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THE BORON-CARBON SYSTEM 

I. 

. ABSTRACT r 
A de f in i t i ve  invest igat ion of the  boron-carbon equilibrium system is 

being made by X-ray d i f f rac t ion ,  metallographic, and thermal ana ly t ica l  tech- 

niques. Additional boron-carbon a l loys  have been prepared by s in t e r i ng  and 

arc-melt ing,  compacts prepared from boron and high-purity graphite,  Metallo- 

graphic examinations of these  a l loys  a r e  i n  agreement with a l loys  previously 

prepared from lampblack. X-ray invest igat ion of s in te red  compacts. indicates  

t h a t  the s o l u b i l i t y  range of boron carbide extends almost t o  pure boron. 

Boron of various pu r i t i e s  has been annealed f o r  times up t o  four hours, but 

no s t ruc tu r e  other than beta-rhombohedra1 has been detected. Very high pu r i t y  

boron (10 ppm impurity) has been obtained f o r  t he  study of 'al lotropy and t he  

equilibrium rela t ionships  a t  very d i l u t e  carbon contents. 
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THE BORON-CARBON SYSTEM 

I. INTRODUCTION 

I n  accordance with Contract No. ~ ~ ( l l - 1 ) - ~ 7 8 ,  Project  Agreement NO. 4, 
e n t i t l e d  "Boron-Carbon System", a de f in i t i ve  invest igat ion of t h e  phase 

equ i l i b r i a  i n  t h i s  system i s  being made. This second quar ter ly  r epo r t  

s m a r i z e s  t he  invest igat ion during t he  period August 1, 1960 t o  October 31, 1960, 

Boron has been of i n t e r e s t  as a neutron control  and burnable poison 

mater ia l  f o r  many years, Although boron has been incorporated i n t o  r e a c t m s  

i n  many ways, the  most common form has been a dispersion of boron carbide i n  

a s t r u c t u r a l  metal or al loy.  To a id  the  study of reac tor  components, more 

- de ta i l ed  basic  information on boron-carbon alloys is required, 

11. EXPERIMENTAL PROGRESS 

During the  f i r s t  quarter  of t h i s  experimental program, techniques 

were investigated t o  determine t he  boron-carbon equilibrium system with t he  

degree of precision as  s t ipu la ted  i n  the contract .  Suppliers of high&ity 

boron and carbon were contacted, Preliminary a l l oy  s tudies  were made with 

s h t e r e d  and arc-melt ed al loys.  *Extensive experimentation was necessary t o  

develop s a t i s f ac to ry  methods fo r  metallographip examination of al loys.  &om 

the  preliminary invest igat ion (as discussed i n  Quar ter ly  Report No. 1 )  

t en t a t i ve  phase re la t ionships  were established.  These included a s ing le  ' 

carbide with so lub i l i t y  limits of a t  l e a s t  16-20% carbon and a carbide-graphite 

eu tec t ic  a t  30 atomic per cent  carbon, Metallography gave no indicat ion of 

the  three-phase re la t ionsh ip  between l iqu id ,  boron, and boron carbide. 

During t h e  second quar ter  of t he  contract  period experimental inves- 

t iga t ion  of the boron-carbon system has been continued by e s sen t i a l l y  t h e  

same techniques t h a t  were established i n  the  f i r s t  quarter .  The invest igat ions  

during the  second quarter  covered t h e  following t h r ee  categories which a r e  

described i n  fu r ther  de t a i l .  
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A. New Alloys 

Additional a l loys  have been prepared by i den t i ca l  techniques a s  were 

developed previously. However, instead of using carbon i n  the  form of 

lampblack, high-purity graphite powder was used. Ten-gram compacts were 

made with carbon contents of 2, 6, 12, 16, 20, 24, 28, 30, 40, 50, and 75 

atomic per cent, These were s in te red  and subsequently arc-melted. It has 

been necessary t o  use a binder (carbowax) i n  the  preparation of a l loys  

containing 24 a/o carbon or greater .  As-cast metallographic s t ruc tures  of 

these  al loys were no d i f f e r en t  than those prepared previously (Figures 1-4 
of Quar ter ly  Report NO, l ) ,  Similarly,  no eu tec t ic  or p e r i t e c t i c  s t ruc ture  

is indicated a t  l o w  carbon contents. 

