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Reac t ion  zones  and growth  k i n e t i c s  w e r e  s tud ied  a f t e r  expos ing  h i g h - p u r i t y  c h r o m i u m  and 
a l l o y s  containing 0.5,  3.0, and 5.0 wt pe t  Ti  to 1 a im  of n i t rogen  be tween  1000 ~ and 1400~ 
Outer  l a y e r s  of Cr2N and r e g i o n s  of i n t e rna l  n i t r i da t i on ,  conta in ing d i s p e r s e d  TiN p a r t i c l e s ,  
g rew in a p a r a b o l i c  m a n n e r .  An exact  so lu t ion  of M a a k ' s  s i m p l i f i e d  a n a l y s i s  for  i n t e rna l  
oxidat ion  p r o v i d e d  ca l cu l a t i ons  of n i t rogen  diffusion in the  i n t e r u a l - n i t r i d e  zone of each 
a l loy .  Ex t r apo la t ion  gave the r e l a t i o n s h i p  D = 9.6 • 10 -3 exp ( - 2 8 , 5 0 0 / R T )  cm e s ee  -~ for  
n i t rogen  diffusion in h i g h - p u r i t y  c h r o m i u m .  I n c r e a s i n g  t i t an ium to 5.0 wt.  pet  gave D 
= 2.5 • 10 -s exp ( - 2 4 , 0 0 0 / R T )  cm 2 sec  -1. 

ALTHOUGH c h r o m i u m  and i t s  a l l o y s  fo rm n i t r i d e s  
and e m b r i t t l e  f r o m  the  n i t rogen  in hot a i r ,  l i t t l e  a t t e n -  
t ion has  been  given the g a s - m e t a l  r e ac t i on ,  known a s  
n i t r i da t i on ,  w h e r e  n i t rogen  i s  the so le  gas  dur ing  h igh-  
t e m p e r a t u r e  exposu re .  In 1962, Hagel  ~ used  a m i c r o -  
ba l ance  to follow the weight  ga ined  by iodide  c h r o m i u m ,  
with and without 0.9 wt pct  Y, in n i t rogen  at  76 m m  Hg 
be tween  650 ~ and 1000~ A Cr2N l a y e r  g rew inward  at  
a p a r a b o l i c  r a t e  on the s u r f a c e ,  and no in t e rna l  n i t r i d e s  
w e r e  o b s e r v e d .  Seybolt  and Haman 2 s t a t ed  that  the r a t e  
of Cr2N f o r m a t i o n  i s  con t ro l l ed  by n i t rogen  dif fus ion 
through Cr2N and that  t h i s  r a t e  a t  1000~ i s  s o m e  30 
t i m e s  f a s t e r  than the r a t e  of oxidat ion to Cr2Os. 

C h r o m i u m - b a s e  a l l o y s  a l so  exhibi t  a l m o s t  100 t i m e s  
g r e a t e r  so lub i l i ty  for  n i t rogen  than for  oxygen and in-  
t e r n a l  n i t r i d a t i o n  i s  a c h a r a c t e r i s t i c  f e a t u r e .  H e n d e r -  
son et  al.3 n i t r i d e d  c h r o m i u m  a l l o y s  with up to 2 wt pc t  
of Ti ,  Ce, A1, and Ta  and found low b r i t t l e - d u c t i l e  t r a n -  
s i t ion  t e m p e r a t u r e s  a s  m o r e  s t ab le  n i t r i d e s  r e p l a c e d  
Cr2N and a p p a r e n t l y  scavenged  n i t rogen  f r o m  the m a -  
t r i x .  Ryan and Johns tone  4 p r e p a r e d  C r - T i - N  a l l oys  by 
adding n i t rogen  d i r e c t l y  to the  me l t  and found high 
s t r e n g t h s  and d u c t i l i t i e s .  However ,  some  of the TiN 
p a r t i c l e s  o b s e r v e d  w e r e  1 to 2 # in width,  and f i n e r  
s i z e s  a r e  d e s i r a b l e  fo r  ef fec t ive  d i s p e r s i o n  s t r e n g t h -  
ening.  

The o b j e c t i v e s  of th i s  inves t iga t ion  w e r e :  1) to e s -  
t ab l i sh  m i c r o s c o p i c a l l y  the  n i t r i da t i on  k i n e t i c s  of h igh-  
pu r i t y  c h r o m i u m  and C r - T i  a l l oys ,  up to 5 wt pc t  Ti ;  
2) to examine  the n i t r i d e s  which f o r m  and t h e i r  effect  
on a l loy  h a r d n e s s ;  3) to p r o v i d e  n i t rogen  dif fus ion coe f -  
f i c i en t s  fo r  th i s  s y s t e m .  

THEORY 

Since i n t e rna l  oxida t ion  and in t e rna l  n i t r i da t i on  a r e  
equiva lent  fundamen ta l ly ,  e a r l i e r  s tud ies  of the  f o r m e r  
w e r e  u t i l i z e d  for  work ing  r e l a t i o n s h i p s .  Eas i l y  adap ted  
i s  W a g n e r ' s  5 a n a l y s i s  which can be s t a ted  a s  

= 27(Dt) ~/2 [1 ] 

whe re  ~ i s  the  depth of the  i n t e r n a l - n i t r i d e  zone,  7 is  
a cons tant  a t  a given t e m p e r a t u r e ,  compos i t ion ,  and 
gas  p r e s s u r e ,  D i s  the  diffusion coeff ic ient  fo r  n i t r o -  
gen in the  i n t e r n a l - n i t r i d e  zone,  and t i s  e x p o s u r e  
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t i m e .  The p a r a m e t e r  7 i s  so lved  g r a p h i c a l l y  or  nu-  
m e r i c a l l y  us ing  the r e l a t i o n s h i p  

N / N T i  = exp  ( 2 ) e r f  (7 ) /Q 1/2 exp  (72~p)erfc (~01/2) [2] 

w h e r e  N equals  the  mo le  f r ac t i on  of n i t rogen  at  the ex -  
t e r n a l  su r f ace ,  NTi equa l s  the mole  f r ac t ion  of the  s o -  
lute  e l emen t ,  t i t an ium,  in the  bulk a l loy ,  and q~ i s  the 
r a t i o  of D d iv ided  by DTi fo r  di f fus ion of the  so lu te  e l e -  
ment  in the  bulk a l l oy .  

