
https://ntrs.nasa.gov/search.jsp?R=19690001530 2020-03-12T06:14:42+00:00Z



State  Universi ty of New York a t  Stony Brook 

THERMODYNAMIC PROPERTIES OF INTERSTITIAL ELEMENTS IN THE REFRACTORY METALS 

- P. P. Bansal, N. C. B i r l a ,  A. C. Huang, and L. Seigle 

Fourth semiannual report,  December I ,  1967 - May'31, 1968 

NASA Research Grant h - 3 3 - 0  J5-035 
dcd - 



TABLE OF CONTENTS 

Ab st ract 

1 .  lntroductlon 

1 1 .  Derivation of the Thermodynamic Properties 
from Phase Equilibrium Diagrams 

I I I. Theory of Interstitial Solutions 

I V .  Experimental Studies 

V, .Future Work 

Figure I 

Flgure 2 

Figure 3 

References 

1. 

1 .  

I .  

4 ,  

7. 

8.  

IO. 

I t .  

12. 
- 

13. 



1. 

ABSTRACT 

Calculat ions of the  thermodyramic propert ies of C I n  Mo, W, Cb, 

and Ta have been completed, a l lowing for  the  devial-ions from s to i ch i -  

ometry of the carbide phases i n  equ i l ib r ium wi th  the  terminal s o l i d  

solut ions.  This allowance produces a minor cor rec t ion  I n  the  previously 

determined values. Work i s  under way t o  extend the  method t o  the  oxygen 

and n i t rogen containing systems. Values of the thermodynamic propert ies 

have a l so  been calculated using e l a s t i c i t y  theory t o  p red ic t  the "mis f i t "  

energy of the  i n t e r s t i t i a l  atoms i n  so lut ion.  For the  carbon metal sys- 

tems these are i n  reasonable agreement wi th  the  resu l t s  of the  phase 

diagram calculat ions.  

.The s o l i d  e l e c t r o l y t e  galvanic c e l l  was used successful ly t o  deter-  

' mine the  f ree  energy of formation o f  b o 2  up t o  about I IOO°C. 
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1 .  INTRODUCTION 

It i s  well known that the properties of the refractory metals No, 

W, Cb, and Ta are strongly affected by small quantities of C, 0, and N 

dissolved interstitially, and control of interstitials is a major con- 

sideration in the processing of refractory al loys.  

stitlals Is closely related to their thermodynamic properties in solid 

solution, and a study of these properties, therefore, is of practical 

as well as theoretical interest. It is the aim of this project to 

The effect of inter- 

clarify the thermodynamic behavior of the interstitial elements in the 

refractory metals, and relate this to the practical utilization of these 

metals on the one hand, and the theory of interstitial solutions on the 

.other. 

I t .  DERIVATION OF THE THERMODYNAMiC PROPERTIES FROM PHASE EQUILlBRIUM 

0 I AGRAMS 

Since very high temperature studies are inherently difficult, it i s  

important in this project to make the best use of a l l  available experi- 

mental data, and for this reason considerable attention has been devoted 

to the problem of deriving thermodynamic properties from phase equilib- 

rium diagrams.. Attention has been initially concentrated on the metal- 

carbon systems, and the available data and methods of calculation have 

been d i scussed i n previous reports. These ca I cu I at ions have been coni- 

pleted in the present report period, and the results and conclucions may 

be suriunarized as follows. 
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A . .  Metal-carbon systems: The most precise method of calculation 

takes account of.the fact that the terminal solid solutions of carbon 

i n  the refractory metals are In equilibrium with carbide phases of 

. variable composition. Knowing the positions of the carbide as well as 

the terminal solution phase boundaries, it i s  possible, with the aTd of 

2 Wagner's theory of defect compounds , to allow for the non-stoichiometry 
of the carbide phases. A difficulty which arises with the method is 

rack of knowledge of certain parameters for the carbide phases, and it 

was necessary to determine how much uncertainty this introduced in to  the 

final results. 

