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THERMAL ANALYSIS AND GRADIENT QUENCHING APPARATUS AND 

TECHNIQUES FOR THE INVESTIGATION OF FUSED SALT PHASE EQUILIBRIA 

H. A .  Friedman, G. M. Hebert ,  
and 

R. E. Thoma 

ABSTRACT 

A d e t a i l e d  d e s c r i p t i o n  is presented  of appara- 

t u s  and methods used a t  ORNL f o r  de te rmina t ion  of 

h igh  temperature  equ i l ib r ium phase r e l a t i o n s h i p s  i n  

condensed s y s t e m s  of molten s a l t s .  P r i n c i p a l  empha- 

sis is given t o  experimental  t echniques  r e q u i r e d  

f o r  i n v e s t i g a t i o n  of non-vo la t i l e  hygroscopic f l u o r -  

i d e s .  Equi l ibr ium phase behavior is e l u c i d a t e d  by 

t h e  combined r e s u l t s  of experiments i n  which measure- 

ments are made of t he  t h e r m a l  e f f e c t s  occur r ing  on 

me l t ing  and f r e e z i n g  polycomponent mixtures ,  and 

o t h e r s  i n  which unequivocal i d e n t i f i c a t i o n  of s o l i d  

phases formed dur ing  c r y s t a l l i z a t i o n  is obta ined .  

Apparatus devised  a t  ORNL f o r  use  i n  p repa ra t ion ,  

p u r i f i c a t i o n ,  e q u i l i b r a t i o n ,  and handl ing  of m a t e r -  

i a l s  f o r  a p p l i c a t i o n  i n  f l u o r i d e  phase s t u d i e s  is 

desc r ibed  i n  de t a i l .  The methods and techniques  

desc r ibed  are unique i n  provid ing  such l a r g e  quan- 

t i t i e s  of phase d a t a  t h a t  phase diagrams of complex 

s y s t e m s  may be cons t ruc t ed  i n  a r e l a t i v e l y  s h o r t  t i m e .  
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INTRODUCTION 

The advent of molten s a l t s  i n  nuc lea r  reactor technology 

a s  f u e l s ,  converter-breeder  b l a n k e t s ,  h e a t  t r a n s f e r  f l u i d s ,  

and r ep rocess ing  media f o r  s p e n t  f u e l  e l e m e n t s  has  necess i -  

t a t e d  a l a r g e  number of phase equ i l ib r ium i n v e s t i g a t i o n s .  

Although many experimental  methods have been a p p l i e d  i n  s tud-  

ies of phase e q u i l i b r i a  a t  e l e v a t e d  tempera tures ,  e .  g . ,  

through measurements of thermal expansion,  magnetic proper- 

t i e s ,  v i s c o s i t y ,  thermodynamic p r o p e r t i e s  and c r y s t a l l i z a t i o n  

e q u i l i b r i a ,  on ly  t h e  l a t t e r  two of t h e s e  methods are s u i t e d  

for r a p i d l y  a c q u i r i n g  t h e  l a r g e  number of d a t a  needed i n  

c o n s t r u c t i n g  complex phase diagrams. These t w o  g e n e r a l  

1 

methods have t h e r e f o r e  been a p p l i e d  f o r  s e v e r a l  years t o  in-  

v e s t i g a t i o n s  of molten s a l t  phase e q u i l i b r i a  a t  ORNL. Adapt- 

a t i o n s  of experimental  metnods t o  s p e c i f i c  problems obviously 

r e q u i r e  cons ide ra t ion  of t h e  m o s t  annoying p r o p e r t i e s  of t h e  

materials t o  be s t u d i e d  and mod i f i ca t ion  of t h e  methods t o  per- 

m i t  i n v e s t i g a t i o n  of t h e  materials d e s p i t e  t h e i r  i n t r ans igence .  

Molten h a l i d e s  a t  e l e v a t e d  temperatures  possess  an impressive 

l i s t  of t h e s e  c h a r a c t e r i s t i c s .  I t  is t h e  purpose of t h i s  

r e p o r t  t o  f u r n i s h  d e t a i l e d  d e s c r i p t i o n s  of t h e  p r a c t i c a l  pro- 

cedures  which have found s p e c i a l  a p p l i c a t i o n  a t  ORNL f o r  in-  

v e s t i g a t i o n s  of molten s a l t  phase e q u i l i b r i a .  

Phase equ i l ib r ium diagrams are g e n e r a l l y  de r ived  from 

two k inds  of experiments ,  those  from which deduct ions  are 

made from measurements of thermal  e f f e c t s  occur r ing  i n  

h e a t i n g  and coo l ing  curves ,  and those  which permit  a d i r e c t  
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or i n d i r e c t  i d e n t i f i c a t i o n  of t he  numbers and compositions 

of phases occur r ing  a t  a l l  temperature-composition p o i n t s .  