Maak 6 t r e a t e d  the  s i tua t ion  where  an ex t e rna l  s ca l e ,  
such a s  CrzN, g r o w s  p a r a b o l i c a l l y  in addi t ion  to s i m p l e  
i n t e r n a l  n i t r i da t i on .  He re  the  e x t e r n a l - s c a l e  t h i c k n e s s  
X is  d e s c r i b e d  by 

X -- (2k c t)l[ 2 [3] 

w h e r e  k c i s  a n o r m a l  c o r r o s i o n  cons tan t .  Ano the r  r e -  
l a t ionsh ip  us ing  k c 

N N / N T i  = exp  (y2)[ e r f  7 -- e r f ( k c / 2 D ) l / 2 ] / Q  1/2 

exp (~2~o) e r f c  (~<pl/2) [4] 

aga in  p r o v i d e s  for  a so lu t ion  of 7. The mole  f r ac t ion  
N N r e p r e s e n t s  n i t rogen  concen t ra t ion  at  the  Cr2N/ in-  
n e r - n i t r i d e  i n t e r f a c e  and i s  equal  to the so lub i l i t y  l i m i t  
of n i t rogen  in p u r e  c h r o m i u m .  When 7 << 1 and X < 4, 
Eq. [4] r e d u c e s  to 

NND = NTi ~(~ - - X ) / 2 t F [ ~ / 2 ( D T i t )  1/2] [5] 

whe re  the a u x i l i a r y  function F i s  def ined a s  

F(u) = ~1/2 ueU2 e r f c  (u) [6] 

The  value  of ( now equa ls  to ta l  r eac t i on  zone t h i c k n e s s  
whi le  D r e p r e s e n t s  the  di f fus ion coef f ic ien t  of n i t rogen  
th rough  the i n t e r n a l - n i t r i d e  zone,  which i s  n e a r l y  p u r e  
c h r o m i u m  with d i s p e r s e d  TiN. 

As  the p r e s e n t  s tudy p r o g r e s s e d ,  the a s s u m p t i o n  of 
y << 1 was  found not to app ly  under  many  t e s t  condi t ions  
and Eq. [4] had to be so lved  exac t ly .  F r o m  Eq. [1], we 
obta ined  

D 1/2 = (~ / t~ /2) /27  [7] 

Dividing Eq. [3] by Eq. [1] and r e a r r a n g i n g  y i e l d s  

(kc /2D)l /2  = 7 [ ( X / t  1/2)/(~/ t  1,2)] [8] 

Since q) = D/DTi  , Eq. [1] can a l so  be e x p r e s s e d  a s  

72cp = ~ /4DTi t  [9] 

Subst i tu t ion of t h e s e  r e l a t i o n s  into Eq. [4] and r e a r -  
ranging  g ives  

exp (-72)/7 = [ e r f ( 7 ) -  e r f ( T X / ~ ) ]  
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• [2NTiD~ exp(~2/4DTit)/NN (~/t 1/2) erfc(~/4DTit)l/2] 
[10] 

The t e r m s  X, 4, and t a r e  m e a s u r e d  expe r imen ta l ly  for  
each composi t ion,  NTi , at  each tes t  t e m p e r a t u r e .  Val -  
ues  for N N were  taken f rom Schwerd t feger ' s  7 data for 
the so lubi l i ty  l imi t  of n i t rogen  in ch romium between 
1000 ~ and 1450~ DTi va lues  for t i t an ium diffusion in 
ch romium have been given by Adda and Ph i l ibe r t .  8 
Eq. [10] is  a t r a n s c e n d e n t a l  equation solved g raph ica l ly  
by plot t ing cu rves  for both the left and right  s ides  on 
the same  graph as  a function of 7; the i n t e r s ec t i on  
r e p r e s e n t s  V for  that tes t  condit ion.  This  value is  then 
subs t i tu ted  into Eq. [1] along with m e a s u r e d  ~ and t 
va lues  to give D. 

EXPERIMENTAL PROCEDURE 

Buttons of chromiun  and C r - T i  a l loys  were  p r e p a r e d  
by a r c - m e l t i n g  preweighed amounts  of h igh-pur i ty  
iodide m a t e r i a l .  The meta l  was mel ted  in a w a t e r -  
cooled copper  c ruc ib le  us ing  a nonconsumable  tungs ten  
e lec t rode  under  an ine r t  a tmosphe re  of a rgon .  Coring 
was m i n i m i z e d  by n u m e r o u s  r e m e l t s  and homogeniza-  
t ions  n e a r  the mel t ing  point .  F ina l  composi t ions  of the 
C r - T i  a l loys  were  0.51, 3.04, and 5.05 wt pct Ti .  These  
va lues  can be conver ted  to 0.55, 3.29, and 5.46 at .  pct 
Ti,  but a r e  hencefor th  r e f e r r e d  to as  0.5, 3.0, and 5.0 
wt pct Ti  a l loys .  

