
308 JOURNAL OF THE ELECTROCHEMICAL SOCIETY Apr i l  1960 

s u b l i m a t i o n  of u r a n y l  f luor ide  b y  a s s u m i n g  t h a t  t h e  
s lope  of a p lo t  of log  k~ vs. 1/T was  equa l  to t he  
hea t  of sub l ima t i on .  H o w e v e r ,  the  s ca t t e r  in  t h e  
va lue s  of k~ p r e c l u d e d  a n y  such e s t ima t ion .  
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ABSTRACT 

A l u m i n u m  ni t r ide  crysta ls  in the form of s ix-s ided  pr i smat ic  needles,  up to 
0.5 m m  in d iamete r  by 30 m m  long, and thin plates,  2-3 m m  in d iameter ,  have 
been p repa red  by  vapor iza t ion  of a luminum in a n i t rogen  a tmosphere  at t em-  
pe ra tu res  ranging  f rom about  1800 ~ to 2000~ and the proper t ies  of the crysta ls  
de termined.  Also, an a luminum ni t r ide  body, having a densi ty  of 98% of theo-  
ret ical ,  has been p repa red  by  hot press ing the fine powder ,  and a s tudy  made  
of its propert ies .  

A l u m i n u m  n i t r i de ,  AtN,  consis ts  of 65.81% a l u -  
m i n u m  and  34.19% n i t rogen .  A l t h o u g h  a l u m i n u m  
n i t r i d e  was  p r e p a r e d  m a n y  y e a r s  ago, i ts  p r o p e r t i e s  
h a v e  not  been  w e l l  known .  E a r l y  i nves t i ga to r s  con-  
s i de r ed  i t  too uns t ab l e ,  e spec i a l l y  w i t h  r e spec t  to 
m o i s t u r e  and  ox id iz ing  condi t ions ,  to be use fu l  as 
a r e f r a c t o r y .  More  r e c e n t  work ,  h o w e v e r ,  has  i n -  
d i ca t ed  t ha t  a l u m i n u m  n i t r ide ,  p r e p a r e d  at  h igh  
t e m p e r a t u r e ,  is r e l a t i v e l y  i n e r t  and,  t he re fo re ,  m a y  
have  a p p l i c a t i o n s  as a r e f r a c t o r y .  

R e c o n s i d e r a t i o n  of the  p o t e n t i a l i t i e s  of a l u m i n u m  
n i t r i d e  as a r e f r a c t o r y  a p p e a r s  to h a v e  s t a r t e d  w i t h  
a p u b l i c a t i o n  (1)  in 1956 b y  K o h n  a n d  assoc ia tes  
of the  U. S.  B u r e a u  of Mines.  These  i nves t i ga to r s  
i n c i d e n t a l l y  o b t a i n e d  sma l l  c ry s t a l s  of a l u m i n u m  
n i t r i d e  w h i l e  w o r k i n g  at  h igh  t e m p e r a t u r e s  on 
a n o t h e r  p r o j e c t  and  r e p o r t e d  t ha t  the  c r y s t a l s  w e r e  
i ne r t  to ho t  and  cold  m i n e r a l  ac ids  and  a l k a l i  so lu -  
t ions.  O t h e r  r ecen t  w o r k e r s  who  f o u n d  a l u m i n u m  
n i t r i d e  a r e l a t i v e l y  s t ab le  m a t e r i a l  i nc lude  R e y  (2) ,  
R e n n e r  (3) ,  and  Long  and  F o s t e r  (4) .  N o t w i t h -  
s t a n d i n g  the  c o n s i d e r a b l e  r ecen t  w o r k  on a l u m i n u m  
n i t r i d e  p r e p a r e d  at  h igh  t e m p e r a t u r e ,  t h e r e  is s t i l l  
d i s a g r e e m e n t  on m a n y  of i ts p r o p e r t i e s  such as m e l t -  
ing poin t ,  ha rdness ,  color,  and  o x i d a t i o n  res i s tance .  

R e f r a c t o r i e s  b a s e d  on a l u m i n u m  n i t r i d e  a r e  no t  
n o w  c o m m e r c i a l l y  ava i l ab l e ,  a l t h o u g h  R e y  (2)  has  
p r e p a r e d  a l u m i n u m  n i t r i d e  b r i c k  b y  a s i n t e r i ng  
process  a n d  Long  and  F o s t e r  (4)  have  m a d e  l a b o r a -  
t o r y - s i z e  cruc ib les ,  also b y  a s i n t e r i n g  me thod .  In  
add i t ion ,  J o h n s o n  (5)  has  p r e p a r e d  a compos i t e  
a l u m i n u m  n i t r i d e - c r y o t i t e  body ,  and  T a y l o r  (6)  has  
used  a l u m i n u m  n i t r i d e  as a b o n d  for  o t h e r  r e f r a c -  
t o r y  m a t e r i a l s .  H igh  dens i ty ,  imperv ious ,  e s s e n t i a l l y  

p u r e  a l u m i n u m  n i t r i d e  w a r e ,  h o w e v e r ,  ha s  not  
p r e v i o u s l y  been  made .  

The  ob jec t s  of t he  p r e s e n t  w o r k  w e r e  to s t u d y  
c r y s t a l l i n e  a l u m i n u m  n i t r i d e  fu r the r ,  e spec i a l l y  
those  p r o p e r t i e s  w h i c h  a r e  s t i l l  in d i spute ,  and  to 
p r e p a r e  a n d  d e t e r m i n e  the  p r o p e r t i e s  of a h i g h -  
d e n s i t y  a l u m i n u m  n i t r i d e  body .  In  the  l a t t e r  i n -  
s tance,  hot  p r e s s i n g  was  chosen  as a m e t h o d  of 
f a b r i c a t i o n  because  p r e l i m i n a r y  e x p e r i m e n t s  i nd i -  
ca ted  t ha t  i t  w o u l d  y i e ld  w a r e  of m a x i m u m  dens i ty ,  
and,  t he re fo re ,  of o p t i m u m  p h y s i c a l  p rope r t i e s .  