Commonly, fused  s a l t  diagrams are based on information 

from c o o l i n g  curves .  Changes i n  s l o p e  of t he  temperature  

of t h e  sample, when p l o t t e d  as a func t ion  of t i m e ,  r e f l e c t  

phase changes which occur on cool ing .  This  technique is 

g e n e r a l l y  adequate f o r  determining a l l  except  t he  s t e e p -  

e s t  l i q u i d u s  curves ;  s t e e p  curves  r e p r e s e n t  s m a l l  changes i n  

s a t u r a t i o n  concen t r a t ions  wi th  temperature  and hence s m a l l  

h e a t  e f f e c t s .  Cooling curves  a l s o  provide information on 

t h e  s o l i d u s  and subso l idus  phase changes,  bu t  are prone t o  

g ive  mis leading  i n d i c a t i o n s  because of t h e  i m p o s s i b i l i t y  
i 

of main ta in ing  equ i l ib r ium dur ing  cool ing .  Phase t r a n s i t i o n s  

i n f e r r e d  from coo l ing  curves  are v e r i f i e d  by quenching of 

equ i l ib r ium samples and an i d e n t i f i c a t i o n  of t h e  phases by 

c r y s t a l l o g r a p h i c  examination w i t h  microscopic and X-ray 

d i f f r a c t i o n  t e c h n i q u e s .  Chief i n t e r e s t  i n  s a l t  phase 

e q u i l i b r i a  has focused on t h e  f l u o r i d e s  and c h l o r i d e s  of the 

a c t i n i d e  elements  and on l o w  mel t ing  s o l v e n t s  f o r  these 

f i s s i l e  and f e r t i l e  materials.  Such s a l t s  vary widely wi th  

r e s p e c t  t o  t h e i r  hygroscopic c h a r a c t e r .  I t  is necessary  t o  

employ experimental  techniques which main ta in  a genuinely 

nvironment f o r  t h e  s a l t s .  Though t h e  tri- and 

t e t r a f l u o r i d e s  of t h e  a c t i n i d e s ,  rare e a r t h s  and zirconium 

a r e  n o t  hygroscopic ,  they are e a s i l y  hydrolyzed a t  e l e v a t e d  

L 

temperatures .  I t  is necessary ,  t h e r e f o r e ,  i f  t h e  sample 
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under examination is t o  be f r e e  from ext raneous  phases due 

t o  the  presence of ox ides  or oxyf luo r ides ,  t o  remove a l l  

water and t o  p r o t e c t  t h e  heated sample from c o n t a c t  wi th  a i r .  

METHODS 

D i r e c t  Thermal Analysis  

Two techniques have been developed f o r  o b t a i n i n g  thermal- 

a n a l y s i s  d a t a .  These have evolved as a "normal" procedure,  

employed f o r  mixtures  which are known t o  be non-hygroscopic, 

and a "spec ia l"  procedure , employed f o r  hygroscopic mixtures .  

Normal Procedure 

A convenient  means of accommodating fou r  samples  i n  graph- 

i t e  or n i c k e l  c r u c i b l e s  is shown i n  Figure (1 ) .  The g r a p h i t e  

c r u c i b l e s ,  5' 1 /2"  h igh ,  1 5/8" o.d., with  a w a l l  t h i ckness  of 

1/8", are f a b r i c a t e d  from high d e n s i t y  g r a p h i t e ;  t he  n i c k e l  

c r u c i b l e s ,  5 1/2" h igh ,  are cons t ruc t ed  from 1 l / Z ? ?  tub ing  

wi th  a 1 /16"  w a l l  t h i ckness .  A g r a p h i t e  d i s c ,  approximately 

t h e  s ize  of t h e  i n t e r n a l  diameter of t h e  c r u c i b l e  and wi th  

two ho le s  t o  admit  t he  stirrer and thermocouple w e l l ,  may be 

i n s e r t e d  i n t o  t h e  c r u c i b l e  on t o p  of t h e  sample i f  t he  major 

i n g r e d i e n t  has an apprec i ab le  vapor p re s su re .  The d i s c  re- 

duces t h e  v o l a t i l i z a t i o n  of t he  sample by f l o a t i n g  on the  

m e l t  thus  dec reas ing  the  l i q u i d  s u r f a c e  area. An annealed 

copper gaske t  between the  f l ange  of the  reactor v e s s e l  and 

t h e  l i d  acts as a seal  when t h e  assembly is f a s t e n e d  toge the r  

wi th  t h r e e  clamps. 