Cubic blocks that were  approx imate ly  5 mm on each 
edge were  cut f rom the but tons ,  ground flat on 000 e m-  
ery  paper ,  and degreased  in acetone and ethyl a lcohol .  
They were  placed in Kanthal -  and p la t inum-wound  fu r -  
naces  and reac ted  at 1000 ~ 1050 ~ 1125 ~ 1200 ~ 1300 ~ 
or  1400~ A moni to r ing  P t / P t - 1 3  Rh thermocouple  
indicated that t e m p e r a t u r e s  were  main ta ined  constant  
to =E2~ with peak- to -peak  va r i a t i ons  on an ave rage  of 
once every  30 min .  A continuous t e m p e r a t u r e  r e c o r d  
was main ta ined ,  and co r r ec t i ons  for  heat ing and cooling 
of spec imens  were  applied to give equivalent  t ime  at 
t e m p e r a t u r e .  

The n i t rogen  used he re  was in i t ia l ly  99.999 pct pure  
and was passed  through Dr i e r i t e  and over  copper t u r n -  
ings  ma in t a ined  at 600~ F u r t h e r  ge t te r ing  was accom-  
p l i shed by placing ch romium chips a round  the spec i -  
m e n s  s i t t ing in the i r  z i r con ia  reac t ion  boats .  No oxide 
f i lms  were  seen on sample  su r f aces  u n l e s s  a reac t ion  
tube c racked .  Ni t rogen p r e s s u r e  was just  about 2.5 cm 
of oil above a tmosphe r i c  s ince  an o i l - f i l l ed  bott le  was 
used  at the exit end of the n i t r ida t ion  chamber  to follow 
a flow ra te  of 50 cm 3 min  -1. 

Each a lumina  reac t ion  tube had gas en te r ing  at one 
end and exit ing at the other .  An O - r i n g  seal  was used  
to open the tube,  and i ts  face plate  a l so  had another  O-  
r ing  seal  al lowing passage  of a cemented  a lumina  t h e r -  
mocouple rod through the middle .  Attached to the i nne r  
end of the rod was a z i r con ia  boat used to hold the spec-  
imens .  Hence, a the rmocouple  tip was a lways over  the 
spec imens ;  the boats  were  i n se r t ed  and removed  in 
s teps  of 2.5 cm min  -1 by motion of the thermocouple  
under  a clean n i t rogen  a tmosphere .  A boat would con-  
ta in  four ident i f ied spec imens  of 0, 0.5, 3.0, and 5.0 
wt pct Ti ;  these  were  al l  in the same  constant  t e m p e r -  
a tu re  zone and would have the same exposure  t ime .  

Faces  of the four spec imens  were  glued with thin 
Duco cement  to a sma l l  plate  of t i t an ium and placed in 
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a s t a n d a r d - s i z e  t r a n s p a r e n t  Luci te  meta l lographic  
mount.  The t i t an ium plate  was used to keep al l  spec i -  
men  s ides  pe rpend icu l a r  to the d i rec t ion  of obse rva t ion  
and to p reven t  edge rounding.  The t r a n s p a r e n t  mount  
was helpful in observ ing  whether  the spec imens  had 
shifted dur ing  mount ing.  The spec imen  cubes were  
sec t ioned  and p r e p a r e d  by s t andard  meta l lograph ic  
methods .  An e lec t ro ly t ic  etch, us ing 3 v in 5 pct oxalic 
ac id  for  3 to 60 sec,  d r a m a t i c a l l y  revea led  the outer  
Cr~N l aye r  and the zone of i n t e rna l  n i t r ida t ion .  Dis -  
t ances  were  m e a s u r e d  f rom the sur face  ad jacent  to the 
t i t an ium plate  to the i n n e r m o s t  edge of each region .  

Meta l lographic  examina t ions  were  pe r f o r med  on a 
Reicher t  i n v e r t e d - s t a g e  meta l lograph .  A F i l a r  eye-  
p iece  was ca l ib ra ted  with th ree  objec t ives  to m e a s u r e  
a l a rge  range  of t h i cknes se s .  Ten m e a s u r e m e n t s  were  
made of each X and ~ region to give re l i ab le  ave r ages .  
Spec imens  se lec ted  for e lec t ron  mic roscopy  were  
rep l ica ted  us ing  1 mi l  thick ce l lu lose -ace t a t e  tape.  
The s t r ipped r ep l i ca s  were  placed in a vacuum bel l  j a r ,  
shadowed with p la t inum at 15 deg, covered with carbon 
at 90 deg, and at tached to a 200-mesh  e l e c t r o n - m i c r o -  
scope gr id .  A Phi l ips  EM-200 e lec t ron  mic roscope  was 
used for fu r the r  photography.  M i c r o h a r d n e s s  m e a s u r e -  
me n t s  of the s a mp l e s  were  taken us ing a Tukon t e s t e r  
and a s t andard  135 deg d i a m o n d - p y r a m i d  inden te r  under  
a load of 0.2 kg. Scans were  made pe rpend icu l a r  to the 
flat exposed sur face .  Ni t r ide  ident i f ica t ions  were  p e r -  
fo rmed  us ing  the s tandard  D e b y e - S e h e r r e r  powder-  
d i f f rac t ion  c a m e r a  technique for  d - spac ings .  

EXPERIMENTAL RESULTS 

Th ickness  data were  in i t i a l ly  analyzed us ing  a SCM 
Marchant  desk ca lcu la to r  p r o g r a m m e d  to wr i t e  each 
datum point and pe r f o r m  individual  summa t i ons .  Cal-  
cula t ions  of ave rage  th ickness  and i ts  s t andard  devia-  
t ion were  in t e r m s  of F i l a r  uni t s .  These  data along 
with co r re spond ing  magni f i ca t ions ,  t ime ,  t e m p e r a t u r e s ,  
and composi t ions  se rved  as the ba s i s  for  input data for  
subsequent  computer  ca lcu la t ions .  