Crystalline Aluminum Nitride 
Formation of Crystals .--Two me thods  of f o r m i n g  

the c rys t a l s  w e r e  t r i ed :  (a )  h e a t i n g  a l u m i n u m  n i t r i de  
p o w d e r  in a n i t r o g e n  a t m o s p h e r e  at  h igh  t e m p e r -  
a tu r e s  to i nduce  c r y s t a l  g r o w t h  b y  r ec rys t a l l i z a t i on ,  
and  (b)  h e a t i n g  a l u m i n u m  m e t a l  p o w d e r  in a n i t r o -  
gen  a t m o s p h e r e  to suff ic ient ly  h igh  t e m p e r a t u r e s  to 
vapo r i ze  t he  a l u m i n u m  and  thus  fo rm c rys t a l s  b y  a 
v a p o r  p h a s e  reac t ion .  The  second  m e t h o d  was  m o r e  
effect ive and  was  used  to p r e p a r e  most  of t he  c r y s -  
ta l s  de sc r ibed  in  th is  r epor t .  

S i n t e r e d  a l u m i n u m  n i t r i d e  boa t s  and  c ruc ib les  
w e r e  used  as con ta ine r s  in  v a p o r i z i n g  the  me ta l .  The  
r eac t i on  was  c a r r i e d  out  in  a h o r i z o n t a l  g r a p h i t e  
t ube  r e s i s t ance  fu rna c e  or  in  a v e r t i c a l  i nduc t ion  
fu rna c e  h a v i n g  a g r a p h i t e  susceptor .  In  t he  h o r i z o n -  
t a l  r e s i s t ance  fu rnace ,  i t  w a s  poss ib le ,  us ing  an  op-  
t i ca l  p y r o m e t e r  w i th  te lescope ,  to fo l low the  or igin ,  
g rowth ,  a n d  d e v e l o p m e n t  of t h e  c r y s t a l s  a n d  to 
m e a s u r e  the  c o r r e s p o n d i n g  t e m p e r a t u r e s  at  t he  same  
t ime.  
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Fig. 1. Aluminum nitride crystals in the form of six-sided 
prismatic needles, obtained by nitriding aluminum vapors 
at 1 8S0 ~ 
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blue becoming deeper with increasing amount of 
carbon monoxide in the nitriding atmosphere; 0.5% 
carbon monoxide resulted in light blue crystals, 
while 2% carbon monoxide produced dark blue 
crys ta l s .  C h e m i c a l  ana lys i s  of t h e  c r y s t a l s  s h o w e d  
the  p r e s e n c e  of c a rbon  and  o x y g e n  in an  a p p r o x i -  
m a t e l y  e q u i m o l e c u l a r  ra t io .  The  p e r c e n t a g e  of c a r -  
bon v a r i e d  f rom a few t e n t h s  of a p e r  cen t  in the  
l igh t  b lue  c r y s t a l s  to abou t  2% in t he  d e e p e r  co lo red  
c rys ta l s .  If  c a r b o n  and  o x y g e n  a re  c o m b i n e d  as a l u -  
m i n u m  o x y c a r b i d e ,  A12OC, as s t a t ed  b y  Long  and  
F o s t e r  (4 ) ,  t hen  the  a m o u n t  of th is  c o m p o u n d  in 
the  c r y s t a l s  p r e p a r e d  in the  p r e s e n t  s t u d y  r a n g e d  u p  
to abou t  14%. 

Crystal structure and density.--Both the  w h i t e  
and  b lue  c rys t a l s  have  the  h e x a g o n a l  w u r t z i t e  s t r u c -  
ture .  O t h e r  i nves t i ga to r s  have  r e p o r t e d  cel l  d i m e n -  
sions as fo l lows:  

Fig. 2. Plate-like crystals of aluminum nitride formed by 
heating aluminum nitride powder in nitrogen at temperatures 
in excess of 1900~ 

I t  was  o b s e r v e d  t h a t  shor t ,  e x t r e m e l y  fine f i la-  
m e n t s  of a l u m i n u m  n i t r i d e  f o r m e d  in t he  r a n g e  of 
1450~176 w h i l e  a t  1800~176 the  c rys t a l s  
w e r e  p r e d o m i n a n t l y  w e l l - d e f i n e d  s i x - s i d e d  p r i s -  
m a t i c  needles ,  some of w h i c h  w e r e  a b o u t  0.5 m m  in 
d i a m e t e r  and  30 m m  long (Fig .  1). Some  e l o n g a t e d  
p la t e s  also f o r m e d  in th is  t e m p e r a t u r e  range .  A t  
1900~176 n e w  g r o w t h  a p p e a r e d  m a i n l y  as 
p l a t e s  (Fig.  2),  w h i l e  a b o v e  abou t  2050~ p r e v i -  
ous ly  f o r m e d  c rys t a l s  b e g a n  dec r ea s ing  in size v e r y  
s l o w l y  due  to vapo r i za t i on .  In  t he  case  of t he  p r i s -  
m a t i c  need les  s h o w n  in Fig.  1, t he  t a p e r e d  end was  
t h e  f r ee  end.  

Color.--The color  of the  c r y s t a l s  v a r i e d  f r o m  
w h i t e  to va r i ous  shades  of b lue .  R e y  (2)  s ta tes  t ha t  
p u r e  a l u m i n u m  n i t r i d e  fo rms  b lue  h e x a g o n a l  c r y s -  
ta ls .  Long  and  F o s t e r  (4)  c l a im  t h a t  p u r e  a l u m i n u m  
n i t r i d e  is w a t e r  w h i t e  and  t ha t  t he  b lue  co lo ra t ion  
r e su l t s  f r o m  the  p r e s e n c e  of a b o u t  7% a l u m i n u m  
o x y c a r b i d e  (AI~OC) in the  c rys ta l s .  T h e y  r e p o r t  t h a t  
a l u m i n u m  o x y c a r b i d e  is i s o m o r p h o u s  w i t h  a l u m i -  
n u m  n i t r i de  and  t h a t  f o r m a t i o n  of sol id  so lu t ion  b e -  
t w e e n  the  two  c o m p o u n d s  is v e r y  l ike ly .  T h e y  sug -  
ges t  t h a t  A12OC re su l t s  f r om a r e a c t i o n  b e t w e e n  c a r -  
bon  monox ide ,  i n c i d e n t a l l y  f o r m e d  in the  g r a p h i t e  
l ined  fu rnace ,  and  a l u m i n u m  in t he  sample .  In  o r d e r  
to t es t  these  theor ies ,  a l u m i n u m  n i t r i d e  c r y s t a l s  
w e r e  f o r m e d  in c a r e f u l l y  con t ro l l ed  a t m o s p h e r e s  of 
(a )  n i t r o g e n  only ,  (b)  in n i t r o g e n  con ta in ing  0.5- 
2% of ca rbon  monox ide ,  and  (c)  in n i t r o g e n  con -  
t a i n i n g  1% of m e t h a n e .  Blue  c r y s t a l s  f o r m e d  on ly  
w h e n  ca rbon  m o n o x i d e  was  p resen t ,  t he  shade  of 

