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C hem ical a n d  X -r a y  in v e s t ig a tio n  o f  th e  rea ctio n  o f  carbon  m o n o x id e  w ith  iron  n itr id es  a n d  

o f  th e  re a ctio n  o f  a m m o n ia  w ith  iron  ca rb id es  d isc lo ses  th e  e x is te n c e  o f  iron  ca rb on itr id es—  

a  ser ies o f  n ew  tern a r y  in te r st it ia l a llo y s  co n ta in in g  iron , ca rb on  anfl n itro g en , f-p h a se  

ca rb on itr id es , w ith  stru ctu res  s im ila r  to  th o se  o f  f - ir o n  n itr id es , h a v e  a  ran ge  o f  h o m o g e n e ity  

e x te n d in g  a p p r o x im a te ly  from  F e 8N 4 to  F e 8C8N . T h e  la tte r  is  isom orp h ou s w ith  F e 2N . e-ph ase  

ca rb on itr id es, w h ic h  a re  iso m o rph ou s w ith  e-iron  n itr id es , h a v e  a  co m p o s it io n  ran ge  o f  

a p p r o x im a te ly  25 to  33 a to m ic  %  n itr o g en  p lu s carbon , i.e . from  F e 8X  to  F e 2X , in  w h ic h  th e  

h ig h er  carb o n  c o n ce n tr a tio n  lim it  is  n o t  le ss  th a n  16 a to m ic  % .

P rob a b le  p h a se  fie ld s for  p a r t o f  th e  iro n -ca rbo n -n itro g en  sy ste m  are g iv e n  o n  a  tern a ry  

diagram .

P ro lo n g ed  rea c tio n  o f  ca rb on  m o n o x id e  w ith  iron  n itr id es  resu lts  in  co m p lete  e lim in a tio n  

o f  n itro gen . B e lo w  5 00° C th e  p ro d u c t is  a  carb ide  o f  iron , n o w  ca lled  iron  percarbide , th e  

narrow  co m p o s it io n  ran ge  o f  w h ich  in c lu d es F e 20C9. A b o v e  500°  C th e  p ro d u c t o f  th e  sa m e  

re a ctio n  is  c e m e n t ite .

IN T B O D  tJ CTION

O f th e  tra n s itio n  elem ents, co lum bium  (Deville 1868) a n d  tita n iu m  (G oldschm idt 

1927; see K naggs, K a rlik  & E lam  1932; H u m e-R o th ery , R ay n o r & L ittle  1942 a, b) 

give carbon itrides, b u t  a lth o u g h  th e  existence o f iron  carbonitrides has been  sus

pected  (F ry  1923), th e  on ly  p revious w ork  on  th e  iron-carbon-n itrogen  system  is a n  

in vestiga tion  o f th e  m u tu a l solubilities o f carbon  a n d  n itrogen  in  a  iron  (K oster 

193°)-

Fow ler (1901) passed  carbon  m onoxide over F e 2N  a t  red  h e a t an d  found  carbon  

dioxide, b u t  no cyanogen com pounds, in  th e  e x it gases. H e considered th a t  iron  

cyanide m ig h t be form ed b u t d id  n o t explore th is  possibility . T he p resen t p ap er 

describes a n  investigation , b y  chem ical an d  X -ray  m ethods, o f F ow ler’s carburizing  

reac tion  a n d  o f th e  reverse process, th a t  is, th e  n itr id ing  o f iron  carbides w ith  

am m onia. R esu lts  o b ta ined  b y  th e  s tu d y  o f b o th  reactions, an d  b y  h e a t tre a tm e n t 

o f th e ir  p roducts , discloses th e  existence o f iron-carbon-n itrogen  in te rs titia l alloys 

con tain ing  up  to  25 atom ic %  carbon, a n d  enables phase fields for p a r t  o f th e  iron- 

carbon-n itrogen  system  to  be given.

In  add ition , i t  is found  th a t  th e  reactions o f carbon  m onox ide  w ith  iron  n itrid es  

provide m ethods for p reparing  cem entite  (Fe3C) an d  pure  iron  percarb ide (Fe20C9).

E x p e r i m e n t a l

Apparatus and experimental procedure

P u re  carbon m onoxide (F arkas & M elville 1939) w as c ircu lated  for vary in g  tim es 

b y  m eans o f a  glass pum p  (B renschede 1936; F unnel & H oover 1927; L iv ingstone 

1929) over iron  n itrides (prepared  as described in  p a r t  I  an d  pow dered to  pass a
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4 2 K . H . J a c k

300-mesh) a t  various tem pera tu res . T he a p p ara tu s , show n iii figure 1, consisted o f 

a  closed c irculating  system  con tain ing  a  silica reaction  tu b e , th e  cen tre  po rtio n  o f 

w hich w as m a in ta ined  w ith in  ± 2° C o f th e  requ ired  reac tion  te m p era tu re  an d  th e  

ends o f w hich were w ater-cooled. A  m agnetic  device (see p a r t  I)  enab led  th e  silica 

b o a t contain ing  0*5 g. n itr id e  to  be m oved betw een th e  reaction  an d  quenching zones 

w ith o u t opening th e  system . C arbon dioxide form ed during  th e  reac tion

2CO -> C 0 2 +  C (com bined) (1)

was condensed in  liquid  oxygen-cooled trap s , and  th e  pressure o f carbon  m onoxide 

was k e p t a t  its  in itia l a tm ospheric  value b y  add ing  fresh gas from  a  b u re tte . T hus, 

th e  volum e of carbon m onoxide reac ted  w as continuously  observed, and , b y  app ly ing  

corrections for m olecular n itrogen  evolved, for v a ria tions  in  a tm ospheric  tem p era 

tu re  an d  pressure an d  for ev ap o ra tio n  o f liquid  oxygen, th e  erro r in  calcu la ting  th e  

to ta l volum e o f carbon  m onoxide used in  an y  com plete experim en t w as p ro b ab ly  

w ith in  ± 4 % .

r e a c t i o n  

f u r n a c e  t u b e
m e r c u r y

m a n o m e t e r

w a t e r
t h e r m o r e g u la t o r

s o l e n o i d  j

c ir c u la t in g
p u m p

4_ c a r b o n

m o n o x id eflo w m e te r i

l i q u i d  o x y g e n  

t r a p so i l  ...

m a n o m e t e r

F i g u r e  1. A p p a r a tu s  fo r  c a r b u r iz in g  ir o n  n it r id e s .