Meta l lographic  examinat ion  with a light mic roscope  
showed that al l  spec imens  had a single outer  scale  with 
a co lumnar  s t r u c t u r e  of elongated g ra in s  grown pe rpen -  
d icu la r  to the sur face .  With the C r - T i  a l loys ,  an in -  
t e r n a l - n i t r i d e  zone was obvious beneath the Cr2N outer  
sca le ,  as  shown in Fig.  1 (a). Th i s  zone was composed 
of fine TiN p a r t i c l e s  un i fo rma l ly  d i spe r sed  in a m a t r i x  
of ch romium.  The boundary  between the Cr2N and the 
in t e rna l  n i t r ide  was a lways d is t inc t ,  and the re  was no 
p rob lem in de t e rmin ing  i ts  posi t ion;  the boundary  be -  
tween the in te rna l  n i t r i de  and unreac ted  m a t r i x  was 
m o r e  i r r e g u l a r  and l e s s  d is t inc t .  Accura te ly  m e a s -  
u r ing  the th ickness  of the i n t e rna l  region was not diffi-  
cult  because  the TiN pa r t i c l e s  were  eas i ly  d i s ce rned  
us ing pola r ized  light. The outer  scale  of Cr2N gene ra l ly  
contained TiN p rec ip i t a t e s  which had been enveloped by 
the advancing f ront .  However,  at lower t e m p e r a t u r e s  
and t i t an ium concen t ra t ions ,  one could see evidence of 
TiN going into solut ion into the Cr2N. 

Lower t e m p e r a t u r e  t e s t s  showed evidence of some 
p r e f e r e n t i a l  TiN prec ip i ta t ion  at subgra in  boundar ies ,  
as  shown in Fig.  l(b).  This  acce l e r a t ed  prec ip i ta t ion  
was probably  due to the g r e a t e r  diffusion of n i t rogen  
along these  s h o r t - c i r c u i t i n g  paths at lower t e m p e r a -  
t u r e s .  The effect dec rea sed  cons iderab ly  at 1050~ 
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Fig. 2--Internal-nitride platelets on both sides of a grain 
boundary in a Cr-3.0 wt pet Ti specimen held for 40 min at 
1400~ 
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(b) 

Fig. 1--(a) Internal-nitride zone of Cr-0.5 wt pct Ti specimen 
held in nitrogen for 317 min at 1200~ (b) Preferential pre- 
cipitation at subgrain boundaries in Cr-0.5 wt pct Ti speci- 
men held for 1866 min at 1000~ 

and was e s sen t i a l ly  zero  at 1125~ and higher .  
TiN pa r t i c l e  shape a lso  va r i ed  with reac t ion  t e m p e r -  

a ture .  At 1000 ~ 1050 ~ and 1125~ the pa r t i c l e s  ap-  
peared  to have no defini te  shape and approached being 
spher ica l  with a d i ame te r  of about 1000A. Pa r t i c l e  
shape became  p la t e - l ike  at 1200~ and at 1400~ the 
pa r t i c l e s  were  a lmos t  en t i re ly  in the form of 1 p wide 
p la te le t s ,  Fig.  2. Calcula ted volume pe rcen t s  of TiN 
va r i ed  f rom about 1 to 6 for the 0.5 to 3.0 wt pct Ti  
spec imens ,  r e spec t ive ly ,  at the t e m p e r a t u r e s  ci ted.  
Another  meta l lograph ic  observa t ion  was the o c c u r r e n c e  
of banded prec ip i ta t ion  in the i n n e r  n i t r i de  zone,  as  
shown in Fig.  3. Only the 3.0 and 5.0 wt pct Ti  a l loys  
showed banding,  and then only at t e m p e r a t u r e s  below 
1125~ The banded s t r u c t u r e  cons is ted  of a l t e rna t i ng  
high and low concen t ra t ions  of TiN pa r t i c l e s  with the 
bands  fo rming  pa ra l l e l  to the externa l  sur face .  Other  
inves t iga to r s  have noted s i m i l a r  s t r u c t u r e s  r e su l t ing  
f rom in t e rna l  oxidation,  and Mei j e r ing  and Dreuyves -  
teyn 9 proved  that they were  caused by t e m p e r a t u r e  
f luctuat ions .  The n u m b e r  of bands  roughly c o r r e -  
ponded to the f requency  of t he rma l  cycling m e a s u r e d  
in these  fu rnaces ,  even though the cycl ing was only 
over  a 4~ t e m p e r a t u r e  range .  

M i c r o h a r d n e s s  p ro f i l e s  a c r o s s  the v a r i o u s  reac t ion  
zones  showed genera l ly  un i fo rm high va lues  in Cr2N 
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Fig. 3--Cr-3.0 wt pct Ti specimen displaying banded precipi- 
tation in the internal-nitride zone after 1600 min at 1050~ 

