 



TABLE VI 

SUMMARY OF METALLOGRAPHIC DATA 

DILUTE ALLOY SERIES 

Nominal As-cast 
Composition, Micronstituents 

a/o G Observed* 

0.025 B 
0.050 B 
0,075 B 
0.10 B 
0.20 B + C 
0,30 B + C 
0,60 B + C 

* B >= Boron solid solution 
C === Boron carbide 
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TABLE VII 

SUMMARY OF MELTING TEMPERATURE DETERMINATIONS 

Composition 

G. E, Boron 

B- la /o C 

B-2a/o C 

B-l;a/o C 

B=6a/o C 

B-8a/o C 

S t a t e 

a s - r e c e i v e d 
a s - r e c e i v e d 
a s - r e c e i v e d 
a s - r e c e i v e d 

a rc -mel t ed 
arc-mel ted 
a rc -mel ted 

a rc -mel ted 
arc-mel ted 
a rc -mel ted 
s i n t e r e d 
a rc -mel ted 
arc-mel ted 

a rc -mel t ed 
arc-mel ted 
a rc -mel ted 
s i n t e r e d 
s i n t e r e d 
a rc -mel ted 
a rc -mel ted 

a rc -mel ted 

a rc -mel t ed 
s i n t e r e d 
a rc -mel ted 

a rc -mel ted 
arc-mel t ed 

a rc -mel ted 
a rc -mel ted 
a rc -mel ted 

Cruc ib le 

W-wxre 
BN 
Ta-wire 
BN 

g r a p h i t e 
g r a p h i t e 
BN 

g r a p h i t e 
BN 
BN 
g raph i t e 
BN 
BN 

g r a p h i t e 
BN 
BN 
g r a p h i t e 
BN 
BN 
BN 

¥ - w i r e 

BN 
BN 
BN 

g r a p h i t e 
BN 

BN 
g r a p h i t e 
BN 

I n c i p i e n t * 
Mel t ing , 

SQ 

2050 
20li5 
2075 
2075 

2035 
2010 
2075 

2075 
2075 
2075 
2050 
2095 
2075 

207!^ 
2075 

ND 
ND 

2055 
2050 
2075 

211;5 

2055 
2050 
2075 

2085 
2270 

2075 
2085 

Complete* 
Mel t ing , 

°C 

& 
@ 
ss 

% 

= 
= 
ND 

ND 
2105 

= 
2075 
2125 

ND 

ND 
ND 

2210 
23l;5 
2160 
2200 

ND 

ND 

2235 
2275 

ND 

2395 
ND 

ND 
ND 

Remarks 

most p robably 
a seg rega ted 
sample 

most probably 
a segrega ted 
sample 

d id not melt 
a t 2075°C 
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Composition 

B-lOa/o C 

B-12a/o C 

B- lha /o C 

B- l6a /o C 

B-17a/o C 

S t a t e 

s i n t e r e d 
s i n t e r e d 

s i n t e r e d 
s i n t e r e d 
s i n t e r e d 

s i n t e r e d 
s i n t e r e d 

s i n t e r e d 

s i n t e r e d 
s i n t e r e d 

a rc -mel ted 

a rc -mel ted 

TABLE VII 

(Continued) 

Cruc ib le 

g r a p h i t e 
g r aph i t e 

g r a p h i t e 
g r a p h i t e 
g r a p h i t e 

g r aph i t e 
g r a p h i t e 

g r a p h i t e 

g r a p h i t e 
g r a p h i t e 

Ta-wire 

BN 

I n c i p i e n t * 
Mel t ing , 

"G 

23l;5 

2375 
ND 

2395 

2380 

ND 

Complete* 
Mel t ing , 

°C 

2l;20 

2U30 
2395 

2h5o 

2U75 

2l;70 

Remarks 

d id not melt 
when he ld i s o -
ther raa l ly a t 
2250°C 

did no t melt 
when he ld i s o -
t h e r m a l l y a t 
2250°C 

d id not mel t 
when he ld i s o ­
therm a l l y a t 
2250°C 

i n i t i a l melt ing 
might be e u t e c ­
t i c mel t ing 

did not melt 
when h e l d i s o -
the rma l ly a t 
2250 °C 

specimen d id 
no t melt a t 
2l;10"'C although 
specimen r e ­
ac ted with Ta 
commercial 
BN r e f r a c t o r y 
p a r t i a l l y melted 
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TABLE VII 