Nickel stirrers of 1/8" diameter  shanks and 14" i n  l eng th  

are i n s e r t e d  i n t o  the  m e l t s  through c l o s e l y  f i t t i n g  s l e e v e s  
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of g r a p h i t e  i n  t h e  l i d  of t h e  assembly (Figure 2 ) .  A ho lder  

capable  of f i n e  adjustments  a l i g n s  t h e  t o p  of t h e  stirrers 

(Figure 3 ) .  The m e l t s  are p r o t e c t e d  from t h e  atmosphere by 

main ta in ing  a s m a l l  p o s i t i v e  p re s su re  of helium, p u r i f i e d  by 

passage through a l i q u i d  n i t rogen-charcoa l  t r a p ,  i n  t h e  as- 

sembly. Leakage of helium through the  g r a p h i t e  bushings on 

the  l i d  prevents  d i f f u s i o n  of a i r  t o  the  molten mixture .  Pow- 

er is supp l i ed  t o  t h e  stirrer through t h e  b e l t  of c o i l e d  

s p r i n g  (Figure 1 ) ;  s l i p p a g e  of t h e  b e l t  p reven t s  p o s s i b l e  dam- 

age t o  the  d r i v e  motors. Temperatures a r e  measured w i t h  

Chromel-Alumel thermocouples i n  a t h i n  wal led (10 mi l )  n i c k e l  

thermocouple w e l l  immersed i n  t h e  m e l t .  The e . m . f . ' s  are 

measured us ing  Minneapolis Honeywe 11 " E l e c  t ron ik"  Recorders 

t h a t  are f r e q u e n t l y  c a l i b r a t e d  wi th  a poten t iometer .  

To remove oxide and water vapor,  1 0  grams of ammonium 

b i f l u o r i d e *  are added t o  each c r u c i b l e  fol lowed by t h e  sample. 

The c r u c i b l e s  are then loaded i n t o  t h e  r e a c t o r  v e s s e l  and t h e  

reactor is assembled and placed i n t o  a 5" po t  fu rnace .  The 

stirrers are a l igned  and the  furnace  heated u n t i l  t h e  ammonium 

b i f l u o r i d e  becomes molten,  120-225OC. These low temperatures  are 

maintained f o r  a t  least  one hour before  h e a t i n g  t o  e l e v a t e d  

temperatures .  Fuming of ammonium b i f  l u o r i d e  occurs  u n t i l  ap- 

proximately 55OoC. When evo lu t ion  of t he  fumes is no longer  

*Ammonium b i f l u o r i d e  w i l l  react  wi th  a number of ox ides ,  in-  
c l u d i n g  those  of uranium, zirconium, y t t r ium,  aluminum, bery l -  
l ium, c o b a l t ,  i r o n ,  vanadium, cerium, and chromium (valence 
6 )  t o  form f l u o r i d e s .  Nickel and chromium (valence 3 )  ox ides  
w i l l  n o t  be f l u o r i n a t e d  wi th  ammonium b i f l u o r i d e .  ( P r i v a t e  
communication from B . J .  Sturm, Reactor Chemistry Div i s ion ,  
ORNL . ) 

e 
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observed , the  escape vent  (F igures  1 and 2 )  is c losed  wi th  a 

g r a p h i t e  p lug ,  F i b e r f r a x  i n s u l a t i o n  is packed on t h e  t o p  of 

t h e  r e a c t o r  and t h e  stirrer motors are s t a r t e d .  One of sev-  

e ra l  e lec t r ic  timers can s t a r t  or s t o p  any p a r t  of t h e  equip- 

ment mechanically.  A m i n e r a l  o i l  bubbler l oca t ed  i n  t h e  gas  

e x i t  l i n e  is used t o  check f o r  a p o s i t i v e  p re s su re .  

The furnace  is cooled a f t e r  t he  temperature  has reached 

approximately 1 0 0 ° C  above the  h i g h e s t  e s t ima ted  l i q u i d u s  of 

any sample and t h e  i n g r e d i e n t s  of each  sample have melted 

and mixed. The rate of coo l ing  is r e g u l a t e d  by c o n t r o l l i n g  

the  vo l t age  t o  t h e  furnace  wi th  an auto- t ransformer.  The 

h e a t i n g  and coo l ing  cycles are u s u a l l y  r epea ted  wi th  t h e  cool-  

i n g  r a t e  v a r i e d  t o  v e r i f y  the  thermal  d a t a .  I t  is p o s s i b l e  

t o  magnify the  thermal e f f e c t  by i n c r e a s i n g  the  sample s ize  

and by dec reas ing  t h e  coo l ing  r a t e .  An approximately opt imal  

choice  of sample s i z e  appears  t o  be 50  g. This  s ize  choice  

is a compromise of d e s i r a b l y  l a r g e r  sample s izes  wi th  the  

convenience of employing l a b o r a t o r y  scale equipment. S u i t -  

a b l e  coo l ing  rates for such sample s izes  are 3-4OC/ min. 