T he experim en tal m ethod  therefore  allow ed th e  progress o f th e  reaction

iron  n itrid e  -> carbon itride  -> carb ide (2 a)

to  be followed continuously  an d  in te rru p ted  a t  an y  desired stage. In  s tudy ing  th e  

reverse process, i.e.

iron  carb ide -> carbon itride  -> iron  n itride , (26)

iron  carbides (prepared  b y  p ro longed  carburizing  o f iron  n itrides; see below) w ere 

n itr id ed  w ith  am m onia according to  th e  m ethod  for p reparing  iron  n itrides  (p a rt I).

F o r th e  h e a t tre a tm e n t o f carbon itrides a n d  carbides a  reac tio n  tu b e  iden tical 

w ith  th a t  described above w as used. A 0*1 g. sam ple, con tained  in  a  silica b o a t, w as
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4 3

placed  in  th e  cold end  o f th e  tu b e . T he a p p a ra tu s  w as ev acu a ted  a n d  th e  sam ple 

w as th e n  m oved in to  th e  cen tre  o f th e  tu b e  w here i t  w as m a in ta in ed  a t  th e  requ ired  

tem p era tu re  for a  g iven tim e. E vo lved  n itrogen  was rem oved a t  in te rv a ls  b y  

re-evacuation .

Analysis of iron carbides and carbonitrides

E x cep t in  a  few cases, w here th e re  w as insufficient m ateria l, n itrogen  w as d e te r

m ined  b y  a t  least tw o  of th e  following m e th o d s:

(i) sem i-m icro-K jeldahl m ethod  (B eet & B elcher 1938);

(ii) m icro-D um as com bustion  a t  800° C;

(iii) loss in  w eight on heating  in vacuo a t  1000° C.

T he resu lts  g iven have a probab le  erro r of ± 0-08 w eight %  N , irrespective  o f th e  

am o u n t o f n itrogen  presen t. C arbon was determ ined  b y  tw o m ethods:

(iv) m icro- and , as a  check in  some cases, m acro-com bustion  in  oxygen a t  850° C;

(v) assum ing th a t  th e  to ta l  iron  rem ained  con stan t an d  th a t  no elem ents o th e r 

th a n  iron, carbon an d  n itrogen  were p resen t, an d  know ing th e  in itia l an d  final 

n itrogen  con ten ts, th e  carbon w as calcu la ted  from  th e  difference in  w eight o f th e  

specim en before and  a fte r carburizing.

Since agreem ent betw een resu lts  o f m ethods (iv) and  (v) w as o b ta ined  w ith  a  

p robable erro r o f ± 0*2 w eight %  C, th e  assum ptions m ade in  (v) seem ed valid  an d  

i t  was th o u g h t unnecessary  to  determ ine iron  separate ly . In  m ost cases, how ever, 

th e  ferric oxide residues from  (iv) w ere w eighed an d  gave resu lts  for iron  in  agree

m en t w ith  those  calculated  b y  difference. M ean values are  given in  tab les 1 to  5 and  

have a  p robable erro r o f ±0*3 w eight %  Fe.

X-ray investigation

Pow der pho tographs were ta k e n  a t  18 + 2° C w ith  Co Kcc rad ia tio n  (a1? 1*78529; 

a 2, 1-78917 kX ) in  a  19 cm. B rad ley -type  hydrogen-filled cam era. L ine positions 

were m easured an d  unit-cell dim ensions were calculated  as described in  p a r t  I.

R e s u l t s

I n  th e  tab les o f results, each carburizing ru n  is denoted  b y  a num ber ( C l ,  C 2, 

etc.), w hich is also given to  th e  X -ray  pow der pho tograph  o f th e  p roduct. E x p e ri

m ents in  w hich p roducts were given subsequent h ea t tre a tm e n t are denoted  by  th e  

suffix H , so th a t  C 6-H refers to  an  experim ent in  w hich th e  p ro d u c t o f ru n  C 6 was 

heated  in vacuo. E xperim en ts in  w hich iron carbides were n itr ided  are sim ilarly  

denoted  b y  th e  suffix N . F o r exam ple, pho tograph  C 9-N, p la te  3, is th a t  of th e  

p roduc t ob ta ined  b y  passing am m onia over a  carbide which, in  tu rn , was ob ta ined  

in  th e  carburizing ru n  C 9.

The reaction of carbon monoxide with iron nitrides at 450° C ( C 1 C 8)

Table 1 and  figure 2 show results, of carburizing e n itrides, contain ing  31 to  33 

a tom ic %  N , a t  450° C for vary ing  tim es from  35 m in. to  47 hr. W ith  increasing tim e 

of carburizing, th e  carbon concen tra tion  increases and  th e  n itrogen concen tra tion  

decreases a t  abou t equal ra tes. U p to  a  lim it, a t  w hich approx im ately  three-

Binary and ternary interstitial alloys. I I
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q u a rte rs  o f th e  original n itrogen  is rep laced  b y  carbon, th e  p ro d u c t is a  single hom o

geneous phase, th e  s tru c tu re  o f w hich differs on ly  sligh tly  from  th e  in itia l e-iron 

n itrid e  s tru c tu re . P h o to g rap h s  C l  to  C 5, p la te  2, show  th is  single phase, w hich 

gives reflex ions due to  a  base-cen tred  o rthorhom bic  la ttice  o f  iro n  a tom s, th a t  is, 

a  d is to rted  hexagona l close-packing w hich is sim ilar to  th e  ^-n itride iron  a to m  

arran g em en t (p a rt I) . I t  is there fo re  proposed here th a t  th e  new  te rn a ry  in te r 

s titia l alloys o f th is  phase  should  be nam ed  £-iron carbonitrides.

