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I. Introduction 

The purpose of\ t h i s  f i na l  report i s  t o  summarize he objectives and 
Lrr- 

accomplishments of the project  over the last four years.  A number of interim 

reports  [l-141 have outlined general objectives and accomplishments a t  the  

t i m e  of writ ing.  
r- 

The objectives of the project have been t o  develop a r e l i a b l e  method i 
fo r  t he  determination of evaporation rates of re f rac tory  materials i n  high 

vacuum and t o  supply W A  with r e l i ab le  rate of vaporization data on 

refractory materials having potent ia l  use as emitters i n  thermionic engines. 

11. Method of Measurement 

A. Discussion of Langmuis Method 

The rate of vaporization of a material i n t o  a high vacuum, m / a t ,  i s  

re la ted  t o  the equilibrium vapor pressure by the r e l a t i o n  

I n  this equation, m i s  the mass of material sublimed, t i s  the durat ion of 

the experiment, a i s  the projected sample area,  M is the  molecular weight 

of the evaporating species, B i s  the gas constant and ff is the  vaporization 

.. coef f ic ien t .  

need measure only the quant i t ies  on the l e f t  hand s ide  of equation (1) and 

To determine the rate of vaporization a t  some temperature, one 

the temperature, However, i f  the rate of vaporization a t  constant tempera- 

tu re  is t o  be constant with time, cer ta in  other  conditions must be f u l f i l l e d .  

Two sets of requirements must be m e t .  F i r s t ,  the  material must be under- 

going univariant-congruent vaporization. Otherwise the  rate of vaporization 
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may no t  be the rate determining s t ep  but t h e  process observed may depend on 

changing surface conditions o r  t he  concentration of evaporating molecules i n  

a non-volatile surface layer .  

The second set of conditions can be sunmarized as follaws: 

(1) The ambient pressure i n  the  system i s  s u f f i c i e n t l y  l a w  so t h a t  

the number of co l l i s ions  between t h e  effusing vapor and the 

background gases are negligible; 

(2) The dis tance between the w a l l s  of t h e  container and the  

evaporating surface i s  small compared t o  the mean f r e e  path 

of the  vapor molecules; 

(3) The w a l l s  of the container are s u f f i c i e n t l y  cool so t h a t  no 

s ign i f i can t  r e f l e c t i o n  o r  re-evaporation of the evaporated 

molecules can take place. 

A l l  th ree  of these la t ter  conditions say the  s a m e  thing; namely, t h a t  a 

molecule having "evaporated" must not ge t  back t o  t h e  sample surface. 

Usually these conditions are not too d i f f i c u l t  t o  s a t i s f y  except  that 

condition (3) may be v io la ted  i f  a susceptor i s  used t o  heat  a non-conductor 

by r ad ia t ion  and both (1) and (3) may be v io la ted  i n  the case of cmpounds 

such as n i t r i d e s  i n  which one of the vaporization products is  a permanent 

gas. 

The Langmuir method has sometimes been c r i t i c i z e d  on the grounds that 

i t  is  d i f f i c u l t  t o  determine the evaporating area with a reasonable degree of 

ce r t a in ty  w i n g  t o  surface i r r e g u l a r i t i e s  but t h i s  c r i t i c i s m  i s  probably 

va l id  only under spec ia l  circumstances. Melvil le [15] has concluded, f o r  

example, t h a t  the  projected geometrical area is  the correct  one t o  use and 

t h a t  surface i r r e g u l a r i t i e s  w i l l  have no e f f e c t  on t h e  observed ra te  of 
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vaporization i f  the vaporization coeff ic ient  is  uni ty .  

always possible t o  envision a surface which is  so i r r egu la r  t ha t  i t  is  not 

possible  t o  determine i ts  surface area accurately.  The type of surface 

considered and used i n  t h i s  work i s  one of a c m o n  shape such as a cyl inder  

i n  which the surface i r r e g u l a r i t i e s  are small i n  canparison with the 

dimensions of the  sample so that one can readi ly  measure the geometrical area. 