(Vhn -~ 1500) with i n n e r - n i t r i d e  zone va lues  dec reas ing  
l i nea r ly  to those for  the un reac ted  m a t r i x  (Vhn -~ 250). 
F ive  m e a s u r e m e n t s  were  taken a c r o s s  the i n t e r n a l -  
n i t r i de  zone and two were  of the un reac t ed  ma t r ix .  
Meaningful  t r ends  could be followed by using a ra t io  
of average  h a r d n e s s  for the i n t e rna l  zone divided by 
m a t r i x  ha r dne s s .  This  ra t io  i nc r e a se d  with i n c r e a s i n g  
t i t an ium concen t ra t ion ,  i .e. ,  a g r e a t e r  volume pe rcen t  
of TiN, and with dec reas ing  n i t r ida t ion  t e m p e r a t u r e ,  
i .e. ,  s m a l l e r  pa r t i c l e  s ize .  In fact max ima  o c c u r r e d  
as  a r e  shown in Fig.  4; these  data a r e  s i m i l a r  to aging 
curves  for  other  p r ec ip i t a t i on -ha rdened  a l loys .  At 
longer  t imes ,  h a r d n e s s  fa l ls  off cons ide rab ly  as ove r -  
aging occurs .  The m a x i m u m  h a r d n e s s  a t ta ined at each 
t e m p e r a t u r e  d e c r e a s e s  in a un i fo rm m a n n e r  with in -  
c r ea s ing  tes t  t e m p e r a t u r e  while the t ime  to reach th is  
ma x i mum also  d e c r e a s e s .  The 1050~ peak ra t io  of 
3.89 came f rom an average  i n t e r n a l - n i t r i d e  Vhn equal 
to 1026 for a m a t r i x  ha rdnes s  of 264. This  is  a high 
degree  of d i spe r s ion  s t reng then ing  within an i n t e r n a l -  
n i t r i de  zone that i s  185 p thick a f t e r  1050 rain exposure  
t ime .  
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F i g .  4 - - R a t i o  f o r  t h e  a v e r a g e  h a r d n e s s  of  t he  i n t e r n a l - n i t r i d e  
z o n e  d i v i d e d  b y  m a t r i x  h a r d n e s s  v s  r e a c t i o n  t i m e  a t  v a r i o u s  
t e m p e r a t u r e s  f o r  C r - 3 . 0  w t  p c t  T i .  

kp = 5.63 • 102 exp (--72,400 § 3300/RT)  

g2 cm-4 see-1 [13] 

At 1000~ kp = 2.03 • 10 -l~ g2 cm-4 sec-1 which is  in 
good a g r e e m e n t  with the 4 x 10 -l~ m e a s u r e d  by Seybolt 
and Haman.  Arkharov  et al. 1~ have studied the n i t r i d a -  
t ion of ch romium in a m m o n i a  and obtained a p reexpon-  
ent ia l  for Eq. [13] of 13.6 x 102 g2 cm-4 sec-1 and an 
E of 73,600 cal pe r  mole ;  this  a lso  is  in good a g r e e -  
ment ,  cons ide r ing  poss ib le  d i f fe rences  between the two 
inves t iga t ions .  

F r o m  known exper imen ta l  va lues  and appropr i a t e  
subs t i tu t ions  into Eq. [10], y ' s  for  a l l  tes t  condi t ions  
were  d e t e r m i n e d  and used in Eq. [1] for the D va lues  
l i s t ed  in Table  IH. These  were  plotted in Fig .  7 with 
the passage  of l e a s t - s q u a r e s  l i nes  through each fami ly  
of poin ts .  Q and Do r e su l t s  a r e  tabula ted  in Table  IV 
where  it is  seen that i n c r e a s i n g  t i t an ium causes  a de-  
c r e a s e  in Q and Do. Ext rapola t ion  to zero  t i t an ium 
yie lds  the express ion  

D = 0.0096 exp (-28,500 • 2000/RT)  cm 2 sec -1 [14] 

for n i t rogen  diffusion in h igh-pur i ty  c h r omi um.  

DISCUSSION 

Resu l t s  p rev ious ly  repor ted  for n i t rogen  diffusion 
in ch romium a r e  l i s ted  in Table  V and plotted in Fig.  

Table I. Parabolic Rate Constants for Growth of Cr2N and Internal Nitride 

Thickness  data for the CrzN layer  (X) and the total  
n i t rogen-a f fec ted  zone (4) were  squared  and plotted as  
a function of reac t ion  t ime .  A high degree  of l i nea r i t y  lOOO~ 
was observed ,  indica t ing  conformance  to the parabol ic  0.0 8 2,34 x 
ra te  law, and a l e a s t - s q u a r e s  a n a l y s i s  was applied to 0.55 5 5.97 x 
give the ra te  cons tan t s  l i s t ed  in Table  I. Sample plots  3.29 9 6,75 x 

5.46 5 6,57 )< 
for  X 2 and 42 vs  t ime  at va r i ous  t e m p e r a t u r e s  for  the 

1050~ Cr-3  wt pct Ti  al loy a r e  d isplayed a s  F igs .  5 and 6. 
The CraN r e a c t i o n - r a t e  cons tants  taken f rom the 0.0 5 1.42 x 

0.55 5 1.24 • 
above plots  and l i s ted  in Table  I a r e  equal to 21e c in 3.29 10 1.60)< 
Eq. [3]. The A r r h e n i u s  exp res s ion  showing t e m p e r a -  5.46 6 1.76 • 
t u r e  dependency is  1125~ 

k c = k~ exp ( - E / R T )  [11] 0.0 5 5.03 x 
0.55 5 4.39 X 

where  k~ is  a p reexponen t ia l  constant ,  E is  an ac t iva -  3.29 9 5.31 )< 
t ion energy  for Cr2N growth and R is  the gas constant .  5.46 5 5.93 x 
P e r f o r m i n g  a l e a s t - s q u a r e s  a n a l y s i s  in the form of 12oo~ 
In k c vs 1//T al lows one to ca lcula te  E and k~. These  0.0 5 1.61 x 
r e s u l t s  a r e  p r e sen t ed  in Table  II. Note that both E and 0.55 5 1.56)< 
k~ dec rea se  cons ide rab ly  with i n c r e a s i n g  t i t an ium con-  3.29 7 1.22 x 
tent .  Convers ion  of kc ' s  to cons tan ts  for  parabo l ic  5.46 5 1.29 x 
weight gain,  i .e.  the m o r e  f a m i l i a r  g r a v i m e t r i c  kp 13~176176 
va lues ,  i s  made by the re la t ionsh ip  0.0 3 7.75 x 