Binary and ternary interstitial alloys. I I  4 5

t  +  x

t im e  (h r .)

F i g u b e  2 . T h e  r e a c t io n  o f  c a r b o n  m o n o x id e  w i t h  e - ir o n  n it r id e s  a t  4 5 0 °  C . x  N i t r o g e n  

c o n c e n t r a t io n , O  c a r b o n  c o n c e n t r a t io n , •  c o n c e n t r a t io n  o f  c a r b o n  p lu s  n it r o g e n .

P ho tog raphs C 6 to  C 8 show tw o phases, £ an d  y , w ith  decreasing am oun ts o f th e  

£-phase and  increasing am oun ts  o f th e  second phase y, as th e  n itrogen  concen tra tion  

approaches zero. T he phase x  was 80 designated  because i t  was identified  as th e  

higher carbide o f iron, th e  ex istence o f w hich has previously  been suspected  and  w hich 

has been know n as ‘ X -carb id e ’ (H o fm ann  1928) or, erroneously, as ‘F e 2C ’ (B ahr & 

Jessen  1933; H agg 1934). This carbide, w hich i t  is proposed here should be nam ed 

iron  percarb ide, is ob ta ined  hom ogeneous only b y  com plete elim ination  o f n itrogen  

and  over a  range o f com position (30*4 to  32*3 atom ic %  C) w hich includes F e 20C9 

(31*0 %  C). A pho tograph  (C 8-H ) o f pure  iron percarb ide is included on p la te  2 

for com parison purposes.

The reaction of carbon monoxide with iron nitrides at 450 to 700° C (runs C 9 C 14)

Table 2 shows th a t  th e  end-product ob ta ined  by  prolonged carburizing o f y '-  

iron  n itrides a t  450 and  470° C is again  iron  percarbide. The in term ed ia te  carbo

n itrides show und is to rted  hexagonal struc tu res. Since th e y  are  isom orphous w ith  

e-phase iron n itrides, i t  is proposed here th a t  th e y  be nam ed e carbonitrides.
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4 6 K . H . J a c k

A t 500° C th e  reaction  o f  carbon m onox ide w ith  e n itrides is m ore rap id  th a n  a t  

450° C, b u t, as a t  th e  lower tem pera tu re , resu lts  in  th e  fo rm ation  o f percarb ide w hen 

all n itrogen  is elim inated. A t 600° C, how ever, th e  p ro d u c t consists o f  a  m ix tu re  o f 

iron  percarb ide an d  cem entite , while a t  700° C only cem entite  an d  g raph itic  carbon 

are  observed.

Heat ireament of £  carbonitrides

R esu lts  ob ta ined  b y  annealing th e  p roducts  o f runs  C 1 to  C 8 a t  different te m 

p era tu res  in vacuo ore g iven in  tab le  3. The am o u n t o f n itrogen  elim inated  and

phase changes w hich occur depend upon  th e  tim e and  tem p era tu re  o f  tre a tm e n t 

a n d  upon  th e  com position o f th e  original carbonitride . In  runs C 4-H  an d  C 5-H  

a  sm all am oun t o f carbon w as lost, p robab ly  th rough  a  leakage o f a ir  in to  th e  

reaction  tu b e  causing ox idation . In  th e  rem aining experim ents no loss o f carbon 

was observed.

£-iron carbonitrides s ta r t  to  decom pose in vacuo a t  ab o u t 350° C, e lim inating  

n itrogen  and  giving e carbonitrides. These e carbonitrides are  unstab le  a t  450° C 

and  decom pose to  give, according to  th e ir  n itrogen  an d  carbon  con ten ts, y '  or e 

n itrides and  e ither iron  percarb ide or cem entite .

Ta b l e  3. H e a t  t r e a t m e n t  o f  £ c a r b o n i t r i d e s

p r o d u c t

r u n

a n n e a l in g

t e m p .

( ° C )

a n n e a l in g

t im e

(h r .) F e

C l - H 4 0 0  t o  4 8 0 9 6 7 9 -4

C 2 - H 4 0 0  t o  4 2 0 4 0 7 3 1

C 3 - H 3 8 0  t o  4 2 0 1 2 0 7 1 -3

C 4 - H 4 5 0 6 5 7 1 -3

C 5 -H 4 5 0 7 0 7 8 -3

C 6 - H 4 5 0 2 2 6 5 -2

C 7 - H 4 2 0  t o  4 4 0 7 2 6 6 -7

C 8 - H 3 5 0 5 0 6 9 -6

a t o m ic  %

C N C +  N p h a s e s

10 -2 1 0-4 20*6 a - F e ,  F e 4N ,  F e s C

1 1 1 15-8 2 6 -9 e

15*7 1 3 0 28-7 6

2 3 -8 4 -9 2 8-7 X ,  F e s C, (e)

2 0 -0 1*7 2 1-7 a - F e ,  F e sC , (e)

3 4 -8 0 3 4 -8 X ,  F e sC , c a r b o n

3 3 -3 0 3 3 -3 X ,  F e s C , c a r b o n

3 0 -4 0 3 0 -4 X

The action of ammonia on iron carbides

W hen iron  percarb ide o r cem entite  is n itr ided  b y  th e  ac tion  o f am m on ia  a t  

450° C, th e  p roducts  are e carbonitrides w ith  a  to ta l in te rs titia l a to m  concen tra tion  

o f  ab o u t 33 % , w hich is p robab ly  n ear th e  upper hom ogeneity  lim it o f  th e  phase 

(see tab le  4 an d  pho tographs C 9-N , C 13-N). D uring  reaction , carbon  is possibly 

rem oved as m ethane  a lthough  no  p roo f o f th is  w as obtained .