Of course, i t  i s  

B. Equipment Used 

A t  the  t i m e  of i n i t i a t i o n  of t h i s  research contract  with NASA, a 

microbalance apparatus w a s  being used t o  carry out rate of vaporization 

measurements on some of the platinum metals. However, i t  was  believed tha t  

the vacuum system used with t h i s  apparatus was  not adequate and t h a t  

measurements were subject  t o  possible e r r o r  because of contamination of 

the sample. 

backstreaming f r m  the o i l  diffusion pump. Evidence f o r  t h i s  w a s  obtained 

during s tudies  car r ied  out on platinum [16]. It w a s  noted t h a t  during the 

ea r ly  pa r t  of these experiments, data believed t o  be r e l i a b l e  was obtained 

a t  temperatures as law as 19166Kwhile during the lat ter par t  of the 

experiments, data  points obtained belaw 1975OK did not agree with the curve 

believed t o  represent  t he  rate of vaporization of pure platinum. Among the 

p o s s i b i l i t i e s  suggested t o  explain t h i s  behavior w a s  that the sample 

surface had become contaminated by its environment. 

This could take place by reac t ion  of the sample with vapors 

Hence, a t  the beginning of the NASA contract ,  a new vacuum system 

making use of ion pumping w a s  designed f o r  use  with the  old microbalance. 

The pr inc ip le  advantage of t h i s  new systemwas tha t  i t  allowed r a t e  of 

vaporization data  t o  be obtained a t  ambient pressures i n  the  t o  10 -9 
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t o r r  range and grea t ly  reduced the poss ib i l i t y  of sample contamination or  

reac t ion  with background gases during the measurements. 

The microbalance used with th i s  system has been i n  use i n  t h i s  

laboratory f o r  sane time and has been described i n  d e t a i l  by Walker [17] .  

Briefly,  w e i g h t  changes are determined by measuring balance beam displace-  

nent with a cathetometer. 

i n  t he  range of 1 t o  2 grams fo r  which the balance s e n s i t i v i t y  is  about 

0.5 micrograms/micron. 

k2 microns. 

the balance e i t h e r  magnetically damped or undamped. The pr inc ip le  

advantage of damping is tha t  measurements of the  displacement can be made 

more rapidly than with the balance undamped, On the other  hand, indicat ions 

tha t  the  balance rest point might depend s l i g h t l y  on the  posi t ion of the  

damper with respect  t o  the magnet, have made i t  appear advantageous t o  use 

the balance undamped. 

e i t h e r  method appears t o  be about the  s a m e .  

Sample weights used with t h i s  balance are usual ly  

Reproducibility of rest points is usual ly  wi th in  

Beam displacements have been determined a t  various times with 

However, the  precis ion of the  rest points  using 

One of the  major problems involved i n  determining accurate  mass 

changes appears t o  be the accumulation of s t a t i c  charge on various pa r t s  

of t h e  vacuum apparatus which r e su l t s  i n  temporary changes of the rest point .  

Although i t  has appeared from t ime to  t i m e  i n  the past  that t h i s  problem 

has been eliminated, d r i f t s  i n  the observed rest point of 20 t o  30 microns 

have occasionally been noted. 

due t o  s ta t ic  charge on the i n t e r i o r  of the  apparatus r e su l t i ng  from heating 

the specimen or  whether they might be on the  ex te r io r  of the  glassware. 

It  i s  not known whether these d r i f t s  are 

Some work on the poss ib i l i t y  of modifying the  microbalance t o  allow 

one t o  record rate of vaporization as a function of t i m e  w a s  reported by 
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Carrera and Walker e t  a1 1181. However, over t he  period of the contract ,  the  

microbalance and the method of using i t  have remained e s sen t i a l ly  unchanged. 

111. Treatment of Experimental Data 

Rates of vaporization of w e l l  characterized materials are usual ly  

r e l a t ed  t o  a n  equivalent equilibrium pressure by assuming t ha t  the  vaporiza- 

t i o n  coef f ic ien t  i n  equation (1) is  equal t o  unity.  

ca l cu la t e  a heat  of sublimation by two methods which w i l l  give consis tent  

r e s u l t s  i f  the vaporization coeff ic ient  i s  equal t o  unity as assumed and 

there are no important systematic errors  i n  the measured rates of 

vapor iza t i  on. 