The applicable equations are given in Appendix I of the-First Semi- 
I annual Report . In essence, the free energy of formation of the defect 

carbide is given as a function of composition by means of a serles of 

equations containing the parameters Gcv and Gci , the m i a r  free ener- 

gies of formaticn of carbon vacancies and carbon interstitials, respec- 

tively, as well as'the standard free energy of formation of the stoichi- 

ometric compound, AGfo, which is presumed known. Two relationships are 

required to determine'Gcv and GCl a t  given temperature but only one is 

avallable--the fact that at the composition in equilibrium with the ter- 
. 

minal so l id  solution, the chemical potential of metal in the carbide is 

very close to zero. 

carbon, therefore, It I s  necessary to assume a value for G 

In order to solve for the chemical potential of 

or Gci,. or 
' C  c y  

1 

equivalently, AG = G + Gci. cv 

In the previous calculations a value of AG = 8500 cal/mol was used, 

suggested by Rudy, et. a1.3, for  Mo2C. However the basis for selection 

of this value was not too sound, and in later work the effect of varying 
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AG was investigated. Values of the  

- a  and f ree  energies of 6, Aica, A S c  , 
assumed f t o m  500 - 50,000 cal/mol . 

p a r t i a l  molar 

and AEca were 

enthalpies, entropies, 

ca lcu lated for AG 

As exempl i f ied by the  data f o r  the  

Mo - C solut ions, shonn i n  Fig. I ,  it appeared t h a t  the calculated ther-  

modynamic propert ies were not  ser ious ly  dependent on the  magnitude of AG. 

The values o f  the  thermodynamic proper t ies of C i n  the  four  re f rac to ry  

metals thus derived from the  phase equ i l ib r ium diagrams are given i n  

Table 1 .  

Table I - Thermodynamic Propert ies of C i n  M, W, Cb, and Ta 

Method 2 

29.6 - 31.9 
21.6 - 24.5 -0.3 - 1.5 

Method 2 i s  the  method j u s t  discussed, which takes i n t o  account the 

dev iat ion from stoichiometry of the  subcarbides. The range o f  values 

presented corresponds t o  varying AG from 500 - 50,000 cal lmol. 

fs  a s l i g h t l y  modif ied version of the  s i m p l e  me-thod suggested by Swalin , 
which neglecSs var ia t ions  i n  t h e  composition o f  the  subcarbides. 

Method I 
4 

It i s  

obvious t h a t  at lowing for non-stoichiometry o f  the  subcarbides produces a 

minor cor rec t ion  i n  the  calculated resul ts,  leading t o  s l i g h t l y  increased 

values of both the  heat of solut ion,  &Rca, and The v ib ra t iona l  entropy, 
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The values i n  Table I may be considered the  f i n a l  va 

modynamic propert ies of C i n  the re f rac to ry  mfttals, as ca 

phase d I agrams 

ues of  the  ther-  

cu 1 ated .from the 

B. Metal-oxygen and metal-nitrogen systems: I n  order  t o  apply the  

above methods of ca lcu la t ion  t o  the oxygen and n i t rogen containing in te r -  

s t i t i a l  solut ions, data have been assembled concerning phase diagrams of 

the  gas-metal systems, and f ree  energies of formation of the  suboxides and 

subni t r ides.  I n  addit ion, considerable informat ion i s  ava i lab le  about the 

equ i l ib r ium of s o l i d  phases i n  these systems w i th  gaseous O2 and N2, so it 

i s  c lea r  t h a t  a meaningful analysis of the  thermodynamic propert ies o f  

most of the  terminal s o l i d  so lut ions can be car r ied  out. This analysis i s  

-now i n  progress, and the resu l ts  w i l l  be reported a t  a l a t e r  date. 

1 1 1 .  THEORY OF INTERSTITIAL SOLUTIOPJS 

In te rpre ta t ion  of thermodynamic propert ies i s  considerably aided by 

an understanding o f  the atomic in teract ions which under l ie  the thermo- 

chemical behavior of substances. 

i s  devoted t o  an attempt t o  analyze the  thermodynamlc proper t ies o f  i n te r -  

s t i t i a l  solut ions i n  a tomist ic  terms. Some o f  t he  factors  which come i n t o  

fo r  t h i s  reason a phase o f  the p ro jec t  

question are the size, location, and d i s t r i b u t i o n  of the  i n t e r s t i t i a l  

atoms i n  solut ion, t he  d i s t o r t i o n  of the  host l a t t i c e  by the i n t e r s t i t i a l s ,  

and the  nature of bonding between the  i n t e r s t i t i a l  and m t a l  atoms.: 

AS previously mentioned, these problems can be approached by consid- 

e r i ng  the  ln te rac t lon  between the i n t e r s t i t i a l  atom and metal l a t t i c e  t o  

consis t  of separate "chemical" and "e las t i c  d i s to r t i on "  factors, and to t r e a t  

the"dlstortion"orttmisfir~ f ac to r  by continuum e l a s i i c i t y  theory. This approach 
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has been pursued a t  length for  a l l  systems o f  concern, and the  resu l ts  f o r  

the carbon-metal systems w i l l  be presented a t  t h i s  time. 