The iron-carbon-nitrogen phase diagram

F rom  resu lts  ob ta ined  b y  (i) carburizing n itrides, (ii) h e a t tre a tm e n t o f carbo

n itrides, an d  (iii) n itrid ing  carbides, a  te rn a ry  d iagram , ind icating  probable phase 

fields o f th e  iron-carbon-nitrogen system  a t  450° C an d  show n b y  figure 3, was 

constructed .
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4 8 K . H . J a c k

The mechanism of the reaction of carbon monoxide with iron nitrides

A t tem p e ra tu res  a t  w hich carburizing gases re a c t a t  a n  appreciab le  ra te  w ith  

a  iron, th e  p roducts  are  m ain ly  free carbon  an d  carbon  d ioxide (see H ofer 1944), 

an d  little  carbide fo rm ation  occurs. P en e tra tio n  o f carbon in to  th e  iron -atom  la ttice  

tak es  place read ily  only  w ith  th e  face-centred  cubic la ttice  o f y  iron, so th a t  th e  

carburizing o f steel w ith  carbon  m onoxide, m ethane  o r carbon  is usually  carried  o u t 

a t  a  tem p era tu re  n o t lower th a n  900° C.

A™

7 \ + e

F i g u r e  3 . P a r t  o f  t h e  t e r n a r y  d ia g r a m  o f  t h e  ir o n -c a r b o n -n itr o g e n  s y s t e m  a t  4 5 0 °  C a s  d e d u c e d  

fr o m  p r e s e n t  o b s e r v a t io n s .  +  =  a ,  □  =  y',  O =  e, •  =  £, x  =  C =  F e 3C .

N itrogen  a tom s derived  from  am m onia have m uch  m ore pow er th a n  carbon  a tom s 

to  ‘open u p ’ th e  body-cen tred  cubic a -iron  la ttice , w hich, w ith  increasing n itrogen  

con ten t, is converted  first to  an  expanded  face-centred  cubic la ttic e  ( o r y ' according 

to  th e  tem p era tu re) a n d  th e n  to  a  m ore g rea tly  expanded  hexagonal close-packed 

s tru c tu re  (e). In  th is  respect, i t  m ay  be significant th a t  th e  m ax im um  so lub ility  o f 

n itrogen  in  a  iron  (given b y  different w orkers as 0*13 w eight %  N  a t  590° C an d  

0*42 w eight %  N  a t  591° C) is ce rta in ly  g rea te r th a n  th a t  o f  carbon  (0-035 w eight 

%  C a t  725° C).

T he in te resting  fea tu re  w hich arises from  th e  p resen t investigation  is th a t  once 

th e  a -iron  la ttice  is expanded  to  e ith e r o f th e  close-packed a rrangem ents, carbon  

p en e tra te s  th e  s tru c tu re  a t  an  appreciable  ra te , even  a t  low tem p era tu res , an d  

replaces th e  n itrogen . Since th is  rep lacem ent is easily reversible, th e  affinities o f  

carbon  and  n itrogen  for iron  m u st be o f th e  sam e o rder o f  m agn itude .

I t  appea rs  th a t  th e  n a tu re  o f th e  reac tion  o f carbon  m onoxide w ith  iron  n itrid es  

is n o t th e  sam e a t  all tem p era tu res . A t 500° C o r below, th e  only  solid phase o b ta ined  

b y  allowing th e  reac tion  to  proceed to  com pletion is iron  percarb ide. A t 600° C a 

m ix tu re  o f iron  percarb ide an d  cem entite  is ob ta ined , while a t  700° C cem entite  a n d  

g raph itic  carbon  are  observed. I t  is well know n th a t  free carbon, in  ad d itio n  to  

carb ide, is fo rm ed w hen m etallic  iron  is carburized  w ith  carbon  m onoxide a t  te m 

p e ra tu res  a t  w hich th e  p resen t experim ents were carried  o u t (450 to  700° C). In
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Jack Proc. Roy. Soc., A, volume 195 , plate 2

photograph

num ber

C l  

C 2  

C 3 

C 4  

C 5 

C 6 

C 7  

C 8 

C 8 -H  

C 9  

C IO  

C ll 

C 12 

C 13 

C 14

sin 20

0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8 0-9 0-99

X -r a y  po w d er  spectra  o f  p ro d u cts  C 1, C 2, C 3, C 4, C 5, C 6, C 7, 

C 8 , C 8 -H , C 9, CIO , C l l ,  C 12, C 13 an d  C 14.

(Facing  4 8 )
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Binary and ternary interstitial alloys. I I 4 9

th e  carburiz ing  o f  iro n  n itr id es , how ever, free ca rb o n  deposition  w as p re v e n ted  a t  

te m p e ra tu re s  from  450 to  600° C, b u t  on ly  b y  rem oving  carb o n  d iox ide  ra p id ly  

from  th e  v ic in ity  o f  th e  specim en. I n  seve ra l expe rim en ts, th e  re su lts  o f  w h ich  a re  

n o t  g iven  in  full, w hen  th e  ra te  o f  gas c ircu la tio n  w as decreased  below  a  c e r ta in  v a lu e , 

th e re b y  causing  a  c ritica l increase  in  th e  p a r tia l  p ressu re  o f  c a rb o n  d ioxide, p e r 

cep tib le  b lacken ing  o f  th e  su rface  o f  th e  specim en  b y  g rap h itic  ca rb o n  w as observed . 

I n  tw o  ru n s , w here  th e  co n cen tra tio n  o f  c a rb o n  d ioxide w as allow ed to  inc rease  

s tead ily , th e  d ep osited  ca rb o n  w eighed v e ry  m u ch  m ore  th a n  th e  s ta r tin g  m a te ria l. 