T y p e  of Cel l  d i m e n s i o n s  
I n v e s t i g a t o r  m a t e r i a l  ao co 

Ott  (7) Powder  3.113 4.981 
S tacke lberg  Light  g ray  3.104--+0.005 4.96___0.008 

and Spiess powder  
(8) 

Kohn, Cotter,  Blue crys-  3.10--+0.01 4.965--+0.01 
and Po t t e r  tals  
(1) 

Pa re tzk in  (9) Powder  3.114 4.986 

In  t he  p r e s e n t  i nves t iga t ion ,  un i t  cel l  d imens ions  
w e r e  d e t e r m i n e d  b y  x - r a y  d i f f r a c t o m e t e r  b a c k  r e -  
f lect ion t echn iques .  Each  s a m p l e  was  s t a n d a r d i z e d  
i n d e p e n d e n t l y  w i t h  a s p e c t r o g r a p h i c a l l y  p u r e  s i l icon 
sample .  The  N a t i o n a l  B u r e a u  of S t a n d a r d s  v a l u e  of 
a = 5.4301A for  s i l icon was  used.  

The  fo l lowing  va lues  w e r e  o b t a i n e d  for  l igh t  
co lo red  a l u m i n u m  n i t r i d e :  a = 3.111A; c = 4.980A. 

A s a m p l e  of t he  d a r k  b l u e  c rys t a l s  con t a in ing  a p -  
p r o x i m a t e l y  2% ca rbon  and  2.7% o x y g e n  p r o d u c e d  
an x - r a y  d i f f r ac t ion  p a t t e r n  w i t h  b r o a d e r  ref lect ions ,  
some of w h i c h  showed  t h r e e  d i s t inc t  peaks .  Most  of 
these  w e r e  sh i f t ed  f rom the  p e a k s  of t he  l igh t  m a -  
te r ia l .  Va lues  of 3.11-3.13A for  t he  a d i m e n s i o n  and  
4.93-4.98A for  t he  c d i m e n s i o n  w e r e  ob ta ined ,  d e -  
p e n d i n g  on w h i c h  p e a k  was  e v a l u a t e d .  Di f fe rences  
in ref lec t ions  of t he  w h i t e  and  b lue  c rys t a l s  w e r e  
not  d e t e c t e d  w h e n  the  u s u a l  f i lm t echn iques  w e r e  
used.  P o s s i b l y  t he  b lue  s a m p l e s  con t a ined  enough  
p u r e  A1N to o v e r s h a d o w  t h e  less p r o m i n e n t  sh i f t ed  
ref lect ions.  Also,  t he  g e n e r a l  b r o a d e n i n g  w o u l d  t e n d  
to p r o d u c e  the  s ame  g e o m e t r i c a l  c en t e r  for  the  r e -  
f lect ions of bo th  t he  w h i t e  and  b lue  c rys ta l s .  

The  d e n s i t y  of a l u m i n u m  n i t r ide ,  c a l c u l a t e d  f r o m  
the  cei l  d imens ions  a =  3.111A and  c = 4.980A, is 
3.26 g /cc .  

Melting point.--The l i t e r a t u r e  r e p o r t s  m e l t i n g  
po in t s  in t he  r a n g e  of 2000~176 R e n n e r  (3)  ob -  
s e r v e d  s t rong  v a p o r i z a t i o n  of a l u m i n u m  n i t r i d e  at  
2450~ b u t  no me l t ing .  The  p r e s e n t  i n v e s t i g a t i o n  
conf i rms R e n n e r ' s  conclus ions .  The  e x p e r i m e n t s  
w e r e  c a r r i e d  out  in a m i c r o f u r n a c e  (10) at  a t m o s -  
phe r i c  p r e s s u r e  in a rgon.  W e l l - f o r m e d  p r i s m a t i c  
c rys ta l s ,  abou t  0.2-0.5 m m  t h i c k  b y  a b o u t  2-5 m m  
long,  w e r e  h e a t e d  in a V - s h a p e d  t u n g s t e n  c ruc ib le ,  
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m a k i n g  obse rva t ions  w i th  an  opt ical  py rome te r .  The 
crysta ls  were  hea ted  to 1800~ in  2-3 min ,  a f ter  
which  the  t e m p e r a t u r e  was increased  at the  ra te  of 
about  200~ Some vapor iza t ion  could be ob-  
served at 2300~ at 2450~ vapor iza t ion  was  rapid,  
and  af ter  1 m i n  at 2500~ the crysta ls  had com-  
p le te ly  d i sappeared  wi thou t  ev idence  of mel t ing .  In  
some expe r imen t s ,  c rys ta ls  were  hea ted  to 2450 ~ 
2500~ in  abou t  3 m i n  and  t h e n  i m m e d i a t e l y  a l -  
lowed to cool. The crysta ls  had  pa r t i a l l y  vaporized,  
bu t  no ev idence  of me l t i ng  was  observed.  