A complete h e a t i n g  and coo l ing  cycle r e q u i r e s  about 6 hours .  

Spec ia l  Procedure 

To o b t a i n  equ i l ib r ium coo l ing  curves  and quench d a t a  i n  

s y s t e m s  of hygroscopic sa l t s  a l l  manipulat ions except  weigh-. 

i n g  t h e  s t a r t i n g  materials are performed i n  a vacuum dry-box. 
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Samples are p u r i f i e d  i n  t h e  same manner as desc r ibed  i n  the  

o t h e r  procedure and melted i n  a 5" po t  furnace  set  i n t o  the  

f l o o r  of t he  dry-box. Ammonium b i f l u o r i d e  fumes are exhausted 

through a n i c k e l  funnel  (Figure 4 ) .  In  u s e ,  t h e  funne l  is 

placed over t h e  furnace  w e l l  and sealed t o  the  w e l l  wi th  t h e  

t e f l o n  gaske t .  Fumes evolved du r ing  t h e  ammonium b i f l u o r i d e  

p u r i f i c a t i o n  s t e p  are p u l l e d  by a vacuum pump i n  t u r n  through 

t h e  funne l ,  a rubber hose, and 3/4" diameter  copper tub ing  in-  

t o  a soda l i m e  t r a p  and i n t o  a s u l f u r i c  a c i d  t r a p .  The fun- 

n e l  is placed i n  its rack a t  t h e  back of t h e  dry-box when 

fuming is complete,  as i n d i c a t e d  by t h e  temperature  of a 

thermocouple f i t t i n g  i n t o  a w e l l  i n  t h e  n i c k e l  funne l ;  t h e  

s t i r r i n g  mechanism, which a l s o  c o n t a i n s  t h e  thermocouple w e l l s ,  

is then pos i t i oned  over t h e  h e a t i n g  w e l l  a f t e r  i t  has  been 

removed from its holder  (Figure 5 ) .  One thermocouple w e l l  

and one s t i r r i n g  rod  a r e i n s e r t e d  i n t o  each c r u c i b l e .  A s i n g l e  

motor r o t a t e s  t h e  fou r  stirrers which have s l i p  c l u t c h e s  t o  

permit  t h e  motor t o  r evo lve  wi thout  damage when t h e  m e l t s  

f r e e z e  . Temperatures are measured and recorded  u s i n g  Chromel- 

Alumel thermocouples i n s e r t e d  i n t o  t h e  dry-box through Conax 

f i t t i n g s * .  

An atmosphere of argon gas ,  d r i e d  by pass ing  through mag- 

nesium p e r c h l o r a t e  and dry  i c e - t r i c h l o r o e t h y l e n e  t r a p s  , is 

maintained i n  t h e  dry-box. The dry-box en t r ance  chamber is 

* Made by Conax Corp., 2300  Walden Avenue, Buf fa lo  2 5 ,  N e w  York. 

e 
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F ig .  5 .  S t i r r e r  Mechanism. 
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evacuated and r e f i l l e d  w i t h  d r i e d  argon after each -transit througrh 

t h e  c h a m  b e r .  Metal p l a t e s  cover the  glove p o r t s  when t h e  

dry-box is evacuated and when t h e  p o r t s  are n o t  i n  use .  The 

atmosphere is c i r c u l a t e d  i n s i d e  t h e  box over s e v e r a l  t r a y s  of 

P,05 t o  absorb  any moisture .  An oxygen-free dry atmosphere 

must be maintained i n  t h e  box. In u s u a l  ope ra t ion  wi th  c losed  

glove p o r t s ,  t h e  water con ten t  of t he  dry-box atmosphere can. 

be maintained a t  about 2 0  ppm. 

Quenching Techniques 

P u r i f i e d  m e l t s  from t h e  thermal a n a l y s i s  procedure may 

be f u r t h e r  used by being e q u i l i b r a t e d  a t  and quenched from 

e l e v a t e d  temperatures  t o  v e r i f y  t h e  t r a n s i t i o n  temperatures  

and t o  observe the  phases p r e s e n t  a t  t h e  t r a n s i t i o n s .  Quench 

tubes c o n t a i n i n g  25-28 sample segments are e q u i l i b r a t e d  i n  

g r a d i e n t  quench fu rnaces  over pre-determined temperature  

ranges  and then r a p i d l y  cooled.  Methods used t o  i n t e r p r e t  

thermal  g r a d i e n t  quenching d a t a  have been d i scussed  i n  r e p o r t s  

and will n o t  be treated 2-4 of f l u o r i d e  phase i n v e s t i g a t i o n s  

here .  