I t  is possible  th a t ,  because o f  th e  ra p id ity  o f  reac tio n , th e  co n cen tra tio n  o f  ca rb o n  

d iox ide  a t  700° C w as h ighe r th a n  th e  c ritica l va lue , b u t  a lth o u g h  considerab le  ca rb o n  

in  a d d itio n  to  carb id e  w as o b ta in ed  a t  th is  te m p e ra tu re , th e  acce lera ted  ca rb o n  

fo rm a tio n  is p ro b a b ly  due  n o t on ly  to  th e  presence o f  c a rb o n  d ioxide, b u t  also  to  

th e  n o rm a l effect o f  te m p e ra tu re . A cco rd ing  to  H o fe r (1944) ca rb o n  fo rm a tio n  can  

co n tin u e  u n til  th e  iro n  is d ilu te d  to  1 %  o f  th e  to ta l  iro n -ca rb o n  m ass, w hen  th e  iro n  

is th e n  d is tr ib u te d  in  a  finely d iv ided  s ta te  th ro u g h o u t th e  carbon . T his suggests th e  

in te rm e d ia te  fo rm a tio n  o f  a n  u n s tab le  ca rb ide , possib ly  iro n  p e rcarb id e  o r cem en tite , 

w hich  decom poses b y  g ra p h itiz a tio n  occurring  inside  th e  c ry s ta l la ttic e . I t  is 

u n lik e ly  th a t  tra c e s  o f  c a rb o n  d ioxide can  d ire c tly  ca ta ly ze  free ca rb o n  fo rm a tio n  

a t  low er te m p e ra tu re s . I t  is, th e re fo re , suggested  t h a t  th e  p resence o f  c a rb o n  d iox ide  

allow s a  film  o f ox ide to  be  fo rm ed  on  th e  iro n  surface , a n d  i t  is th is  ox ide w hich  a c ts  

as  th e  c a ta ly s t.

A p a r t  from  th ese  o b serv a tio n s  th e re  is, how ever, som e q u a n tita tiv e  ev idence  o f  

a  tra n s itio n  te m p e ra tu re  in  th e  reac tio n  o f  c a rb o n  m onox ide  w ith  iro n  n itr id e s . 

T h e  vo lum e o f re a c te d  ca rb o n  m onox ide  v a ries  w ith  tim e  in  th e  sam e genera l w ay  

as th e  ca rb o n  co n ce n tra tio n  o f  th e  so lid 'p h ase  (e.g. figure 2), b u t  below  500° C is 

u n ifo rm ly  g re a te r  th a n  th e  vo lum e e q u iv a len t to  th e  com bined  carbon . S ince sm all 

a m o u n ts  o f  po lym e rized  cyanogen  w ere observed  in  th e  in le t lim b  o f  th e  co n d en sa 

tio n  tra p s  o f  th e  a p p a ra tu s , th is  a p p a re n t d isc rep an cy  is ex p la in ed  i f  n itro g en  is 

e lim in a ted  from  th e  n itr id e  n o t on ly  as m o lecu lar n itro g en  b u t  p a r t ly  as cyanogen . 

I n  tw o  ex p e rim en ts , analy sis  o f  th e  gas m ix tu re  in  th e  c ircu la tin g  sy stem  a f te r  th e  

re a c tio n  w as com ple te  show ed  o n ly  tw o  c o n stitu en ts , c a rb o n  m onox ide  a n d  n itro g en . 

T h e  av a ilab le  ev idence in d ica tes , th e re fo re , t h a t  tw o  reac tio n s  occur:

O n th is  a ssu m p tio n , a n d  from  th e  vo lum e o f  c a rb o n  m onox ide  u sed , w e ig h t changes 

a n d  a n a ly tic a l re su lts , th e  p ro p o rtio n  o f  e lim in a ted  n itro g en  evo lved  as N 2 m olecules 

w as ca lcu la ted . E x c lu d in g  one anom alous re su lt (ru n  C 4), a ll e x p e r im en ts  below  

5 0 0 °C (runs C l  to  C l l )  g ave  v a lues  o f  75 + 6 % . A t 5 0 0 °C (ru n  C 12) 8 6 %  

o f  th e  e lim in a ted  n itro g en , a n d  a t  s till h ig h er te m p e ra tu re s  (600° C, ru n  C 1 3 ; 

700° C, ru n  C 14) a ll th e  e lim in a ted  n itro g en  ( 1 0 0 ± 1 % )  w as evo lved  as N 2 

m olecules.

O nly  p re lim in a ry  conclusions can  be reach ed  w ith  re sp ec t to  th e  m ech an ism  b y  

w hich  carb o n  rep laces n itro g en . B u n s  C 1 to  C 8 a re  essen tia lly  re p lacem en t reac tio n s ,

2N  (com bined) +  4CO -> 2 C 0 2 +  N 2 +  2C (com bined), 

2N  (com bined) +  4CO -> 2COa +  C2N 2.

(3)

(4)

Vol. 195 . A. 4
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5 0 K . H . J a c k

and  for these , figure 4 shows th a t  th e re  is an  ap p ro x im ate ly  linea r re la tio n sh ip  

betw een th e  reciprocal o f  th e  n itrogen  co n cen tra tio n  (N) a n d  th e  tim e  (t). T his 

ind ica tes th a t  th e  ra te  o f  rep lacem en t o f  n itrogen  b y  carbon  is g iven  b y  a k ine tic  

eq u a tio n  o f th e  second o rder w ith  respec t to  th e  in te rs titia l n itro g en  co n cen tra tion . 

T he reac tion  ra te  fo r a n  individual expe rim en t could be followed from  th e  carbon  

m onoxide consum ed. These d a ta  also conform ed to  a  second o rder reac tio n . T herefo re

dN
oc 2V2,

or, since N  =  

co n stan t,

w here C is th e  carbon  co n cen tra tio n  a n d  a is a p p ro x im a te ly  

dC dN  I 1 , ,

t im e  (h r.)