Hardness.--Hardness values  on the  Mohs scale 
r a n g i n g  f rom 5 to be tween  9 and  10 are found  in  the  
l i t e ra tu re .  No accura te  mic roha rdness  i n d e n t a t i o n s  
have  been  repor ted .  However ,  crysta ls  ob ta ined  in  
the  p re sen t  research  were  sufficiently la rge  tha t  
Knoop  i n d e n t a t i o n s  could be made  readi ly .  Al l  i n -  
den ta t ions  were  made  wi th  a load of 100 g, the  force 
be ing  appl ied  p e r p e n d i c u l a r  to the  c or long axis 
of the  crystal .  Some i n d e n t a t i o n s  were  made  wi th  
the  long d iagona l  of the  i n d e n t e r  pa ra l l e l  to, and  
some p e r p e n d i c u l a r  to the c axis of the crystal .  Re-  
sul ts  va r i ed  somewha t  w i th  the  direct ion,  p r o b a b l y  
because  of the anisot ropic  n a t u r e  of the  crystals .  
The ove r - a l l  ha rdness  of a l u m i n u m  n i t r ide  appears  
to be a p p r o x i m a t e l y  1200. This is e q u i v a l e n t  to a 
ha rdness  of s l ight ly  h igher  t h a n  7 on the  Mohs 
scale. Deta i led  ha rdness  data  are seen in  Table  I. 

Oxidation res is tance.- -Aluminum n i t r ide  crysta ls  
appear  to beg in  to oxidize in  air  at about  700~ 
This  was  inves t iga ted  b y  hea t ing  colorless and  b lue  
crysta ls  on a p l a t i n u m  lid in  f lowing air  to va r ious  
t e m p e r a t u r e s  for 24 hr, and  t h e n  ca re fu l ly  e x a m i n -  
ing the crys ta ls  microscopica l ly  af ter  each test. At 
b e t w e e n  700 ~ and  800~ the  surface  of clear  t r a n s -  
p a r e n t  crysta ls  became s l ight ly  foggy, ind ica t ing  the  
b e g i n n i n g  of oxidat ion.  The ox ida t ion  ra te  of w e l l -  
fo rmed  crystals ,  however ,  was  slow even  at  much  
h igher  t empe ra tu r e ,  because  of the  fo rma t ion  of a 
dense  a d h e r e n t  a l u m i n u m  oxide film. Thus,  af ter  
24 hr  at  1400~ the  cross section of crysta ls  of abou t  
1 m m  d i ame te r  and  7 m m  long showed an  oxide 

Table I. Hardness of aluminum nitride crystals 

Knoop hardness, K1oo 
I n d e n t a t i o n *  

No. W h i t e  c rys ta l s  B l u e  c rys ta l s  

1 1010 920 
2 1075 970 
3 1010 980 
4 1115 1030 
5 1000 1050 

*Average  104~' 990 

6 1453 1415 
7 1426 1510 
8 1454 1450 
9 1356 1445 

10 1348 1530 

*Average  1407 1470 

Over-al l  average 1225 1230 

* I n d e n t a t i o n s  1 t h r o u g h  5 w e r e  m a d e  w i t h  t he  l ong  d i a g o n a l  of 
t h e  i n d e n t e r  p a r a l l e l  to the  c ax i s  of t he  c rys ta l ,  6 t h r o u g h  10 w e r e  
m a d e  w i t h  t he  l o n g  d i a g o n a l  of  t he  i n d e n t e r  p e r p e n d i c u l a r  to t h e  
c axis .  

surface  fi lm es t ima ted  to be 40 tL thick.  The ins ide  
core of the crystal ,  however ,  was  st i l l  clear and  
t r a n s p a r e n t .  

T e n d e n c y  to oxidize also was d e t e r m i n e d  by  hea t -  
ing 2-3 g samples  of the  f inely mi l l ed  powder ,  h a v i n g  
an  average  par t ic le  size of about  5 t~, in  a f lowing 
s t r eam of air. The  weigh t  gain, a f ter  24 hr  at 700~ 
was 3.2%, cor responding  to a convers ion  of 13% 
of the  compound  to a l u m i n u m  oxide.  W h e n  a new  
sample  of the same powder  was hea ted  24 hr  in  
air  at 800~ the increase  in  weight  was  9%, corre-  
sponding  to a convers ion  of about  36% of the com-  
p o u n d  to a l u m i n u m  oxide. In  the  l a t t e r  case, x - r a y  
diffract ion c lear ly  showed the presence  of g a m m a  
a lumina .  

Corrosion resistance.--CrystaIs of a l u m i n u m  n i -  
t r ide  have  been  i m m e r s e d  in  wa te r  at room t e m p e r a -  
tu re  for several  m o n t h s  wi th  no a p p a r e n t  effect on 
the crystals .  Some recent  inves t iga tors  (1, 3, 4) s tate  
tha t  a l u m i n u m  n i t r i de  is essen t ia l ly  unaffected by  
m i n e r a l  acids. In  the  p resen t  research,  it was ob-  
served tha t  a l u m i n u m  n i t r ide  crysta ls  were  dissolved 
s lowly  in  a boi l ing  m i x t u r e  of one pa r t  concen t ra t ed  
hydroch lo r ic  and  one pa r t  water .  Thus,  p r i smat ic  
needles  hav ing  a d i ame te r  of abou t  80 t~ were  d is -  
solved comple te ly  in  80 hr. The corrosion rate, based 
on these exper imen t s ,  is a p p r o x i m a t e l y  170 mils  per  
year.  