P repa ra t ion  of Samples 

t o  be e q u i l i b r a t e d  are obta ined  from e i t h e r  clf 

ed  by a s p e c i a l  prepar- 

r e d  from pure components. Thie 

d i n  the  normal thermal  a n a l y s i s  

a dry-box, ground wi th  an elec- 

t r i c  mortar and p e s t l e  t o  < l o 0  mesh, b o t t l e d ,  removed from t h e  

A 
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dry-box and homogenized on a converted b a l l  m i l l  (Figure 6 )  

f o r  approximately 1 6  hours.  These b o t t l e s ,  s e a l e d  wi th  a 

c o a t i n g  of p a r a f f i n  and beeswax, are clamped i n t o  p l ace  on 

t h e  face p l a t e .  Af te r  mixing, t h e  samples are r e t u r n e d  t o  

t h e  dry-box and loaded i n t o  quench tubes .  Hygroscopic samples,  

p u r i f i e d  i n  t h e  s p e c i a l  thermal a n a l y s i s  procedure,  are homcg- 

en ized  by  hand mixing wi th in  t h e  dry-box r a t h e r  than  e x t e r n a l -  

1 Y  * 

Prepa ra t ion  of quench tubes  

Tubes f o r  non-vola t i le  sa l t s . -  A r o l l i n g  and crimping 

machine (Figure 7 > 5  has been cons t ruc t ed  t o  i n s u r e  e q u a l  s a m -  

p l e  spac ing  i n  t h e  quenching tube and t o  l e s s e n  t h e  t i m e  re- 

qu i r ed  f o r  loading.  A n i c k e l  tube 6-1/2" long,  0.10' '  i n  out-  

s i d e  d iameter ,  and 0.010'' i n  w a l l  t h i c k n e s s  which has been 

annealed f o r  1 hour i n  a H2 atmosphere a t  8OO0C or a d r i e d  

platinum tube of s i m i l a r  s i ze  is r o l l e d  wi th  t h e  knur led  

wheel t o  f l a t t e n  a l l  bu t  3/8" a t  one end. The f l a t t e n e d  

tube  has a void space 0.015" t h i c k .  The bottom of t h e  tube 

is then s e a l e d  by welding, 

A sample is loaded by i n s e r t i n g  t h e  end of t h e  sample 

tube i n t o  t h e  s h a f t  of a s p e c i a l l y  cons t ruc t ed  funne l  (Fig- 

u r e s  7 and 8 ) .  A s m a l l  l i p  on t h e  i n s i d e  of t h e  funne l  s h a f t  

p revents  ove r - in se r t ion  of t h e  tube.  The tube  is tapped 

a g a i n s t  a s o l i d  s u r f a c e  t o  i n s u r e  complete f i l l i n g ,  and then  

crimped wi th  p l i e r s  3/8" from t h e  top.  The upper 3/8" is 

c l e a r e d  of powder, c leaned  wi th  a p ipe  c l e a n e r  and f l a t t e n e d  



3
 

ii 

-1
5

- 

k
 

a, 
x 



-16- 

F ig .  7 .  R o l l e r  and Crimping Machine. 
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wi th  p l i e r s .  Care must be taken t o  see t h a t  t h i s  space  is 

w e l l  c leaned ,  f o r  a s m a l l  amount of t h e  sample lodged i n  t h e  

weld can prevent  s e a l i n g  of t h e  tube.  The tube is removed 

from t h e  box, f l a t t e n e d  i n  a v i s e ,  crimped wi th  t h e  crimp- 

i n g  wheel, and t h e  end c losed  wi th  a gas-oxygen to rch .  A 

p iece  of w e t  c l eans ing  t i s s u e  he ld  around t h e  upper p o r t i o n  

of t h e  tube  while  welding p reven t s  vapor i za t ion  of t h e  sample. 