0.55 4 6.18X 

kp 2k c y2 a [12] 3.29 5 5.47 X 
= 0 C r 2 N  5.46 4 4.45 X 

1400~ where  y is  the wt f rac t ion  of n i t rogen  in Cr2N and 5Cr2N 
is the densi ty  of Cr2N. The l a t t e r  n u m b e r s  a r e  taken 0.0 7 2.94 x 

O.55 5 2.26 X 
as  0.119 and 6.63 g cm -a, r e spec t ive ly .  The parabol ic  3.29 5 1.90x 
weight -ga in  exp res s ion  for CrzN growth on h igh -pur i ty  5.46 7 1.70x 
ch romium is  

Internal- 
Nitride 

Number Cr2N Rate Number Rate 
At. Pct of Data Constant, Correlation of Data Constant, Correlation 

Ti Points cm 2 sec q Coefficient Points cm 2 sec q Coefficient 

10-10 0.355 
10 "l~ 0.834 5 2.75)< 10- s 0.994 
10- l~ 0.916 9 6.08)< 10- 9 0.991 
10- m 0.853 5 5.29)< 10 -9 0.996 

10 -9 0.810 
10 -9 0.752 5 5.97X 10- 8 0.995 
10 -9 0.931 10 1.21 )< 10 -8 0.977 
10- 9 0.918 6 1.01 • 10 "s 0.992 

10 -9 0.996 
10 -9 0.944 5 2.39 )< 10- 7 0.996 
10 -9 0.995 9 4.07 )< 10- 8 0,996 
10 -9 0.996 5 2.67)< 10- 8 0,997 

10- s 0.996 
10 "s 0.993 5 5.99 )< 10- 7 0.997 
10 "s 0.996 7 1.32 )< 10 -7 0.999 
10 "s 0.998 5 9.35 )< 10- s 1.000 

10 "s 1.000 
10 -s 0.993 4 1.98X 10- 5 0.978 
10 "s 1.000 5 5.50X 10- 7 0.998 
10- s 0.998 4 3.97 X 10 -7 0.999 

10- 7 0.999 
10- 7 0.999 5 7.08 N I0- 6 0.992 
10 -'~ 0.991 5 1.87 X 10 -6 1.000 
10-7 0.999 7 1.28 X 10 -6 0.998 
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Fig. 5--Cr2N thickness  squared  vs r eac t ion  t ime at var ious  
t e m p e r a t u r e s  for  Cr-3 .0  wt pct Ti. 

8.  A l t h o u g h  d i f f e r e n c e s  a r e  e x a g g e r a t e d  b y  e x t r a p o l a -  
t i o n  to  z e r o  r e c i p r o c a l  t e m p e r a t u r e ,  t h e y  a r e  f a i r l y  
c o n s i s t e n t  f r o m  50 ~ to  1400~ W h a t  i s  p e r h a p s  u n e x -  
p e c t e d  i s  t h a t  t h e  l o w - t e m p e r a t u r e  d a t a  up  to  175~ 
do no t  show m o r e  u p w a r d  c u r v a t u r e  f r o m  s h o r t - c i r c u i t  
d i f f u s i o n  a l o n g  g r a i n  b o u n d a r i e s  o r  d i s l o c a t i o n s .  B u c k  
a n d  W a t e r h o u s e  ~t h a v e  r e p o r t e d  s o m e  n i t r o g e n  s e g r e -  
g a t i o n  a t  s u b g r a i n  b o u n d a r i e s  a n d  d i s l o c a t i o n s  bu t  n o  
o b s e r v a b l e  g r a i n - b o u n d a r y  p e n e t r a t i o n .  V o l u m e  d i f f u -  
s i o n  of n i t r o g e n  a p p e a r s  to  e x c e e d  g r e a t l y  w h a t e v e r  
f o r m  of s h o r t - c i r c u i t  d i f f u s i o n  i s  a l s o  o c c u r r i n g ,  e . g .  
t h e  s u b g r a i n  b o u n d a r y  d i f f u s i o n  s h o w n  in  F i g .  1 (b).  

F r o m  t h e  r e a s o n i n g  of W e r t  a n d  Z e n e r ,  ~5 one  c a n  
c a l c u l a t e  t h e  d i f f u s i o n a l  Q in a c c o r d a n c e  w i t h  

Q = A r 2 T m / 1  - f3 [15] 

w h e r e  A e q u a l s  1.3 • 10 ~7 ca l  m o l e  -~ K -t  c m  -2, ~6 r i s  
o 

t h e  G o l d s c h m i d t  r a d i u s  of n i t r o g e n  t a k e n  a s  0 .71A,  13 
r e p r e s e n t s  t h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  s h e a r  
m o d u l u s  a n d  e q u a l s  0 . 5 2 8 ,  ~7 a n d  T m i s  t h e  m e l t i n g  t e m -  
p e r a t u r e  of c h r o m i u m  e x p r e s s e d  a s  2148 K.  T h i s  g i v e s  
a Q a p p r o x i m a t e l y  e q u a l  to  30 ,000 ca l  m o l e  -1 a n d  t e n d s  
to  r e i n f o r c e  t h e  28 ,500  ca l  m o l e  -~ f o u n d  h e r e  f o r  h i g h -  
p u r i t y  c h r o m i u m .  Z e n e r ' s  a n a l y s i s  ~8 f o r  c a l c u l a t i n g  
Do e m p l o y s  t h e  r e l a t i o n s h i p  