(Continued) 

Composition State Crucible 

Incipient 
Melting 

"C 

•»• Complete* 
Melting, 

°C Remarks 

B-l8a/o C sintered graphite 2l;20 
sintered graphite 

arc-melted Zr02 
flo6rplate 

2l;50 

arc-melted ¥-floorplate 

arc-melted graphite 2lt30 

s intered graphite 

melting occurred 
at 2375"'C as 
r e su l t of carbon 
pick-up 

reacted with 
f loorpla te at 
2370°G 

reacted with W 
at 2365"'C 

fas t heat up, 
react ion with 
graphite at 
contact 

did not melt 
when held i s o -
thermally at 
2250''C 

B- l8 .5a /o C 

B-19a/o C 

B-19.5a/o C 

B-20a/o C 

B-28a/o C 

B-30a/o C 

B-l;Oa/o C 

arc-mel ted 
a rc -mel ted 

a rc -mel ted 
a rc -mel ted 
arc-mel ted 

arc-mel ted 

a rc -mel ted 
a rc -mel ted 

a rc -mel ted 

a rc -mel ted 
a rc -mel ted 

a rc -mel ted 

grsrphite 
g r a p h i t e 

g r a p h i t e 
g r aph i t e 
g raph i t e 

g raph i t e 

g raph i t e 
g r aph i t e 

g r aph i t e 

g r aph i t e 
g r a p h i t e 

g raph i t e 

2l;20 
2l;.10 

2I43O 
2l;10 
2l;20 

2395 

2i;10 
2365 

2380 

2375 
2350 

2l;10 

2I;50 

2l;55 
2l;20 

2};10 

ss 

ND 

ND 
ND 

ND 

•5̂  Sign, =, s igni f ies comnlete melting temperature was same as inc ip ien t 
melting temperature: !©. indicates conplete melting temperature was not 
determined. 
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TABLE V I I I 

CO]\IPARIS0N OF OBSERVED PATT ÎRN 

OF BORON CARBIDE" lilTH PUBLISHED DATA 

Published Data" ARF Data 
hkl 

101 
003 
012 
110 
lOl; 
021 
113 
006 
211 
205 
116 
107 
303 
125 
018 
027 
220 
009 
131 
223 
208 
306 
Ol;2 

d, 1 

1;.1;9 
1;.02 
3.79 
2.81 
2.57 
2.38 
2.30 
2.02 
1.82 
1.711; 
1.637 
1.628 
1.505 
1.1;63 
i.UW 
1.1;07 
1.1;03 
1.3l;5 
1.3l;2 
1.326 
1.286 
1.261 
1.191 

I 

30 
1;0 
70 
30 
80 

100 
10 
10 
10 
30 
10 
10 
20 
30 
30 
30 
30 
20 
20 
20 
10 
20 
10 

d, 1 

1;.5016 
l;.025l 
3*7713 
2.8026 
2.5603 
2.3762 
2.2999 
1.8930 
1.8131 
1.7116 

1.6273 
l.J;99l; 
1,14611 
1.1;1;18 

1.1;022 
1.3378 
1.3238 
1.3158 
1,2818 
1,2578 
1.2085 

I 

5 
6 
h 
h 
9 

10 
1 

<i 
2 
6 

1 
5 
5 
6 

6 
1; 
1; 
3 
1 
5 
1 

* 20a/o C 
^«- Reference 17 

A R M O U R R E S E A R C H F O U N D A T I O N O F I L L I N O I S I N S T I T U T E O F T E C H N O L O G Y 

ARF 2200-12 
(Final Technical Report) 

280 38 



2 

Composition 

Unalloyed Boron 
B"=0,1a/o C 
B-2a/o C matrix 
B-2a/o C carbide 
B-12a/o C 
B-llia/o C 
B-l8a/o C 
B-l8.5a/o G 

B-8a/o C 
B-12a/o G 
B-ll;a/o C 
B-l6a/o C 
B-l8,5a/o G 
B-l8,5a/o G 
B-19a/o C 
B-19a/o C 
B-19.5a/o C 
B-19.5a/o G 
B-20a/o G 
B-20a/o C 

TABLE IX 

MICROHARDNESS OF PHASES 

' THE BORON-CARBON SYSTEM 

Condition 

100-gram Load 

as cast 
as cast 
as cast 

annealed 
annealed 
annealed 
as cast 

200"gram load 
as cast 
as cast 
as east 
as cast 
as cast 
annealed 
as cas t 
annealed 
as cast 
annesiLed 
anne-aled 
annealed 