Dilute a l loys  were prepared a t  0 , l  a/o C in te rva l s  up t o  1.0 a/o C, 

For t h e  preparation of these  a l loys  a 5% master a l loy  was used, Metallographic 

examination of these  a l loys  showed a primary const i tuent  of the carbide phase. 

Similarly,  metallographic examination of several  arc-cast specimens of 
." 

unalloyed boron shows the  presence of t h i s  carbide phase. Thus, t h e  so l i d  

so lub i l i t y  of carbon i n  boron i s  indicated as being l e s s  than 0.09 w/o carbon 

( t he  res idua l  carbon analysis  of boron as supplied by cooper). 

Very high pu r i t y  boron has been purchased f o r  the  invest igat ion 

of. . the s o l u b i l i t y  l i m i t  of carbon i n  boron, Boron obtained from t h e  General 

E lec t r i c  Company has the  following typ ica l  analysis  n 

Oxygen <o .O l~  

Hydrogen 0.02 

Nitrogen <00 003 

Carbon 0 ,05 

Tantalum ' 0,02 

Other 0.01 

Boron and Carbon 99.93 (difference) - 
A small quant i ty  of super-pure, zone-refined boron has been purchased 

from the  Eagle-Picher Lead Company ($25 per gram). This mater ia l  by,spectro- 

graphic analysis  shows no contamination, although the  manufacturer estimates 

' it is contaminated t o  the extent  of a ' t o t a l  of 1 0  par t s  per mill ion,  
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B. Invest igat ion of Allotropy of Boron 

Extensive invest igat ion of the  possible a l lo t ropy of boron has been 

undertaken. A s  ye t ,  no c r y s t a l  s t r uc tu r e  other than t h e  beta-rhombohedra1 

s t ruc tu r e  has been detected. The experimental invest igat ion undertaken i n  

attempts .to determine whether any other than t he  beta-rhombohedra1 s t ruc tu r e  

i s  s t a b l e  is  summarized i n  Table I. 

C. :Heat Treatment 

I n i t i a l  heat  treatments a t  2000°C were made in a vacuum of l e s s  than 

one micron pressure, Under these  conditions a l loys  tended t o  decompose as  

was evident by surface de te r io ra t ion  and reac t ion  with the  tantalum sheet  i n  

which they were wrapped, Subsequently, annealing treatments have been 

successfully executed a t '  1950°C i n  an argon atmosphere a t  a s l i g h t  pos i t ive  

pressure. 

The melting point  of boron has been determined by inc ip ien t  melting 

techniques. I n  t h i s  procedure the  specimen temperature, constantly monitored 

by an op t ica l  pyrometer, i s  slowly ra ised.  The f i r s t  s ign  of t he  presence 

of a l i qu id  phase ( inc ip ien t  melting temperature) corresponds t o  t h e  solidus 

temperature. For a pure substance t h i s  is  a l s o  t he  melting temperature, The 

melting point of baron has been determined both a s  suspended on a tungsten 

wire and as  supported i n  a boron n i t r i d e  boat, The melting temperature as  . 
observed by severa l  operators who have compared the  melting points of reference , 

substances was found t o  be 2025' t o  2030°C. This is i n  disagreement with t h e  

current ly  accepted melting point  of boron of approximately 2130°C. (1) 

111. TECHNICAL DISCUSSION 

A. Allotropy 

From consideration of da ta  presented i n  Table I, it is apparent t h a t  

if any other form of boron than t he  f3-rhombohedra1 s t ruc tu r e  is s table ,  t he  

transformation is exceedingly sluggish. I n  no instance does t he  l i t e r a t u r e  

repor t  t h e  transformation of p-rhombohedra1 boron t o  e i t he r  t h e  a-rhombohedra1 

or te t ragonal  form. There is no question t h a t  t he  alpha and te t ragonal  

modifications do ex i s t ;  however, it is questionable whether these  a r e  
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TABLE I 