Do : p v  a 2 e x p  (LXS/R)  [16] 

1 w h e r e  p i s  a g e o m e t r i c  c o n s t a n t  e q u a l  to  ~ f o r  i n t e r -  
s t i t i a l s  in  a b c c  l a t t i c e ,  u i s  t h e  a t o m i c  v i b r a t i o n  f r e -  
q u e n c y  in  p l a n e  {100} a s s u m e d  a s  10 x3 s e c  -~ a i s  t h e  
c h r o m i u m  l a t t i c e  p a r a m e t e r  o r  2 .88A,  a n d  LXS = Q / T  m 
o r  7 .05 c a l  m o l e  -t  K -~. S u b s t i t u t i o n  i n to  E q .  [16] g i v e s  
a c a l c u l a t e d  Do of 0 .049  c m  2 s e c  -~ w h i c h  i s  a l s o  p l o t t e d  
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Fig. 6 - - In te rna l -n i t r ide  zone th ickness  squared  us r eac t ion  
t ime  at  var ious  t e m p e r a t u r e s  for Cr-3 .0  wt pct Ti. 

Table II. Calculated Values Describing Growth of Cr2 N 

wt Pct Ti 0.0 0.5 3.0 5.0 

E, cal mole "l 72,400 63,500 59,000 56,800 
Standard deviation of E +-3,300 -+1,300 -+1,600 +-1,700 
kc, crn 2 sec "1 455 20.9 4.35 2.01 
Correlation coefficient 0.996 0.999 0.999 0.998 

Table III. Diffusion Coefficients for Nitrogen in the InternaI-Nitride Zone of 
Cr-Ti Alloys as Determined by an Exact Solution of Maak's Analysis 

Temperature, D, cm 2 sec "1 
~ 0.5 Pct Ti 3.0 Pct Ti 5.0 Pct Ti 

1000 1.36 X 10 .7 1.74 X 10 -7 2.51 X 10- 7 

1050 1.79 X 10 -7 1.96 X 10 -7 2.58 X 10- 7 
1125 3.68X 10 .7 3 . 1 3 X  10 .7 3 . 0 4 X  10  -7 

1200 5 . 1 6 X  10  -7 5.64X 10 -7 6.25X 10 -7 

1300 9.28 X 10 -7 1.08 X 10 -6 1.27 X 10 -6 

1400 2.09 X 10 -6 1.96 X 10- 6 2.05 X 10 -6 

a s  l I T  = 0 in  F i g .  8. T h e  e x p e r i m e n t a l  v a l u e  of 0 .0096  
c m  2 s e c  t i s  h i g h e r  t h a n  p r e v i o u s  s t u d i e s  a n d  i s  no t  
g r e a t l y  l o w e r  t h a n  t h e  c a l c u l a t e d  v a l u e  w h e n  c o m p a r e d  
on  a l o g a r i t h m i c  b a s i s .  N i t r o g e n  d i f f u s i o n  in b c c  T a ,  
F e ,  a n d  Nb g i v e s  e x p e r i m e n t a l  D0 ' s  of 0 . 0 0 5 6 ,  0 . 0 0 3 ,  
a n d  0 .0086  c m  2 s e e  -1, r e s p e c t i v e l y ,  19 w h i c h  a r e  a l s o  
l o w e r  t h a n  t h e  p r e d i c t e d  v a l u e s  of 0 . 0 1 8 ,  0 .010 ,  a n d  
0 .024  c m  2 s e c  t .  

T h e  o b s e r v e d  m i n o r  c o m p o s i t i o n a l  d e p e n d e n c e  d i s -  
p l a y e d  by  t h e  c a l c u l a t e d  d i f f u s i o n  c o e f f i c i e n t s  m i g h t  b e  
t h e  r e s u l t  of two  c o n d i t i o n s  w h i c h  a r e  o c c u r r i n g  s i m u l -  
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Fig. 7--Diffusion coefficients for nitrogen diffusion in Cr-Ti 
alloys vs reciprocal temperature. 

Table IV. Results of Arrhenius Analysis of Diffusion Data 

Extrapolated 
0 Pet Ti 0.5 Pet Ti 3.0 Pet Ti 5.0 Pet Ti 

Q, cal mole -1 28,500 28,200 26,600 24,000 
Standard deviation Q -+2,000 -+1,500 -+1,800 -+3,100 
Do, cm= sec "1 0.0096 0.0090 0.0054 0.0025 
Correlation coefficient - 0.994 0.991 0.968 