Tubes f o r  v o l a t i l e  sa l t s . -Nicke l  o r  platinum quench tubes  

prepared as d iscussed  above are of l i t t l e  use  f o r  i n v e s t i -  

g a t i n g  s y s t e m s  con ta in ing  one o r  more components which e x e r t  
4 

s i g n i f i c a n t  vapor p r e s s u r e  a t  e l e v a t e d  temperatures .  An in-  

novat ion i n  t h e  tube des ign  w a s  made t o  minimize expansion 

of crimped j o i n t s  by v o l a t i l e  materials and migra t ion  of 

s a l t s  wi th in  t h e  tubes .  The sample is loaded i n t o  an u n f l a t t e n -  

ed s t a n d a r d  quench tube by means of a 1 6  gauge 6 1 / 2 ? '  I r v i n g  

caudal  needle  wi th  plunger  (Figure l o ) ,  The needle  is in-  

s e r t e d ,  a f t e r  wiping, i n t o  t h e  bottom of t h e  quench tube  and 

the  sample depos i t ed  by pushing the  plunger;  then  t h e  plunger 

is r e t r a c t e d  and t h e  needle  removed. A p o r t i o n  of t h e  tube 

where t h e  sample is loca ted  (1/8" i n  l eng th )  is f l a t t e n e d  

a long  wi th  a 1/8" p o r t i o n  above the  sample by r o t a t i n g  t h e  

wheel of t h e  space  crimping machine. u n t i l  an automatic  s t o p  

is reached (Figure 9 ) .  The nex t  segment is loaded wi th  t h e  

needle ,  a s t o p  r e l e a s e d  and the  wheel r o t a t e d .  The process  

is cont inued u n t i l  t h e  tube  is f i l l e d  t o  w i t h i n  3/8" of t he  

top. Another tube is loaded i n  t h e  same manner, bu t  1/8" 
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more space is l e f t  a t  t h e  top.  When 

t h i s  ex t ra  space al lows t h e  u n f i l l e d  

t h e  tubes  are i n v e r t e d  

space i n  one tube t o  be 

oppos i te  a f i l l e d  segment i n  t h e  o the r .  Two tubes  a r e  re- 

qu i r ed  t o  f u r n i s h  an u n i n t e r r u p t e d  series of segments (Fig- 

u r e  10) .  The loaded tubes  are removed from t h e  dry-box, 

f l a t t e n e d  i n  a v i s e ,  and t h e  ends welded wi th  an oxygen-gas 

to rch .  A p iece  of w e t  c l e a n s i n g  t i s s u e  used as mentioned 

above p r e  v e n t s  vapor i za t ion  of t h e  sample. The u n f i l l e d  

spaces  between t h e  samples are welded wi th  an Ampower por t -  

a b l e  s p o t  welder w i th  e l e c t r o d e s  modified t o  weld a 1/16" 

s p o t .  

Quench Furnaces 

Furnaces wi th  s t a t i o n a r y  thermocouples .-Two types  of grad- 

i e n t  temperature  furnaces  have been developed as modif i ca t io i i s  

of t h e  Tucker and Joy fu rnace ,  a furnace  wi th  s t a t i o n a r y  the r -  

mocouples used f o r  temperatures  t o  9OO0C and a furnace  wi th  

a t r a v e l i n g  thermocouple f o r  h igher  temperatures .  The f u r -  

naces used f o r  temperatures  up t o  9OO0C,  have v e r t i c a l l y  

mounted nichrome wound ceramic cores*  wi th  s e v e r a l  connec t ions  

6 

t o  vary t h e  l e n g t h  of t h e  heated s e c t i o n  and t h e  temperature  

g r a d i e n t  (Figure 11) .  Within t h e  ceramic co re  a n i c k e l  s a m -  

p l e  block 10"  long,  2" diameter wi th  a c e n t e r  ho le  9 1/2"  lo:ng, 

* The Alundum tube cores, 2 1 / 2 ? ?  I.D. x 16" long, used f o r  Mar- 
s h a l l  Tubular T e s t  Furnaces , are purchased from Marshall  
Products  Company, 2 0 7  West Lane Avenue, Columbus 2 ,  Ohio. 
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and 21/64'' i n  diameter, bored lengthwise, is suspended. Eigh- 

t e e n  Chromel-Alumel thermocouples, spaced one h a l f  inch  a p a r t  

a long  t h e  l e n g t h  of t h e  block,  p e n e t r a t e  t o  wi th in  1/32" of 

t h e  c e n t r a l  sample hole .  A s  many as fou r  sample tubes  are 

i n s e r t e d  i n t o  t h e  c e n t r a l  ho le  s imul taneous ly  on a p e d e s t a l  

of known he igh t .  This p e d e s t a l  rests on a p i v o t  l a t c h  which 

can be r o t a t e d  t o  drop t h e  tubes  i n t o  t h e  o i l  ba th  f o r  quench- 

ing.  The temperature  of each segment of a tube is determined 

by p l o t t i n g  t h e  temperatures  i n d i c a t e d  from t h e  thermocauplc? 

vo l t ages  r e a d  wi th  a potent iometer  as a f u n c t i o n  of t h e  po- 

s i t i o n  of each  segment i n  r e l a t i o n s h i p  t o  t h e  thermocouples <, 

I f  t h e  samples are t o  be he ld  a t  temperatures  above 500°C 

it is d e s i r a b l e  t o  p r o t e c t  t h e  con ta ine r  t ubes  from ox ida t ion  

by a flow of helium admit ted through t h e  block suppor t  v i a  

a s m a l l  tube.  

t ransformers  and by c o n t r o l l e r s  c o n t a i n i n g  p r o p o r t i o n a l  u n i t s .  