F ig u r e  4. 1 (N  o r l / ( a  — C)plo t t e d  a g a in s t  t im e  t ,  s h o w in g  se c o n d -o r d e r  
r e a c t io n  w ith  r e sp e c t  to  n itr o g e n  c o n c e n tr a t io n .

th a t

E n g e lh a rd t & W agner (1932) h ave  show n in  th e  reac tio n

N  (dissolved in  a  iron) +  f H 2 (g as)-> N H 3 (gas), 

dN

w here _pH2 is th e  p a r tia l p ressure  o f  hyd rogen , a n d  th a t  th e  ra te -d e te rm in in g  process 

is n o t th e  d iffusion o f n itro g en  from  th e  inside o f  th e  iro n -a to m  la ttic e  to  th e  surface, 

b u t  is th e  reac tio n

N  (dissolved in  a  iron) +  H 2 -> N H 2 (adso rbed) (6)

occurring  a t  th e  iron /gas in te rface .

I f  th e  ra te -d e te rm in in g  process in  th e  rep lacem en t o f  n itro g en  b y  carbon  is

s im ilarly  . /
2N  (in su rface  la y e r ) -> N 2, (7)

th e n  th e  reac tio n  ra te  w ould be g iven  b y  th e  req u ired  second-order eq u a tio n . T he 

o b se rv a tio n  th a t  th e  3 :1  ra tio  o f  n itro g en  a n d  cyanogen, fo rm ed  a t  450 a n d  470° C, 

is in d ep en d en t o f  tim e  suggests, how ever, th a t  n itro g en  a n d  cyanogen  a re  p ro d u c ts  

o f  s im ultaneous side reac tions  so th a t  th e  com plete reac tio n  m echan ism  c an n o t 

be sim ple.
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5 1

The structure of £-iron carbonitrides

T h e  h o m o geneity  lim its  o f  th e  £ -ca rbon itride  p h ase  a re  a p p ro x im a te ly  F e 8N 4 a n d  

F e 8C3N . T h e  to ta l  in te r s t i t ia l  a to m  c o n cen tra tio n  (C +  N ) rem ain s  a lm o st c o n s ta n t 

(found : 33-5 to  36*0 a to m ic  % ) as ca rb o n  rep laces n itro g en . V alues ab o v e  33*3 

re p re se n t excess in te rs ti t ia l  a to m s  ab o v e  F e 8X 4. T h is  is p ro b a b ly  a  rea l effect, b u t  

i t  m a y  be d ue  in  p a r t  to  a n a ly tic a l e rro rs  o r to  th e  presence o f  traces  o f  free carbon . 

N e a r  th e  lim it F e 8C3N  (p h o to g rap h  C 5 , p la te  2), th e  positions  o f  obse rved  su p e r

la tt ic e  reflexions a re  id e n tic a l w ith  th o se  o n  p h o to g rap h s  o f  £ n itr id e  (p a r t  I)  a n d  

th e  re la tiv e  in ten s itie s  o f  co rrespond ing  reflexions a re  th e  sam e, so th a t  th e  positions 

o f  iro n  a to m s a n d  in te rs ti t ia l  a to m s in  th e  tw o  s tru c tu re s  m u s t be id en tica l. W ith

Binary and ternary interstitial alloys. I I

F i g u r e s  5 t o  8 .  V a r ia t io n  in  u n i t - c e l l  d im e n s io n s  o f  £  c a r b o n it r id e s  

w i t h  in c r e a s in g  C /N  r a t io .

th o se  carb o n itrid es  con ta in in g  less carb o n  ( C l  to  C4),  a n d  w hich  w ere p re p a red  

b y  carburiz ing  e n itr id es  fo r sh o rte r  periods o f  tim e , i t  is found  th a t  th e  e a rra n g em en t 

o f  in te rs ti t ia l  a to m s s till p a r tia lly  persists . T hus, as ca rbon  replaces n itro g en  th e  

p ro m in en t X -ra y  su p erla ttice  reflexion d ue  to  th e  e a rra n g em en t o f  in te rs titia l 

a to m s  (see p a r t  I)  grow s fa in te r  on  successive p h o to g rap h s  C 1 to  C 4 , w hile th o se  

reflexions ch a rac te ris tic  o f  th e  £ a rra n g em en t g rad u a lly  increase  in  in te n s ity . A t 

th e  sam e tim e , th e  an iso trop ic  d is to rtio n  o f  th e  iro n -a to m  la ttic e , c h a rac te ris tic  o f  

th e  e- to  £-phase change, g rad u a lly  increases. T he expansion  o f  th e  b ax is o f th e  u n it  

cell, w hich occu rs as th e  ca rb o n /n itro g en  ra tio  increases a n d  w hich  is show n b y  

figure 6, is n o t, there fo re , u nexpec ted . F igu res  5, 7 a n d  8, how ever, show  th a t  a, c 

a n d  th e  vo lum e o f  s tru c tu re  p e r iron  a to m  V, a ll decrease w ith  increasing  carbon  

concen tra tio n , w hich suggests th a t  in  th ese  carb o n itrid es  th e  effective a tom ic  ra d iu s  

o f  ca rbon  (rc) is sm aller th a n  th a t  o f  n itro g en  (rN).
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5 2 K . H . J a c k

C om paring a  £ n itr id e  w ith  th e  £ carbon itride  C 5, b o th  hav ing  s tr ic tly  iso- 

m orphous s tru c tu re s  an d  each  o f w hich has a n  ap p ro x im ate  com position F e 2X , 

w here X  rep resen ts  an  in te rs titia l a to m , th e  following values a re  o b ta in ed  (rFe is 

assum ed =  l*260kX ):

in t e r s t i t ia l F e—X  d is t a n c e s

a t o m ic  % C /N (k X ) f x

£  n i t r id e 33*7 0 (4 ) 1 * 94 0 \

(2 ) 1 * 9 5 0 / 1 y
0*683

£  c a r b o n it r id e , C 5 34*6 2 -2 (4 ) 1*9311  

(2 )  1 * 9 4 9 / 1 yd7
0*677

T hus, tak in g  m ean  values, r N =  0*683 an d  rc = 0*675 k X .