It may be mentioned t h a t  e l a s t i c i t y  theory has been appl ied i n  the  

past  t o  ca lcu la t ion  of the  s ize  and d i s t o r t i o n a l  energy o f  atoms i n  sub- 

s t i t u t i o n a l  sol i d  solut ion5, bu t  the equations derived for  t h i s  case re- 

qu i re  modi f icat ion before they can be appl ied t o  I n t e r s t i t i a l  solut ions, 

due t o  the  of ten more d ras t i c  m i s f i t  between i n t e r s t i t i a l  atom and in te r -  

s t i t i a l  s i t e .  When the  higher degree of m i s f i t  has been taken i n t o  ac- 

count, t he  m i s f i t  f ree  energy, AGs, and the m i s f i t  entropy, ASs, become 

and the radius of the  compressed i n t e r s t i t i a l  atom, yf, i s  given by 

I n  these equations y I  and Ki are the  i n i t i a l  rad us and e f f e c t  

the  i n i t i a l  radius modulus of the i n t e r s t i t i a l  atom, y, and p 
m 

ve bu lk  

o f  the 

i n t e r s t i t i a l  s i t e  i n  the  metal, and the  shear modulus of the  metal, and 

yf the  f i n a l  radius of the  compressed i n t e r s t i t i a l  atom as wel l  as the 

expanded i n t e r s t i t i a l  s i te .  These equations lead t o  values of  m i s f i t  

enthalpies, entropies, f ree energies and f i n a l  r a d i i  for  C i n  the 0cl-a- 

hedral i n t e r s t i t i a l  s i tes,  as given below. 
a. 
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Mo-c 
w - c  
Cb - C 
Ta - C 

Table 2 - Theoretical Misfit Energies, Entropies, 

29,000 
- 42,000 
-34,800 
-17,400 

and Sizes of C in Solution at 2000°C 

As expected, fairly large positive values are obtained. Before com- 

paring these t o  the values determined from the phase diagram, allowance 

must be made for the chemical interaction between the carbon and metal 

atoms, which adds a negative term to the total enthalpy. The magnitude 

of t h i s  negative term is indicated by the standard heat of formation of 

the carbides in these systems, and if, as an approximation, the standard 

heats and entropies of formation of the carbides .are added to the misfit 

terms in Table 2, the following results are obtained for the predicted 

thermodynamic properties: 

Table 3 - Predicted Enthalpies and Entropies 
of c in Solution at ZOOO~C 

9.8 

6.2 
5.7 

a. 4 

1 I 
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There i s  a s t r i k i n g  agreement f o r  the Mo - C and Ta - C systems bet- 

ween the  predicted proper t ies i n  Table 3 and those ca lcu lated from the 

phase diagrams i n  Table I ,  

tems appear somewhat o u t  of l ine.  Possible e r ro rs  i n  the  elevated tem- 

perature e l a s t i c  constants, o r  i n  the  locat ion of the  solvus l i nes  are 

b u t t h e  values f o r  the  Cb - C and W - C sys- 

the  most l i k e l y  causes f o r  these discrepancies. 