This enables one t o  

I n  the second l a w  method, one makes use of the Clausius-Clapeyron 

equation 

d&nP = DH" dT 
RT 

and some assumption concerning the var ia t ion  of &IQ with temperature t o  

a r r i v e  at an equation r e l a t ing  the pressure and temperature. 

temperature s tudies ,  the randm scatter i s  s u f f i c i e n t l y  great  so t ha t  no 

appreciable e r r o r  is introduced by assuming tha t  &lo i s  independent of 

temperature and integrat ion of equation (2) yields;  

For m o s t  high 

& l p p - = + c  
RT 

The s ignif icance of the integrat ion constant can be seen by comparison of 

(3) with the r e l a t ion  
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Ordinarily, the  values of and are evaluated by least squares of the 

experimental data.  

T 

The a l t e rna t ive  way of t rea t ing  rate of vaporization data i s  t o  make 

use  of the th i rd  l a w  of thermodynamics and absolute entropies fo r  the 

gaseous and condensed phases. 

equation (4) and subs t i t u t e  tabulated B o ' s  based on heat  capacity data  t o  

obtain th i rd  l a w  heats of sublimation a t  each experimental temperature. 

These values can then be extrapolated t o  a reference temperature by use of 

heat capacity data.  I n  practice,  use i s  generally made of f r e e  energy 

functions which allow one t o  calculate  a value fo r  the heat  of sublimation 

a t  the reference temperature, usually 298.15OK according t o  the equation, 

In  the th i rd  l a w  method, one can use 

T 

Go -€lo 
where ( F8 ) is the  f r e e  energy 

obtained by the  second l a w  and third 

Go -Ho 

C i3 
) - ( T298 ) -unPatm] 

function. Differences between LyI i (298)  

l a w  methods can give information 

concerning the consistency of the vapor pressure data obtained, the f r e e  

energy function data used, the  sublimation react ion assumed, or  the existence 

of a vaporization coef f ic ien t  other than uni ty .  Frequently, a lack of trend 

i n  the heat of sublimation calculated as a function of the experimental 

temperature is taken as an indication tha t  no important systematic e r ro r s  

are present i n  the data. 

points and l imited temperature ranges, i t  is usual ly  easier t o  find a 

Actually, because of random e r r o r  i n  the data 
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discrepany by comparing second and third l a w  heats of sublimation or the  

experimental entropy change with that found from heat content and spectro- 

scopic data. 

After  having evaluated second and th i rd  l a w  entropies or  heats  of 

sublimation, one is i n  a pos i t ion  t o  ask i f  the assumption of a u n i t  

vaporization coef f ic ien t  is  consistent with the values derived f ran  the  

rate of vaporization data  when the  ra tes  are converted t o  equilibrium 

pressures I n  m o s t  high temperature studies,  conservative estimation of 

temperature e r rors  ordinar i ly  indicate a n  overa l l  uncertainty i n  pressures 

o r  r a t e s  of vaporization of 20-30% so that one cannot ordinar i ly  dis t inguish 

a vaporization coef f ic ien t  of 0.7 t o  0.8 from unity.  

I f  some e f f e c t  is discovered which indicates  t he  possible existence 

of a vaporization coeff ic ient ,  one is then faced with the d i f f i c u l t  t ask  of 

deciding i f  the coeff ic ient  i s  real or could be due t o  systematic e r ro r .  

However, it is not t he  purpose of t h i s  report  t o  deal  thoroughly with t h i s  

problem. Paul [19] has compiled data on evaporation coef f ic ien ts  f o r  a 

number of substances. The consensus is  that for  m e t a l s ,  the vaporization 

coef f ic ien t  i s  uni ty  within experimental e r ror .  

I V .  Results 

Over the period of t h i s  contract, useful  rate of vaporization measure i 
ments w e r e  car r ied  out on Ru, Os, W, and R e o  

samples reported t o  have nominal compositions of TaB and TaaN were attempted 

but did not y ie ld  reproducible resul ts .  Both of these samples were found t o  

consis t  of more than a s ingle  phase. 

I n  addition, measurements on 
-ra 

The measurements carr ied out on TaB 
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indicated a r e l a t i v e l y  high rate of vaporization which could be explained on 

the basis of the  existence of several  phases between TaB and Ta reported i n  

the l i t e r a t u r e .  This made it  appear unlikely that the rate of vaporization 

would be low enough t o  allow i t s  use as an  emitter material. The same con- 

c lus ion  was rieached with respect t o  the rate of ni t rogen loss of the Ta+ 

In addition, i t  appeared unl ikely that usefu l  measurements could be made ~n 

the  n i t r i d e  because the  €otp&xap used on the vacuum system i s  not capable 

of  continued high gas l o a d s  without overheating. 