S m Y  OF. INVESTIGATION 

TO ASCERTAIN ALLOTROPY OF BORON 

- 

Annealed Temp., 
Condition Time " C Furnace Container Metallography X-ray 

Shieldalloy 
A s  -r ec eived ---- ---- ---- ---- ---- $ -Rhomb . 
powder 
Loose Powder 168 hr 900 
Loose Powder 48 hr 950 
Lodse Powder 72 hr ,1100 
Loose Powder 4 hr 1100 
kc'-cast 6 hr a 0 0  

Compact Powder 30 min 2000 

Globar 
Globar 
Globar 
Globar 
Vacuum 
Resistance 
Vacuum 
Resistance 
Vacuum 
Resistance 
Vacuum 
Resistance ---- 

Quartz tube 
Quartz tube 
Quartz tube 
Quartz tube 
Ta package 

Ta package 

Ta package 

Ta package 

---- 
-- - - 
---- 
W-FF 

i n  process 

i n  process 
p-Rhomb . 
p-Rhomb. 
$-Rhomb. 
$-Rhomb. 

powder 
C.ompact Powder 10  min 1600 Vacuum Ta package ' $-Rhonib. 

Resistance 
Arc-melted ---- ---- ---- ---- p-Rhomb . 

General E l ec t r i c  

As-received i n  ---- ---- -- -- - - - - 
so l i d  form 

Eaele Picher 

As-received i n  ---- ---- ---- ---- Boron $-Rhomb . 
s o l i d  form 
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equilibrium s t ruc tures .  I n  a l l  instances reported i n  the  l i t e r a t u r e  these  

s t ruc tures  were formed during the  primary reduction of boron. (293) , 1n one 

case, however, a-rhombohedra1 boron was reported t o  s o l i d i f y  from a Pt-B 
(4) eutect ic .  

Tetragonal boron is very s imilar  t o  a .  boron-nickel compound (possibly 

B Ni).(4) It i s  l i k e l y  t h a t  i n  t he  primary reduction of the  iodide or 
25 

hydride a small nucleus of such a compound is formed and unalloyed boron 

continues t o  grow on the  nucleus. The f a c t  t h a t  a-boron has been found t o  

p r ec ip i t a t e  from a low-melting eu tec t ic  gives reason t o  believe t h a t  t h i s  

s t r uc tu r e  is,  i n  f ac t ,  an equilibrium s t ructure .  

I n  order t o  eqtabl ish  whether it is poss ible  t o  convert t h e  j3-rhombo- 

hedral' form of boron t o  a-rhombohedra1 (or possibly t he  te t ragonal  f orm), a 

serdes of high-purity baron samples w i l l  be annealed f o r  very long times 

( a t  l e a s t  one month) i n  the  tenp&ature range of 1000' t o  i20O0~.  

Be The So l id  s o l u b i l i t y  of Boron Carbide 

Work by Glaser, Moskowite and ~ o s t ( ~ )  i n  1953, i n  which s in te red  

boron-carbon mk tu re s  were examined by X-ray d i f f rac t ion ,  showed a wlde 

homogeneity range of boron carbide extending from a t  l e a s t  4 t o  28 a/o carbon. 

Such a s o l u b i l i t y  range i s  incompatible with diagrams as  constructed by 

Russian invest igators(6)  and by National Carbon Co. ( 7 )  The diagram presented' 

by t h e  l a t t e r  shows two carb3des without so l i d  so lub i l i ty .  National Carbon 

C O . ( ~ )  has revised t h i s  diagram t o  show a s ing le  carbide with an extensive 

range of s o l i d  s o l u b i l i t y  from 10  t o  26 atomic per cent  carbon a t  t he  

B C-graphite eu tec t ic  temperature (2390'~). A t  temperatures below 1800°c 4 
it i s  proposed t h a t  t h e  s o l i d  so lub i l i t y  is decreased t o  e s sen t i a l l y  t h e  . 
stoichi6metric r a t i o  B4Ce (The boron used i n  t h i s  invest igat ion was only 

98.9%). 