The structure of e-iron carbonitrides

O bserved lim its fo r th e  e-carbonitride  phase  w ere 26*9 an d  33*3 in te rs titia l a tom ic  

% , so th a t  th e  hom ogeneity  range  is p ro b ab ly  a b o u t th e  sam e as th a t  o f  e-iron 

n itrides, th a t  is, app ro x im ate ly  from  F e 3X  to  F e 2X . T he h ighest ca rb o n /n itro g en  

ra tio  observed w as 1*2/1, b u t  i t  is un like ly  th a t  th is  is th e  m axim um . X -ra y  p h o to 

g raphs show th e  single e-superlattice  reflexion p rev iously  described  (p a rt I ;  H e n 

dricks & K o stin g  1930), a n d  the re fo re  th e  a rran g em en ts  o f  in te rs titia l a to m s in  

e n itr ides  an d  in  e carbon itrides are  p ro b ab ly  iden tical.

0*2 0 -4  fl-6  0*8 . 1 0  1 2

C /N

F i g u r e  9 . D e c r e a s e  in  u n i t - c e l l  d im e n s io n s  o f  e c a r b o n it r id e s  

w it h  in c r e a s in g  C /N  r a t io .

To assess th e  effect on  un it-ce ll d im ensions o f su b s titu tin g  n itrogen  b y  carbon , 

each  e carbon itride  w as com pared  w ith  a  n itr id e  o f  th e  sam e in te rs titia l a to m  con

cen tra tio n  (see tab le  5). U n it-ce ll d im ensions fo r n itr id es  con tain ing  26*9 a n d  28*7 

a tom ic  %  N  were calcu la ted  from  th e  values fo r low er (H agg 1929) a n d  u p p er (the  

p re sen t investigation , p a r t  I)  lim its o f  th e  phase  b y  linea r in te rp o la tio n . A lthough  

a a n d  c a re  p ro b ab ly  n o t s tr ic tly  linear functions o f  th e  n itrogen  co n cen tra tio n  

(B runauer, Jefferson, E m m e tt & H end ricks 1931), th e  values so o b ta in ed  ag ree v e ry
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closely w ith  those  g iven  b y  B ru n a u e r et al. a n d  a re  su fficiently  a cc u ra te  fo r p re sen t 

pu rposes. I t  is show n in  ta b le  5 a n d  g raph ica lly  in  figure 9 th a t  th e  un it-ce ll d im en 

sions decrease as ca rb o n  rep laces n itrogen . T he following re su lts

Binary and ternary interstitial alloys. I I  5 3

in t e r s t i t i a l  

a t o m ic  % C /N

F e —  Xdis t a n c e  

( k X ) **x

e n i t r id e 33*0 0 1*937 0 *677

e  c a r b o n it r id e 33*0 1 1*930 0 *6 70

give rN =  0*677 a n d  rG =  0*663 k X .

D i s c u s s i o n  o f  i n t e r s t i t i a l  s t r u c t u r e s

A cco rding to  H ag g ’s ru les fo r th e  fo rm atio n  o f  in te rs ti t ia l  alloys (H agg 1931; see 

E v a n s  1946), th e  s tru c tu re s  ad o p ted  a re  d e term in ed  solely b y  th e  re la tiv e  sizes o f  

m e ta l a n d  n o n -m eta l a tom s. ‘N o rm a l’ s tru c tu re s  re su lt w hen  th e  rad iu s  ra tio  o f 

th e  a to m s is less th a n  a b o u t 0*59, a n d  w hen  th is  va lue  is exceeded, ‘c o m p le x ’ 

s tru c tu re s  are  fo rm ed. I n  accordance w ith  th is  ru le , iron  n itr id es  h av e  ‘n o rm a l’ 

s tru c tu re s , since r N/rFe =  0*56, a n d  cem en tite  (Fe3C), w here r c /rFe =  0*61, h as  a  

‘ com plex ’ s tru c tu re . I f  va lues fo r th e  a tom ic  ra d ii o f  iron  (1 *26 k X ), ca rbon  (0*77 k X ) 

a n d  n itro g en  (0*71 k X ) a re  ta k e n  to  be th o se  u p o n  w hich H ag g ’s generaliza tion  is 

based , th e n  th e  m ean  rad iu s  ra tio  fo r F e 8C3N  is 0*60, w hich is ra th e r  la rg e r th a n  

m ig h t be  expec ted  fo r a  ‘n o rm a l’ s tru c tu re . H agg  a rgued  th a t  th e  effective ra d iu s  

o f  a n  in te rs titia l a to m  increases w ith  increasing  co n cen tra tio n , a n d  th a t  th e  lim iting  

v a lu e  o f  0*69 fo r a  ‘n o rm a l’ s tru c tu re  is on ly  v a lid  if  th e  in te rs titia l a tom ic  con

cen tra tio n  is 50 % . Since, how ever, th e  co n cen tra tio n  o f  in te rs ti t ia l  a to m s (even if  

n itro g en  is com pletely  d iscoun ted) is g re a te r  in  F e 8C3N  th a n  in  cem en tite , i t  is n o t 

im m ed ia te ly  c lea r w hy  one s tru c tu re  is ‘n o rm a l’ a n d  th e  o th e r ‘co m p lex ’. W hen  

a c tu a l a tom ic  rad ii, as d is tin c t from  th e  ‘ 50 %  ’ va lues used  b y  H agg, in  th e  tw o  

s tru c tu re s  are  com pared , a n o th e r  m a jo r d ifference becom es a p p a re n t. A gain , 

assum ing  r Fe =  1*260 k X , th e  m ean  ca rb o n -a to m  rad iu s  in  cem en tite  is th e  u sual 

co v alen t va lue  (L ipson & P e tc h  1940), w hereas in  th e  £ ca rbon itride  th e  m ean  a tom ic  

ra d ii o f  ca rbon  (0*675 k X ) a n d  n itro g en  (0*683 k X ) a re  m uch  low er th a n  th e  

co v alen t ra d ii o f  ca rbon  (0*77 k X ) a n d  n itrogen  (0*71 k X ) a to m s (G oldschm idt 1929; 

N eu b u rg er 1936).