Hot Pressed Aluminum Nitride 

Preparation o~f hot pressed aluminum nitr ide.--  
A l u m i n u m  n i t r i de  powder  was p r e p a r e d  by  direct  
combina t ion  of a l u m i n u m  and  n i t rogen .  Alcoa's No. 
101 a tomized a l u m i n u m  powder  was  mixed  wi th  
1% sod ium fluoride, which  catalyzes the n i t r i d ing  
at low t e m p e r a t u r e s  (11),  and  hea ted  in purif ied 
n i t r ogen  in a r e f r ac to ry  crucible.  The  t e m p e r a t u r e  
was ra ised r ap id ly  to 650~ and  then  increased 
s lowly  over  a per iod  of 40 hr  to a m a x i m u m  of 
1800~ In  this w a y  a porous s in te red  agglomera te  
was  obta ined.  I t  was  reduced  read i ly  by  dry  bal l  
m i l l i ng  in a s ta inless  steel mi l l  w i th  s tainless  steel 
bal ls  to a l ight  g ray  powder  wi th  an  average  p a r -  
t icle size of abou t  5 ~. Chemical  analys is  of the  
mi l led  a l u m i n u m  n i t r i de  powder  and  also the cal-  
cu la ted  composi t ion,  based on this  analysis ,  are  
shown in  Table  II. It  wi l l  be no ted  tha t  the a l u m i -  
n u m  n i t r i de  con ten t  is a p p r o x i m a t e l y  96%, and  tha t  
the  chief i m p u r i t y  is a lumina .  The dens i ty  of the 
powder  was 3.23 g/cc,  compared  w i th  a dens i ty  of 
3.26 g/cc  as ca lcu la ted  f rom the cell d imens ions  
of the crystals.  

Table II. Aluminum nitride powder 
(Pure AIN: 65.81% AI; 34.19% N) 

C h e m i c a l  ana lys i s  C a l c u l a t e d  compos i t i on  

A1 64.8 % A1N 
N 32.8 % ALO.~ 
C 0.2 % Other eom- 
Si 0.4% pounds 
Fe 0.1% 
O 1.0% 

96.0% 
2.1% 

1.9% 

P a r t i c l e  size:  0.5 to 25~ 
D e n s i t y :  3.23 g / cc  
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Table III. Strength and elasticity properties of hot pressed conduc t iv i ty  expressed  in  c a l / c m 2 / c m / s e c / ~  ob-  
aluminum nitride t a ined  by  the same method:  

M o d u l u s  of M o d u l u s  of 
r u p t u r e ,  e l as t i c i ty ,  

Temp ,  ~ psi psi 

25 38,500 50 X 106 
1000 27,000 46 X 106 
1400 18,100 40 X 106 

Test  specimens,  3 in. in  d i ame te r  and  3 in. long, 
were  fabr ica ted  by  hot  press ing  the mi l led  powder  
at  2000~ in g raph i t e  dies, app ly ing  pressures  of 
abou t  5000 psi. Test  bars,  3 x 0.5 x 0.25 in., were  cut  
f rom the hot pressed pieces w i th  a d i amond  whee l  
and  then  g round  to p roduce  smooth  para l l e l  su r -  
faces. The test  spec imens  were  l ight  g ray  in  color 
and  had a b u l k  dens i ty  of 3.20 g/cc  or about  98% of 
the  theore t ica l  for pu re  a l u m i n u m  ni t r ide .  Us ing  a 
load of 100 g, 10 Knoop  ha rdness  i n d e n t a t i o n s  gave 
va lues  r a n g i n g  f rom 1005 to 1240, w i th  an  ave rage  
of 1130. 

Strength and elasticity.--Data for modu l us  of 
r u p t u r e  and  modu lus  of e las t ic i ty  at room t e m p e r a -  
ture ,  1000 ~ and  1400~ are p r e sen t ed  in  Tab le  III. 
F o u r  specimens,  3 x 0.5 x 0.25 in. were  tes ted at  each 
t empe ra tu r e ,  p ressure  be ing  appl ied  p e r p e n d i c u l a r  
to the  d i rec t ion  in  which  the bars  were  hot pressed.  
These va lues  compare  f avo rab ly  w i th  those for 
o ther  h i g h - d e n s i t y  ceramic  mater ia l s ,  especia l ly  at 
h igh  t empera tu re s .  For  ins tance ,  hot  pressed a l u -  
m i n a  is s t ronger  at room t empera tu r e ,  bu t  w e a k e r  at 
1400~ The modu lus  of e las t ic i ty  of hot pressed 
a l u m i n u m  n i t r i de  is about  the  same as tha t  of hot  
pressed a l u m i n a  at  room t e m p e r a t u r e ,  bu t  is h igher  
t h a n  tha t  of hot pressed a l u m i n a  at  1400~ 

Long and  Fos te r  (4) repor ted  a modu lus  of r u p -  
t u r e  of s in te red  a l u m i n u m  n i t r i de  at room t e m p e r a -  
t u r e  of 11,500 psi. The exact  dens i ty  of the  test  
spec imens  was  no t  g iven  bu t  p r e s u m a b l y  was  ap -  
p rec iab ly  lower  t h a n  tha t  of the  hot  pressed m a t e r i a l  
r epor ted  here in .  Rey  (2) r epor ted  the compress ive  
s t r eng th  of s in te red  a l u m i n u m  n i t r i de  b r i ck  to be 
abou t  3000-4000 psi. P r e l i m i n a r y  tests on the  hot  
pressed m a t e r i a l  indica te  a compress ive  s t r eng th  of 
about  300,000 psi. 

Thermal conductivity.--The t h e r m a l  conduc t iv i ty  
was  measu red  by  a l i nea r  flow compara t ive  method,  
pa ra l l e l  to the  d i rec t ion  of press ing,  in  an  a tmos -  
phere  of s t a g n a n t  n i t rogen ,  us ing  Incone l  as a s t a n d -  
ard.  Values  ob ta ined  over a t e m p e r a t u r e  r a nge  of 
200~176 are  shown  in  Tab le  IV. These  resul t s  
ind ica te  tha t  a l u m i n u m  n i t r ide  is a good conductor  
of heat,  be ing  i n t e r m e d i a t e  b e t w e e n  dense si l icon 
carbide,  which  is an  exce l len t  conductor ,  and  a l u -  
mina ,  which  is a fa i r  conductor .  This  is i l l u s t r a t ed  
by  the  fo l lowing compara t ive  va lues  for t h e r m a l  