Measurements on ruthenium and osmium w e r e  car r ied  out and published 

as a research paper [20]. The resu l t s  of these measurements agreed 

s a t i s f a c t o r i l y  with r e s u l t s  obtained i n  other  labora tor ies  [21,22]. 

*ena t ion  of i n t e r e s t  made during the ruthenium rate of vaporization 

f- 

iOne 
krr 

measurements involved the  gradual departure of the measured r a t e  of vaporiza- 

t i o n  a t  l o w  temperatures from the curve predicted on the  basis of measurements 

made a t  higher temperatures. 

s tud ies  on platinum1 [16]. 

t o  surface contamination of t he  sample but no d e f i n i t e  proof of t h i s  was 

This behavior had been noted previously i n  - 
It was suggested t h a t  t h i s  e f f e c t  might be due 

-= 

obtained. 

Measurements on the rate of vaporization of po lycrys ta l l ine  tungsten 

were made and w i l l  be published short ly  [ 23 1. These measuremcEts yielded 

rates of vaporization i n  good agrement  with older  data  i n  the  l i t e r a t u r e .  

Additional determinations of the r a t e  of sublimationwere t a r r i e d  out on a 

s i n g l e  c r y s t a l  tungsten sample having a square cross  sec t ion  and an 

approximate (100) or ien ta t ion .  These r e s u l t s  lacked the  precis ion of the 

data obtained using polycrystal l ine tungsten and w e r e  summarized i n  WBS 
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Report 8508 [ l l l .  

resu l ted  from i ts  square cross section. 

It appeared that much of t he  d i f f i c u l t y  with t h i s  sample 

Four series of measurements of the  rate of sublimation of rhenium w e r e  
~ *' 

ca r r i ed  out. One surpr i s ing  r e s u l t  of these measurements w a s  that r a the r  
Lrrr 

large changes i n  the  wind- and prism correc t ion  took place during the  f i r s t  

th ree  series. Previous experience indicated that i f  reasonable care w a s  

exercised t o  minimize the length of time that the windaw w a s  i n  l i n e  of s i g h t  

of t he  specimen, no appreciable changes i n  the window correc t ion  f ac to r  took 

place during the measurements. Houever,,one important difference between Be 

and other  materials studied i n  the  present apparatus is  t h a t  R e  has highly 

-* 

'rra 

v o l a t i l e  oxides, Re207 (boi l ing point 634OK) o r  perhaps Reo2&), which once 

formed would tend t o  migrate away fram the  hot zone and could ge t  pas t  t he  

shu t t e r  t o  the  windclv.j Hence, it a p p e a r s  l i k e l y  that rhenium oxide vapor is  

implicated i n  t h i s  problem. Although a number of reasonable explanations can 

be put forward t o  account f o r  the presence of rhenium oxide i n  the vacuum 

system, the ac tua l  cause of t he  d i f f i cu l ty  could not be determined with 

cer ta in ty .  

would be the reac t ion  of t he  R e  deposited on the  quartz insert tube with 

the quartz t o  form Re02(g). Apparently, t h i s  reac t ion  could take place 

t o  an appreciable extent i f  t h e  insert tube-Be m e t a l  i n t e r f ace  a t t a ined  

temperatures of about 1400'K OT higher. However,. evidence t o  support 

t h i s  p o s s i b i l i t y  i s  lacking a t  present. It is  our in ten t ion  t o  complete 

the  study on rhenium and publish the r e s u l t s  as a research paper. 

+ 

4 

One possible source of rhenium oxide not previously mentioned 
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In this report, w e  have br ie f ly  discussed the objective, method of 

aeasurement, apparatus, treatment of experimental da ta  and r e s u l t s  obtained 

from research on t h e  Langmuir vaporization of re f rac tory  materials performed 

i n  t h i s  laboratory w i t h  support from U S A  Over the pas t  four  years. The 
7 

major r e s u l t s  of t h i s  project  are dea l t  with very b r i e f l y  s ince  these are 

presently ava i l ab le  i n  the  l i t e r a t u r e  [18,20] or  w i l l  be i n  the  near fu tu re  

[23]. The microbalance technique as used i n  t h i s  laboratory is capable of 

y ie ld ing  rate of vaporization data on one-component systems a t  least as 

r e l i a b l e  as t h a t  from any other  method. 

.. 
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