Hardness, 

5150, 
1;750, 
I4750, 
5150, 
6700, 
7l;00, 
7l;00, 
6500, 

3700 
1;600 
3900 
3800, 
1;000, 
3700 
5150, 
1;350, 
5500, 
I;850, 
3550, 
51;50, 

l;95o, 
1;750, 
i;750 
5600, 
61;00. 
6700 i 
7l;00, 
6100, 

3900 
lioo 

U850 
1;700, 
1;850, 
1;700 
3i;00 
1;300, 

DPH 

1;950 
1;750 

5600 
61;00 
6700 
7l;00 
6100 

3800 
1;600 

1;850 
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2800 

2600 -

2400 

2 2 0 0 

2000 

o 
0, 1800 
l i j 

oc 
3 

< 
Q: 
LU 
Q. 

1 I I r 
20 40 60 80 

WEIGHT P E R C E N T CARBON 

( 0 ) 

LU 
3200 

3 0 0 0 -

2 8 0 0 -

2600 

2 4 0 0 

2 2 0 0 

2000 

1 8 0 0 -

6 0 0 

L I Q U I D 

2 3 9 0 ° ± 20 

B + B 4 C 

B^C + C 

T T 
0 20 4 0 60 80 

ATOMIC PER CENT CARBON 

100 

100 

( b ) 

FIG. I BORON-CARBON EQUILIBRIUM AS REPORTED BY 
(a) Samsonov, and (b) D o l l o f f . 
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Z 2$ Unetohed Neg. No. 21195 

Fig. 2 

Boron-2a/o Garbon̂  As-Cast. 
Extreme ease of segregated boron 
carbide crystals in Xxtroa matrix. 

i^ ^ *»«• i^:^$l': 
^ik^'jL^ fovv^ -y^diSt-

Z 100 Unetehed Neg. No. 21191 

Fig. 3 

Boron-2a/o Carbon, As-Cast. 
Boron carbide in boron matrix. 

Z 1000 Unetehed Neg. No. 21192 

Fig. h 

Boron-2Vo Carbon, As-Cast. 
Boron earbide in boron matrix. 
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Z 100 Unetehed Neg. No. 21190 
Fig. 5 

Boron-6a/o Carbon, As-Cast. 
Boron carbide in boron matrix. 

Z 100 Unetehed Neg. No. 21188 
Fig. 6 

Boron-l6a/o Carbon, As-Cast. 
Co-existent non-equllibrlvim phases 
of boron carbide (gr^y) in boron 
matrix ( l ight) . 

Z 100 Unetehed Neg. No. 2118? 
Fig. 7 

Boron-20a/o Carbon, As-Cast. 
Boron carbide vith carbide-grsqphlte 
eutectic. 
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Z 100 Unetehed Neg. No. 2118^ 

Fig. 8 

Boron-28a/o Carbon, As-Cast. 
Pro-eutectic boron carbide in matrix 
of carbide-graphite eatectic. 

Z 100 Ubetehed Neg. No. 21186 
Fig. 9 

Boron4^0a/o Carbon^ As-Cast. 
Pro-eatectie graphite in matrix of 
carbide-graphite enbeetio. 

Z 100 Unetehed Neg. No. 21189 
Fig. 10 

Boron-l6«^o Carbon, Annealed 1500*C. 
Single-phase boron earbide. 
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Z 100 Unetehed Neg. No. 21X9h 

Fig. 11 
Boron-0.3Vo Carbon, As-Cast. 
Boron earbide in boron matrix. 

Z 100 Iftietehed Neg. No. 21193 
Fig. 12 

Boron-0.6e^o Carbon, As-Cast. 
Boron earbide In boron matrix. 
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FIG. 15 ANGULAR VARIATION OF STRONG B A C K - R E F L E C T I O N OF 
BORON CARBIDE AS A FUNCTION OF CARBON CONTENT. 
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FIG. 16 OBSERVED DATA FOR THE PARAMETRIC DETERMINATION 
OF THE SOLUBILITY LIMITS OF BORON CARBIDE. 
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FIG. 16 CONTINUED. 
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FIG.17 - BORON-CARBON EQUILIBRIUM DIAGRAM 
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