Table IV. Thermal conductivity of hot pressed aluminum nitride 

T e m p ,  "C C a l / c m S / c m / s e e / ~  B t u / f t S / i n . / h r / ~  

M a t e r i a l  A t  200~ A t  800~ 

Dense SiC 0.24 0.10 
Hot pressed A1N 0.072 0.048 
Dense AI~O, 0.054 0.017 

The  p r e se n t  data  are  in  sharp  con t ras t  to those of 
Long and  Fos ter  (4) ,  who recen t ly  repor ted  the 
t h e r m a l  conduc t iv i ty  of s in te red  a l u m i n u m  n i t r i de  
at 25~ as 0.0042 c a l / c m 2 / c m / s e c / ~  The dens i ty  
of the spec imens  used by  Long and  Fos te r  was not  
disclosed, bu t  the dens i ty  of some of the i r  test  speci-  
mens  used for d e t e r m i n a t i o n  of e lectr ical  res i s t iv i ty  
was as h igh as 2.66 g/cc.  It  seems probable ,  t he re -  
fore, tha t  the difference in  dens i ty  a lone  is not  re -  
spons ib le  for the  grea t  d i s s imi la r i ty  of the  t h e r m a l  
conduc t iv i ty  values,  bu t  r a t h e r  the  difference in  
me thods  is m a i n l y  responsible .  Accord ing  to K i n g e r y  
and  co -worke r s  (12) t h e r m a l  conduc t iv i ty  at zero 
poros i ty  can be ca lcula ted  employ ing  the  fo l lowing 
simplif ied re la t ionsh ip  of Loeb:  

km 
k s  - -  _ _  

(i -- P~) 

where ks is the solid thermal conductivity (zero 
porosity); k .... measured thermal conductivity; P~., 
volume pore fraction. 

Even if it is assumed that the thermal conductiv- 
ity, km= 0.0042 cal/cm~/cm/sec/~ measured at 
25~ by Long and Foster, is for a specimen with 
40% porosity, the thermal conductivity at zero po- 
rosity calculated according to above equation, will 
be only 0.007 cal/cm2/cm/sec/~ 

The accuracy of the present method has been 
checked by comparing the results obtained on some 
standard materials with data from other laboratories 
as illustrated in the following examples: 

Thermal 
c o n d u c t i v i t y ,  

c a l / c m ~ / c m / s e c / ~  C 

L a b o r a t o r y  M a t e r i a l  400 ~ C 600 ~ C 

Carborundum Inconel 0.049 0.057 
National  Bureau of 

Standards (13) Inconel 0.049 0.058 
Carborundum Nickel 0.119 0.130 
In terna t ional  Nickel 

Company (14) Nickel 0.112 0.136 

Thermal expansion.--The d e t e r m i n a t i o n  of t h e r -  
ma l  e xpa ns i on  was  made  by  the d i l a tome te r  method,  
us ing  a si l icon carb ide  d i l a tomete r  a s sembly  (15).  
T h e r m a l  expans ion  was  m e a s u r e d  pa ra l l e l  to the  
d i rec t ion  of pressing,  on a ba r  3 in. long and  0.5 in. 
in d iameter .  Values  are  g iven  in  Tab le  V. These  

Table V. Thermal expansion of hot pressed aluminum nitride 

Temperature Linear expansion, 
i n t e r v a l ,  ~ c m / c m / ~  

200 0.072 209 
400 0.060 173 
600 0.053 153 
800 0.048 139 

25-200 4.03 X 10 -6 
25-600 4.84 X 10 .6 
25-1000 5.64 X 10 -6 
25-1350 6.09 X 10 -6 
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check closely the resu l t s  r epor ted  by  Long and  Fos-  
ter  (4) (4.8 x 10 -~ c m / c m / ~  in  the  r ange  20 ~ - 
500~ for the s in te red  a l u m i n u m  ni t r ide .  The t h e r -  
ma l  expans ion  of hot  pressed a l u m i n u m  n i t r ide  is in  
the  mode ra t e  r ange  for a ceramic,  be ing  only  s l igh t ly  
h igher  t h a n  tha t  of si l icon carbide.  

Thermal  shock res is tance . - -The  high  t h e r m a l  
conduc t iv i ty  and  low t h e r m a l  expans ion  of hot  
pressed  a l u m i n u m  n i t r i de  are  conducive  to good 
t h e r m a l  shock resis tance.  Bars, 3 x 0.5 x 0.25 in., 
hea ted  r ap id ly  to 2200~ in  an  o x y g e n - a c e t y l e n e  
torch and  cooled rapid ly ,  did not  crack or spal l  w h e n  
the  test  was repea ted  consecu t ive ly  severa l  t imes.  
The t h e r m a l  shock res is tance  was  eva lua ted  also by  
m e a s u r i n g  the  loss in  s t r eng th  of hot  pressed a l u m i -  
n u m  n i t r ide  bars  af ter  30 cycles of hea t ing  in  2.5 
m i n  to 1400~ and  r ap id ly  cooling to room t e m p e r a -  
t u r e  in  an  air  blast .  The  modu lus  of r u p t u r e  before  
t h e r m a l  cycl ing was  38,500 psi  and  af ter  t h e r m a l  
cycling,  33,700 psi, or a loss of 12% of the  o r ig ina l  
s t rength .  

Stabi l i ty  in various atmospheres at elevated t em-  
pera tures . - -Tes t  specimens,  0.25 x 0.5 x 0.5 in., were  
exposed to f lowing air,  oxygen,  d ry  steam, chlor ine,  
and  hyd rogen  at  e leva ted  t empera tu re s .  Resul ts  are 
repor ted  in  Tab le  VI. The last  co lumn  shows the  
pe rcen tage  of a l u m i n u m  n i t r i de  conver ted  to a l u m i -  
n u m  oxide or a l u m i n u m  chlor ide according to the  
d i f ferent  condi t ions  of the  expe r imen t s .  As can  be 
seen f rom these data,  the  effect of air  or oxygen  at 
t e m p e r a t u r e s  up to 1400~ or of s team at 1000~ 
af ter  30 hr  is slight. At  1700~ in air, however ,  the  
ra te  of ox ida t ion  becomes r a the r  rapid.  It  wi l l  be  
recal led  f rom the  discussion of the  c rys ta l l ine  m a -  
te r ia l  tha t  it was found  tha t  ox ida t ion  of a l u m i n u m  
n i t r i de  in  air  s tar ts  at about  700~ bu t  t ha t  the  
ra te  of ox ida t ion  is slow even  at t e m p e r a t u r e s  as 
h igh as 1400~ because  of the  fo rma t ion  of a p ro -  
tec t ive  oxide coating.  This coat ing also accounts  for 
the  slow ra te  of ox ida t ion  of the  dense  hot  pressed 
mater ia l .  F igu re  3 shows a 0.25 x 0.5 in. cross sect ion 
of a ba r  af ter  exposure  to air  at  1400~ for 24 hr. 
The  oxide l aye r  is a p p r o x i m a t e l y  60 ~ or 2-3 mi ls  
thick.  At  1700~ however ,  it  was  no ted  tha t  the  
oxide coat ing t ended  to crack and  no longer  p ro -  
tec ted effectively the  a l u m i n u m  n i t r i de  agains t  oxi -  
dat ion.  The c rack ing  of the  coat ing at this  t e m p e r a -  
t u r e  m a y  be due to the  apprec iab le  difference in  the  
t h e r m a l  expans ion  of a l u m i n u m  oxide and  a l u m i -  
n u m  ni t r ide .  