t a n e o u s l y .  T h e  f i r s t  i s  t h e  r e s u l t  of t h e  n o n z e r o  v o l u m e  
of t h e  i n t e r n a l - n i t r i d e  p r e c i p i t a t e s .  A s  t i t a n i u m  c o n -  
c e n t r a t i o n  i s  i n c r e a s e d ,  t h e  v o l u m e  f r a c t i o n  of T iN 
w o u l d  a l s o  b e  i n c r e a s e d ,  t h u s  r e d u c i n g  t h e  e f f e c t i v e  
c r o s s - s e c t i o n  a v a i l a b l e  f o r  n i t r o g e n  d i f f u s i o n  t h r o u g h  
t h e  i n t e r n a l - n i t r i d e  z o n e ,  w h i l e  t h e  s o u r c e  of n i t r o g e n  
a t  t h e  Cr2N i n t e r f a c e  r e m a i n s  u n c h a n g e d .  T h i s  w o u l d  
b e  a n a l o g o u s  to  t h e  i n c r e a s e d  v e l o c i t y  of a f l u id  
t h r o u g h  t h e  r e g i o n  of a p i p e  w i t h  a r e d u c e d  c r o s s -  
s e c t i o n .  T h u s  t h e  a p p a r e n t  d i f f u s i o n  c o e f f i c i e n t  of n i -  
t r o g e n  t h r o u g h  t h e  i n n e r  n i t r i d e  z o n e  w o u l d  i n c r e a s e  
a s  t i t a n i u m  i s  i n c r e a s e d .  T h e  s e c o n d  c o n d i t i o n  w h i c h  
m i g h t  c o n t r i b u t e  to  i n c r e a s e d  g r o w t h  r a t e s  of b o t h  t h e  
t o t a l  r e a c t i o n  z o n e  a n d  t h e  Cr2N t h i c k n e s s  i s  t h a t  t h e r e  
m i g h t  b e  a s l i g h t  s o l u b i l i t y  of t i t a n i u m  in  t h e  Cr2N.  
S e y b o l t  a n d  H a m a n  2 h a v e  s h o w n  t h a t  d i f f u s i o n  of n i t r o -  
g e n  i n w a r d  f r o m  t h e  s u r f a c e  c o n t r o l s  t h e  g r o w t h  of t h e  
Cr2N s c a l e  a n d  t h e y  a l s o  s t a t e  t h a t  t h i s  i s  no t  a t y p i c a l  
i o n i c  s c a l e ,  bu t  o ne  w h e r e  m e t a l l i c  o r  c o v a l e n t  b o n d i n g  
p r e d o m i n a t e .  Any  s o l u t i o n  of t i t a n i u m  in to  t h e  Cr2N 
l a t t i c e  w o u l d  b e  e x p e c t e d  to  i n c r e a s e  t h e  a p p a r e n t  s o l u -  

Table V. Comparison of Diffusion Data of Other Investigators 

Temperature 
Method Q, cal mole "1 Do, crn 2 sec "l Range, ~ Reference 

Internal friction 20,500 3.5 X 10 -6 135 to 175 13 
Internal friction and 24,300 3.0 • 10 -4 50 to 175 12 
Elastic aftereffect 
Resistivity 25,700 * 140 to 200 14 
Nitrogen profile 23,300 1.8 X lO "3 1056 to 1233 11 

�9 No value determined by this method. 
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Fig. 8--Comparison of diffusion coefficients  for n i t rogen in 
ch romium over  a wide t e m p e r a t u r e  range f rom different  
invest igat ions.  

b i l i t y  of n i t r o g e n  s i n c e  e a c h  t i t a n i u m  a t o m  w o u l d  c o n -  
t r i b u t e  one  n i t r o g e n  a t o m  w h i l e  t h e  o r i g i n a l  Cr2N h a d  

1 �9 on ly  -~ m t r o g e n  a t o m  p e r  m e t a l  a t o m .  One  i s  i n c r e a s i n g  
t h e  n u m b e r  of r a t e - c o n t r o l l i n g  a t o m s  a n d  h i g h e r  r a t e s  
of Cr2N g r o w t h  w o u l d  t h u s  b e  e x p e c t e d .  I n c r e a s i n g  t h e  
n i t r o g e n  c o n c e n t r a t i o n  a t  t h e  C r 2 N / i n t e r n a l  n i t r i d e  i n -  
t e r f a c e  s l i g h t l y  w o u l d  c a u s e  a g r e a t e r  c o m p o s i t i o n  
g r a d i e n t  a c r o s s  t h e  i n t e r n a l - n i t r i d e  z o n e ,  w i t h  r e s u l t -  
a n t  s l i g h t l y  i n c r e a s e d  g r o w t h  r a t e s  of t h i s  z o n e  a l s o .  
E x t r a p o l a t i o n  of t h e  e x p e r i m e n t a l  d a t a  to  z e r o  t i t a n i u m  
c o n t e n t  r e p r e s e n t s  t h e  m o s t  v a l i d  v a l u e  f o r  n i t r o g e n  
d i f f u s i o n  in c h r o m i u m  m e t a l .  

S U M M A R Y  

W h e n  t i t a n i u m  i s  a d d e d  to  c h r o m i u m  a n d  t h e s e  a l l o y s  
a r e  i s o t h e r m a l l y  e x p o s e d  to  n i t r o g e n ,  a n  o u t e r  s c a l e  of 
Cr2N a n d  a n  i n t e r n a l - n i t r i d e  z o n e  of f i ne  TiN p a r t i c l e s  
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grow parabo l i ca l ly .  The la t ter  zone  t h i c k n e s s  i s  con-  
t ro l l ed  by ni trogen diffusion through the m a t r i x ,  and it 
i s  p o s s i b l e  to d e t e r m i n e  diffusion coe f f i c i en t s .  In- 
c r e a s i n g  t i tanium d e c r e a s e s  act ivat ion energy  and the 
preexponent ia l  constants  for v o l u m e  diffusion and 
Cr2N s c a l e  growth.  Individual D and kp va lues  are  in-  
c r e a s e d  at l o w e r  t e m p e r a t u r e s  over  what would be e x -  
pected  f r o m  a l inear  extrapolat ion of h igher  t e m p e r a -  
ture  data. The TiN p a r t i c l e s  f o r m e d  in var ious  s i z e  
d i s tr ibut ions ,  and h a r d n e s s  m e a s u r e m e n t s  indicated 
m a x i m a  which d e c r e a s e d  with higher t e m p e r a t u r e s  and 
s h o r t e r  t i m e s  in a manner  cons i s t ent  with prec ip i tat ion  
hardening.  
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