Sintered boron-carbon mixtures prepared f o r  the  present invest igat ion 

have been examined by X-ray d i f f rac t ion .  In  complete agreement with t he  

work of Qlaser e t  al., t he  data  ind ica te  t h a t  there  is  a continuous s o l i d  

s o l u b i l i t y  from approximately 2 a/o C through approxjmately 28 a/o C. I n  

Figure 1 typ i ca l  data of the  Bragg angle as a function of carbon content as  

. -. 
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measured from powder pat terns  have been superimposed upon similar data  taken 

from Reference 5. The data  of Glaser e t  a l .  a r e  f o r  compacts s in te red  a t  

200O0C, t ha t  of t h e  present invest igat ion f o r  compacts s in te red  a t  160o0C. 

It i s  apparent from a comparison of these  two s e t s  of da ta  t h a t  t he r e  is no 

reduction i n  the  s o l u b i l i t y  l i m i t s  i n  t h i s  4C0° in te rva l .  This i s  i n  disagree- 

ment with t h e  revised diagram presented by National Carbon. (8) 

There i s  the  pos s ib i l i t y  t h a t  boron carbide, per s e ,  does not e x i s t  

but t h a t  i n  r e a l i t y  the re  is a continuous s e r i e s  of so l i d  solutions of carbon 

i n  boron up t o  28 a/o. Such a diagram would apparently be i n  contradiction 

t o  the  metallographic observations of two-phase s t ruc tures  i n  t h e  range 

from pure boron t o  approximately 20 a/o C. However, i f  t he  l iqu id  and s o l i d  

i n  equilibrium a t  a given temperature were of extremely d i f f e r en t  composition, 

the  non-equilibrium as-cast s t ruc tures  could lead one t o  the  f a u l t y  conclusion 

of a m i sc ib i l i t y  gap between boron and i ts carbide. 

To es tab l i sh  t h e  nature of t h e  s o l i d  s o l u b i l i t y  of carbon i n  boron and 

boron carbide, more d e f i n i t i v e  X-ray parametric data i n  the  low-carbon region 

must be obtained. I f  t he r e  is continuous so l i d  so lub i l i t y ,  it should be 

poss ible  t o  produce a single-phase so l id  so lu t ion  by annealing t h e  as-cast 

two-phase s t ructure .  

IV. FUTURE WORK 

During t h e  next quarter ,  work w i l l  proceed along t he  following 

l i n e s  : 

(a)  Annealing of as-cast, beta-rhombohedra1 baron f o r  very 

long times i n  attempts t o  produce alpha-rhombohedra1 or 

tetragonal boron. 

(b) Annealing of as-cast boron-carbon alloys t o  es tab l i sh  

whether there  is continuous so lub i l i ty . ,  I f  it is 

established t ha t  the re  is a misc ib i l i ty  gap, t he  nature 

of t he  three-phase react ion must be established. I f  the re  

is continuous so l i d  so lub i l i t y ,  the i nc ip i en t  melting 

temperatures must be determined. 
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(c)  Invest igat ion of the  so l id  s o l u b i l i t y  limits of carbon 

i n  boron i n  the  v i c i n i t y  of pure boron, and a s  a function 

of temperature, by X-ray d i f f r ac t i on  methods. 

V, PERSONNEL AND LOGBOOKS 

During t h i s  period of invest igat ion t he  following have been associated 

with t h e  experimental program: 

Rodney P. E l l i o t t  P Project  Leader 

Ro Jo  Van T h p e  - Project  Supervisor 

Ronald Wibel - Project  Technician 

Per t inent  experimental da t a  a r e  recorded i n  ARF Logbook C 1191. 

.. . . :. . 

~ e s ~  ec t fu l ly  submitted: 
. . 
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n Y 

Rodney P4 E l l i  o t t  
senior  M;tallurgi s t  

R. 4. Van Thsme' - 
Supemis or 
Reactor Metallurgy 

~bsfstant' DirecLur 
Metals Research 
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