S imi la r  ca lcu lat ions have been completed fo r  the  oxygen-metal and 

nitrogen-metal systems, which w i l l  be discussed a t  a l a t e r  date, when 

analysis of these systems has been completed, 

I V. EXPERl MENTAL STUD I ES 

It would be h igh ly  desirable t o  supplement ca l cu la t i on  o f  the  ther-  

modynzmic proper t ies from the phase equi I ib r ium diagrams by d i r e c t  measure- 

ment, where possible, and therefore a t ten t i on  i s  being given t o  experimen- 

t a l  techniques f o r  the determination o f  thermodynamic proper t ies I n  these 

systems a t  h igh tmperatures.  

used i n  the past for such purposes, an e l e c t r o l y t i c  c e l l  using CaO doped 

Since the  emf method has been successful ly 

Zr02 as an e l e c t r o l y t e  was'censtructed. Deta i l s  o f  the  apparatus and ex- 

6 p e r i m n t a l  technique have been given i n  a previous repo r t  I n  the pres- 

ent  r e p o r t  per iod t h i s  apparatus was used to  re-determine the f ree  energy 

of formation of Mooq, using the c e l l  

MO, MOO* lZrOZ + CaOl N i  , NiO 

The eel 1 operated s a t i s f a c t o r i l y  a t  temperatures up t o  about I IOO°C, 

and reproducible values of emf vs. temperature could be obtained, as shown 

i n  Fig. 2. , A t  h igher temperatures t h e  c e l l  po ten t i a l  decreased s tead i l y  
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wi th  time, and it was evident t h a t  s ide  react ions were i n t e r f e r i n g  w i th  

the  operation o f  the  cel  I. Even below I 100°C it was found necessary t o  

I so la te  the  electrodes from each other, i n  order t o  prevent the t ranspor t  

of mater ia l  from one s ide o f  the c e l l  t o  the  other  through the vapor phase, 

b u t  once t h i s  was done the c e l i  voltages were s tab le for extended periods 

of time, e.g. one hour a t  1035OC, and e i g h t  hours a t  900°C. 

Values of the  standard f ree  energy of formation o f  Mo02 from the 

present study are compared w i th  those o f  o ther  workers i n  Fig. 3, and It 

may be seen t h a t  the agreement o f  o'?ir data w i th  tha f  of Gokcen, and 

Gle iser  and Chipman, i s  good, and ac tua l l y  be t te r  than t h a t  o f  Barbi , 
who used a s i m i l a r  technique. There i s  no doubt t h a t  the e l e c t r o l y t i c  

cell i s  a useful instrument fbr the determination of  thermodynamic proper- 

t ies.  

very high temperatures f o r  these systems might enta i  I serious d i f f  icul t - ies,  

8 

However it appears t h a t  extension of l i s  range of usefulness to 

due t o  the  v o l a t i l i t y  and r e a c t i v i t y  of the  compounds involved, 

reason d t ten t i on  i s  being given t o  the use o f  gas. equ i I i bra t ion  methods, 

and a sens i t i ve  thermogravimetric u n i t  has been ordered f o r  explorat ion of 

such methods. 

For t h i s  

V. FUTURE WORK 

Major  e f f o r t  w i l l  be devoted i n  the  immediate fu tu re  t o  completing 

the analysis of t he  thermodynamic propert ies o f  oxygen and ni t rogen . in the  

four  re f rac to ry  metals based upon aval lab le gas equ i l ib r ium as well as 

phase diagram data. Methods f o r  t r e a t i n g  the theory of i n t e r s t i t i a l  solu- 

t i ons  w i l l  a lso  be extended t o  these binary systems. 
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of the  

p I ored 

gas-so 

The f e a s i b i l i t y  of using the galvanic c e l l  method for determination 

thermodynamic propert ies of oxygen i n  Cb, Ta, and W w i l l  be ex- 

I n  add i t ion  it i s  proposed t o  s e t  up apparatus for the  study of 

i d  equ i l i b r i a .  Par t i cu la r lv ,  t he  use of a thermogravlmetrlc tech- 

nique I s  being considered f o r  t h l s  purpose, and equipment has recent ly  

been ordered. 

E f f o r t s  w i l l  a lso continue t o  Improve the theory o f  i n t e r s t i t i a l  

solut ions.  A more deta i led analysis of the  atom displacements i n  the Im- 

mediate v i c i n i t y  o f  the  i n t e r s t i t i a l  atom would help, it i s  f e l t ,  i n  dis-  

t ingu ish ing  between occupancy of t he  octahedral vs. thetetrohedral  s i t e  

i n  the  bcc structures. 

12 by Johnson 

in te rac t ion  energy are a I so needed. 

Such treatments have been developed,-for example, 

. Bet te r  methods o f  deal ing w i th  the  "chemica'l" f ac to r  i n  the 
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