Table VI. ,Stability of hot pressed aluminum nitride in various 
atmospheres of elevated temperatures 

(Test specimens, 0.25x0.5x0.5 in.) 

Conversion to 
other  t o m -  

Atmosphere  Ternp, "C Time,  hr  pounds, % 

Air 1000 30 0.3 ALO~ 
Air 1400 30 1.3 AI~O~ 
Air 1700 4 10.6 Al~O3 
Oxygen 1400 30 0.9 ALO3 
Dry steam 1000 30 0.3 AhO8 

Chlorine 500 30 <0.1 A1C18 
Chlorine 700 30 19.2 A1Ch 

Hydrogen 1700 4 ni l  

A p r i l  1960 

Fig. 3. Cross section of a hot-pressed aluminum nitride 
specimen showing the protective oxide coating after heating 
in air 24 hr at 1400~ 

It  is of in te res t  to note  the  difference in  the ox ida-  
t ion  ra te  of hot  pressed a l u m i n u m  n i t r i de  and  the 
s in te red  ma te r i a l  as repor ted  by  Long and  Foster  
(4) .  Exposure  to air  for 1 hr  at 1200~ of 1-cm 
cubes of s in te red  ma te r i a l  r esu l t ed  in a convers ion  of 
about  11% of the sample  to a l u m i n u m  oxide, 
whereas  exposure  to air  for 30 hr  at 1400~ of dense 
hot pressed a l u m i n u m  n i t r i de  spec imens  of com- 
pa rab le  size resu l ted  in  a convers ion  of on ly  about  
1% to a l u m i n u m  oxide. 

Table  VI also shows tha t  hot pressed a l u m i n u m  
n i t r ide  is no t  apprec iab ly  a t tacked  by  chlor ine  at 
500~ bu t  tha t  the reac t ion  ra te  at 700~ is rapid.  
F u r t h e r m o r e ,  hot pressed a l u m i n u m  n i t r i de  is p rac -  
t ica l ly  unaffec ted  by  h y d r o g e n  at 1700~ for 4 hr. 

Corrosion in water  and mineral  acids . - -As in  the  
case of the  c rys ta l l ine  ma te r i a l ,  hot pressed a l u m i -  
n u m  n i t r i de  is s lowly dissolved by  hot  m i n e r a l  acids. 
The resul t s  of the corrosion tests are shown  in Table  
VII. Spec imens  0.25 x 0.5 x 0.5 in. were  hea ted  in  a 
600 ml  v o l u m e  of wa te r  a nd  in  the severa l  m i n e r a l  
acids for 72 hr. Wi th  the  except ion  of hydrof luor ic  
acid, the tests were  made  at  the  boi l ing  t e m p e r a t u r e s  
of the  l iquids.  The corrosion ra te  in boi l ing  wa te r  can 
be cons idered  as low. A l t h o u g h  dissolu t ion  in  the  
m i n e r a l  acids is slow, the r a t e  is too grea t  to classify 
hot pressed a l u m i n u m  n i t r i de  as a corrosion res is t -  
an t  m a t e r i a l  in  these acids. I t  wi l l  be recal led  tha t  

Table VII. Corrosion of hot pressed aluminum nitride in water 
and mineral acids 

(0.25x0.5x0.5 in. specimens in 600 ml liquid, 72 hr) 

Corros ion  
rate, 

Corrosive liquid Temp,  ~ mi ls /year  

Water 100 14 

Conc. HC1 acid 72 320 
1 Conc. HC1 acid: 1 H~O 110 570 

Conc. H.~SO4 acid 305 180 
1 Conc. H2SO4 acid: 1 H~O 145 550 

Conc. HNO3 acid 120 150 
1 Conc. HNO~ acid: 1 water  111 200 

1 HF: 1 HNO~ conc. acids 57 160 
1 Conc. HF acid: 1 water  57 215 
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Fig. 4. Effect of temperature on dielectric constant of 
hot pressed a luminum nitr ide at several frequencies. 
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Fig. 5. Effect of temperature on dissipation factor of hot 
pressed a luminum nitr ide at several frequencies. 

the corrosion ra te  of s ingle  crysta ls  in  a boi l ing m i x -  
t u r e  of 1 pa r t  concen t ra t ed  hydrochlor ic  and  1 pa r t  
wa te r  was es t imated  to be abou t  170 mils  per  year .  

Corrosion in cryolite and a luminum and in bor 
ox ide . - - t to t  pressed a l u m i n u m  n i t r i de  was  hea ted  
in  an ine r t  a tmosphere  in  a ba th  consis t ing of a m i x -  
t u r e  of mo l t en  cryol i te  and  a l u m i n u m  for 66 hr  at  
1200~ wi thou t  v i sua l  ev idence  of corrosion.  A piece 
of hot pressed a l u m i n u m  ni t r ide ,  0.25 x 0.5 x 0.5 in., 
immersed  in  m o l t e n  boric  oxide for 4 h r  at 1000~ 
showed only  ve ry  sl ight  ev idence  of a t tack  in the  
form of fa in t  surface  m a r k i n g  and  a we igh t  loss of 
0.02%. This  is e q u i v a l e n t  to a corrosion ra te  of abou t  
25 to 30 mils  per  year .  