The furnaces  are c o n t r o l l e d  t o  *1/4OC by auto- 

Furnaces wi th  t r a v e l i n g  thermocouples.-Other t ypes  of 

fu rnaces  (Figure 1 2 )  have been developed t o  annea l  samples -to 

12OO0C.  s i n c e  t h e  Chromel-Alumel thermocouples have rela- 

t i v e l y  s h o r t  l i f e  a t  temperatures  above 900'C. The core* of 

t h i s  fu rnace  is wound t o  1/2" of t h e  t p p  and t o  5 1 /2"  of t h e  

bottom wi th  20  gauge platinum w i r e .  The quench block,  a 2" 

n i c k e l  rod  10'' long,  is bored lengthwise wi th  t w o  h o l e s  9 1/2" 

1 
I 

*Same core t h a t  is used i n  t h e  o t h e r  type  furnaces .  
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deep t o  c o n t a i n  t h e  samples and t h e  thermocouple. The s a m -  

p l e  ho le  (21/64" i n  d iameter )  is c e n t r a l l y  l o c a t e d  and separ -  

a t e d  1/32'' from t h e  thermocouple hole  (3/16" i n  d iameter ) .  

Helium gas is used i n  t h i s  fu rnace  as i n  0ther.s t o  prevent  

t h e  ox ida t ion  of t h e  n i c k e l  sample tubes .  

A temperature  r eco rd  of t h e  thermal g r a d i e n t  is pro- 

vided by a t r a v e l i n g  thermocouple. A gear t r a i n  and thread-  

e d  rod  arrangement is opera ted  t o  raise and lower t h e  monitor- 

i n g  thermocouple a t  a ra te  of from 2-8 in . /hr .  Temperatures 

are recorded  on a Honeywell "Electronik" instrument  a d j u s t e d  

s o  t h a t  its c h a r t  speed is i d e n t i c a l  with that of t h e  t r a v e l i n g  

thermocouple. Two micro swi t ches  which a c t i v a t e  r e l a y s  are 

arranged s o  as t o  r e v e r s e  t h e  d i r e c t i o n  of t h e  thermocouple 

when c o n t a c t  is made. The thermocouple t r a v e l s  a d i s t a n c e  

'3 

of 6 1 /2" ,  equa l  t o  t h e  l eng th  of t h e  sample tube ,  before  

r e v e r s i n g  its d i r e c t i o n .  The thermocouple w i r e  is enc losed  

i n  one s t r i p  of ceramic i n s u l a t o r  12" long. To i n s u r e  t h a t  

t h e  thermocouple measures t h e  temperature  over t h e  l e n g t h  of 

t h e  specimen, i t  is clamped i n  t h e  thermocouple holder  (Fig- 

u r e  11) s o  t h a t  t h e  t i p  of t h e  thermocouple co inc ides  wi th  

t h e  t o p  and bottom of t h e  specimen tube  a t  t h e  extremes of 

t r a v e l .  S ince  the  ou tpu t  of t h e  thermocouple is recorded  on 

a multi-span r eco rde r  whose ra te  of t r a v e l  is synchronized 

wi th  t h e  motion of t h e  thermocouple, t h e  temperature  of each 

s e c t i o n  of t h e  specimen tube  is a c c u r a t e l y  determined, The 

temperature  of t h e  furnace  is c o n t r o l l e d  by a 28 ampere 
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Powerstat  and a 16OO0C c o n t r o l l e r  w i t h  a p r o p o r t i o n a l  u n i t .  

Because t h e  temperature g r a d i e n t  is s m a l l  a t  t h e  t o p  of 

t he  furnace  and i n c r e a s e s  downward, t h e  p o s i t i o n  of t h e  s a m -  

p l e  i n  the  furnace, determined by t h e  l e n g t h  of t h e  n i c k e l  

sample suppor t ing  rod ,  p a r t l y  determines t h e  temperature  

g r a d i e n t  a long the  specimen tube du r ing  anneal ing.  

The quenching tube and t h e  sample suppor t  are he ld  i n  

the  furnace  by t h e  suppor t ing  p la t form,  which is a t t a c h e d  

t o  the  furnace  by a s p r i n g  mechanism; the  tube is dropped 

i n t o  an o i l  ba th  by p u l l i n g  t h e  handle of t h e  suppor t ing  

p la t form.  

Accuracy and P r e c i s i o n  of Measurement 

In o rde r  t o  e s t a b l i s h  estimates of accuracy as w e l l  as 

of p r e c i s i o n ,  experiments  are conducted o c c a s i o n a l l y  i n  which 

mel t ing  p o i n t s  of s a l t s  are determined which have been accur- 

a t e l y  e s t a b l i s h e d  elsewhere.  Typica l  s t a t i s t i c a l  d a t a  from 

averages of t e n  coo l ing  curve de te rmina t ions  each wi th  N a C l  

and KC1 i n d i c a t e  mel t ing  p o i n t s  of 771rt2 and 801&3OC, respec-  

t i v e l y  as compared wi th  s t a n d a r d  va lues  f o r  t h e s e  s a l t s  of 

770.3 and 800.4'C. In r o u t i n e  de te rmina t ions  of t he  mel t ing  

p o i n t s  of m g r u e n t l y  mel t ing  complex f l u o r i d e  compounds, e . g . ,  

7NaF. 6UF,, t h e  me l t ing  temperature  is g e n e r a l l y  reproduced i n  

both coo l ing  curve and quenching experiments t o  w i t h i n  k2OC.  

The degree of p r e c i s i o n  and accuracy f o r  t he  observed t r an -  

s i t i o n s  i n  a s y s t e m  depend upon s e v e r a l  f a c t o r s  i nc lud ing  t h e  

p r o p e r t i e s  of t h e  s y s t e m  i n v e s t i g a t e d ,  r e l i a b i l i t y  of t h e  

k 
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thermocouples, and t h e  g r a d i e n t  i n  t h e  quench furnaces  f o r  

t he  quenching technique.  The l a r g e r  t he  g r a d i e n t  i n  t h e  quench 

fu rnaces ,  t h e  g r e a t e r  t he  temperature increment for each seg-  

ment. The s p e c i f i c a t i o n s  f o r  Chromel-Alumel thermocouple w i r e s  

a t  ORNL permit  a maximum al lowable e r r o r  of 0 .75  % of reading .*  

The temperature  of t he  sample block thermocouple and t h e  t e m -  

p e r a t u r e  of a thermocouple i n  the  sample hole  oppos i t e  t he  

o t h e r  thermocouple agreed w i t h i n  t h e  l i m i t s  of e r r o r  of the 

thermocouples f o r  a l l  thermocouples i n  every  quench furnace .  

E s t i m a t e s  of t h e  p r e c i s i o n  obta ined  i n  measuring phase t r a n -  

s i t i o n  temperatures  are de r ived  by c o r r e l a t i o n  of ( a )  t r a n -  

s i t i o n  temperature  measurements as a func t ion  of composition 

wi th in  a s p e c i f i c  s y s t e m ,  (b)  e x t r a p o l a t i o n  of t r a n s i t i o n  t e m -  

p e r a t u r e  data  i n  an n-component system t o  one of i ts n-1 com- 

ponent l i m i t i n g  s y s t e m s ,  and ( c )  r e p e t i t i o n  of annea l ing  and 

quenching experiments u s ing  s e v e r a l  o f -  t h e  furnaces  employed 

i n  t h e  phase s t u d i e s .  The p r e c i s i o n  l i m i t s  of t h e s e  i n t e r -  

n a l  c a l i b r a t i o n s  appear t o  be wi th in  & 2 " C .  

Equil ibr ium thermal  e f f e c t s  are n o t  a v a i l a b l e  from mix- 

t u r e s  which tend  t o  supercool  or from s a l t  mixtures which tend 

t o  form g l a s s e s  on coo l ing .  Where these phenomena occur ,  

quenching procedures  provide t h e  only source  of equ i l ib r ium 

data.  In  o t h e r  cases, c r y s t a l l i z a t i o n  r e a c t i o n s  a t  high t e m -  

*P r iva t e  communication from W .  W. Johnston,  Jr. of t h e  Ins- 
trument Department, Standards Laboratory,  ORNL. 
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p e r a t u r e s  occur so r a p i d l y  t h a t  quenching experiments  do n o t  

d i s c l o s e  t h e  occurrence of phase t r a n s i t i o n s .  By use  of t he  

techniques and equipment desc r ibed  i n  t h i s  r e p o r t  phase equi-  

l i b r i a  i n  a l a r g e  number of s y s t e m s  have been de f ined  i n  d e t a i l  

wi th  good p r e c i s i o n  and accuracy. 
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