Electrical proper t ies . - -The  elect r ical  p roper t ies  of 
hot  pressed a l u m i n u m  n i t r ide  appear  to be s imi la r  
to those of a lumina ,  and  especial ly  to some of the  
high dens i ty  hot pressed a luminas .  Dielectr ic  con-  
s tan t  and  d iss ipa t ion  factor  were  d e t e r m i n e d  by  the  
L a b o r a t o r y  for I n s u l a t i o n  Research  at Massachuset t s  
I n s t i t u t e  of Technology  and  also by  our  own  l a b o r a -  
tories, the resul ts  ag ree ing  fa i r ly  closely. Data  on d i -  
electr ic  cons tan t  are shown in  Fig. 4. At  room t e m -  
p e r a t u r e  the  dielectr ic  constant ,  over  a wide  r ange  
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of f requencies ,  is abou t  8.5 compared  wi th  b e t w e e n  
9 and  10 for m a n y  a luminas .  The dielectr ic  con-  
s t an t  increases  r ap id ly  w i t h  t e m p e r a t u r e  at low f re -  
quencies ,  less r ap id ly  at  h igh f requencies .  At  a f r e -  
q u e n c y  of 8.5 x 10 ~ cps, the  change  wi th  t e m p e r a -  
t u r e  is on ly  slight. This  behav io r  is also typ ica l  of 
the a luminas .  

The d iss ipa t ion  factor  at var ious  f requenc ies  and  
t e m p e r a t u r e s  is shown in  Fig. 5. At  low f requencies ,  
the d iss ipa t ion  factor  increases  r ap id ly  w i th  t e m -  
pera tu re .  However ,  at the  f r e que nc y  of 8.5 x 10 ~ 
cps, the  change  wi th  t e m p e r a t u r e  up  to 500~ is 
slow. At  room t e m p e r a t u r e  the  d iss ipa t ion  factor  at  
the var ious  f requenc ies  is b e t w e e n  about  0.01 and  
0.001, whi le  for the  a luminas ,  the d iss ipa t ion  factor  
at this t e m p e r a t u r e  is abou t  0.001 to 0.0001. At  high 
t e m p e r a t u r e s  (400~176  and  low f requenc ies  
(102-10 ;̀  cps) the  d iss ipa t ion  factor  of hot pressed 
a l u m i n u m  n i t r i de  and  a l u m i n a  are comparable ,  
whi le  at h igh t e m p e r a t u r e s  and  high f requenc ies  the  
d iss ipa t ion  factor  of the  a l u m i n a s  is app rec i ab ly  
lower.  

The v o l u m e  res i s t iv i ty  of hot pressed a l u m i n u m  
n i t r ide  as ca lcula ted  f rom the dielectr ic  cons tan t  
and  d iss ipa t ion  factor  is shown in Fig. 6. Data  for 
a hot pressed a l u m i n a  at two f requenc ies  are also 
shown in  Fig. 6 for compar ison.  At  a f r e q u e n c y  of 
100 cps, the res i s t iv i ty  of hot  pressed a l u m i n u m  n i -  
t r ide  is abou t  2 x 101~ o h m - ~ m  at room t e m p e r a t u r e  
and  7 x 107 o h m - c m  at 500~ Res is t iv i ty  decreases  
wi th  f r equency ;  this  is also typica l  for the a l u m i n a s  
and  other  ceramic  insula tors .  

S u m m a r y  

P u r e  a l u m i n u m  n i t r i de  is white .  Blue  crys ta ls  
are formed w h e n  the  me t a l  is hea ted  above 1750~ 
in n i t r ogen  con ta in ing  smal l  a moun t s  of ca rbon  
monoxide .  

A l u m i n u m  n i t r ide  does no t  me l t  u n d e r  a tmos-  
pher ic  p ressure  in argon,  bu t  vapor izes  r a p i d ly  at  
about  2400~ Its Knoop  hardness ,  w i th  a load of 
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Fig. 6. Effect of temperature on volume resistivity of hot 
pressed a luminum nitr.ide at  several frequencies. Data for a 
hot pressed a lumina at  two frequencies are shown for com- 
parison. (Data obtained from Tables of Dielectric Mater ia ls 
Volume V- Laboratory for Insulation Research, Massachusetts 
Institute of Technology.) 
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100 g, is a p p r o x i m a t e l y  1200, which  is e q u i v a l e n t  to 
seven plus  on the  Mohs scale. 

A l u m i n u m  n i t r i de  s tar ts  to oxidize in  air  at be -  
tween  700 ~ and  800~ bu t  in  the case of l a rge  
crysta ls  and  the  dense hot  pressed mater ia l ,  ox ida-  
t ion  is slow up  to 1400~ because  of the pro tec t ive  
oxide surface  layer  formed.  I t  is ine r t  to hyd rogen  
at 1700~ b u t  is a t t acked  by  chlor ine  b e t w e e n  500 ~ 
and  700~ 

Al though  a l u m i n u m  n i t r i de  in  the  c rys ta l l ine  or 
hot pressed fo rm does no t  dissolve read i ly  in  bo i l -  
ing m i n e r a l  acids, it  is no t  h igh ly  corrosion res i s tan t  
to these acids. However ,  it has r e l a t ive ly  good cor-  
rosion res i s tance  to m o l t e n  boric  oxide and  to a 
m i x t u r e  of m o l t e n  a l u m i n u m  and  cryol i te  in  i ne r t  
a tmospheres .  

S t r e n g t h  of hot pressed a l u m i n u m  n i t r i de  is lower  
t h a n  tha t  of h i g h - d e n s i t y  a l u m i n u m  oxide at  room 
t empera tu re ,  bu t  is h igher  at 1400~ Compared  
wi th  most  ceramics,  it has h igh  t h e r m a l  conduc t iv i ty ,  
low t h e r m a l  expans ion ,  and  good t h e r m a l  shock 
resis tance.  Its e lectr ical  propert ies ,  in m a n y  re -  
spects, are  s imi la r  to those of a l u m i n u m  oxide. 
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