A n o th e r  in te res tin g  fe a tu re  o f  th e  p re sen t in v estig a tio n  is th a t  in  th e  ‘ n o rm al ’ 

e a n d  £ carbon itrides th e  effective a tom ic  rad iu s  o f  ca rbon  is less th a n  th a t  o f  n itrogen . 

A  possib ility  is t h a t  th e  n o n -m eta l a to m s lose e lectrons a n d  occupy  in te rs tices  as 

positive  ions. T hese d o n a ted  e lectrons m ay  be ab so rb ed  in  th e  3 -q u an tu m  shells o f 

th e  iron  a tom s. I t  is n o t suggested  th a t  th e  in te rs titia l a tom s o f  a ll ‘n o rm a l’ s tru c 

tu re s  ex ist as positive  ions, b u t  i t  m ay  n o t be w ith o u t significance th a t  on ly  those  

m eta ls  w ith  a n  incom plete  in n e r q u a n tu m  shell fo rm  tru e  in te rs titia l alloys. Since 

carbon  replaces n itrogen , w ith in  w ide lim its, w ith o u t a n y  m ark ed  s tru c tu ra l change, 

i t  is p erhaps a  reasonab le  a ssum ption  th a t  each  carbon  a to m  loses th e  sam e n u m b er 

o f  e lectrons (or th e  sam e frac tion  o f  a n  electron) as a  n itrogen  a tom . T he re la tiv e  loss 

o f  e lectrons w ould th u s  be g re a te r  fo r carbon  th a n  fo r n itrogen  a n d  m ig h t acco u n t 

fo r th e  sm aller effective a tom ic  rad iu s  o f  carbon.
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5 4 K . H . J a c k

V alues for th e  volum e o f s tru c tu re  per m eta l a tom  in  th e  n itrides, th e  carbides 

an d  th e  carbonitrides o f iron are in  agreem ent w ith  H agg’s observation  (1931) th a t  

th e  m eta l atom s are packed m ore closely in  ‘com plex’ struc tu res th a n  in  ‘n o rm a l’ 

s truc tu res.

Th e  o c c u r r e n c e  o f  i r o n  c a r b o n i t r t d e s  i n  s t e e l

Prelim inary  experim ents carried o u t by  D r J .  Mills, in  co llabo ration  w ith  th e  

presen t au thor, indicate  th a t, in  carburizing m ild steel a t  750° C w ith  carbon, m on

oxide, th e  penetra tion  o f carbon is g rea tly  fac ilita ted  b y  previously  n itrid ing  th e  

steel surface. R eactions sim ilar to  those described above occur. I t  also seems likely 

th a t  carbonitrides are form ed in  th e  case-hardening o f steel b y  th e  d ry-cyaniding 

process. Bara

H eidenreich, S tu rkey  & W oods (1946(1,6) rep o rt th a t  w hen m artensitic  steel 

(C, 0-9; S i ' 0*15; N , 0-0056 w eight %) is tem pe red  a t  200° C, a  fine dispersion o f 

hexagonal F e3N , or some phase isom orphous w ith  F e3N, is p roduced w ith o u t an y  

trace  o f th e  ceipentite  w hich is no rm ally  ob ta ined  b y  sim ilar tre a tm e n t a t  tem 

pera tu res above 300° C. This ‘F e3N ’ is transfo rm ed  to  cem entite  a t  350° C an d  th u s  

m ay  be identical w ith  th e  so-called ‘c a rb id e ’ w hich A rbusow  & K urd jum ow  (1941) 

ob ta ined  by  tem pering m artensite  a t  130 to  150° C.

R esults o f th e  p resen t investigation  ind ica te  th a t  th e  hexagonal phase repo rted  

as ‘ F e3N  ’ is ve ry  p robab ly  an  e carbonitride. The unknow n ‘ carbide ’ (A rbusow & 

K urd jum ow  1941) m ay  be e ither a  carbonitride  or iron per car bide.

Possible reactions in  th e  tem pering o f a  m a rtensite  w hich contains n itrogen  are

M artensite
1 111111 * 1 ■ ■■■■■■■' ........ -s < on()op

F e  +  C (in terstitia l) 4- N  (in te rs titia l)-------- * e carbonitride +  C (in terstitia l), (8)

M artensite
/»■ Mi l — —    A , ........ .................... V  >S0ft° C

F e +  C (in te rstitia l) +  N  (in terstitial) —  ----*■ F e3C +  N  (in terstitia l), (9)

<300° C
e carbonitride  +  C (in te rs titia l)------- *■ iron percarb ide +  N  (in terstitia l),

( 1 0 )

>300° C1
e carbonitride +  C (in terstitia l) —----- ► F e3C 4- N  (in terstitial). (11)

In  a norm al m artensitic  steel, tem pered  below 300° C, only sm all am oun ts o f th e  

carbonitride phase can be present, and  th u s  m ost o f th e  carbon m u st rem ain  in  th e  

ferrite  solution.

Ot h e r  c a r b o n i t r i d e s

A dditional experim ents show th a t  m anganese, as well as iron, form s carbonitrides. 

Owing to  th e  readiness w ith  w hich m anganese is oxidized, th e  reaction  o f carbon 

m onoxide w ith  tj m anganese n itride  (Mn3N 2) a t  800° C gives m anganous oxide 

(MnO) an d  carbon. The fo rm ation  o f oxide is p reven ted  b j carburizing w ith  

m ethane. In  tw o runs a t  750° C, p roducts o f th e  reaction  o f m ethane  w ith  Mn3N 2 

showed close-packed hexagonal struc tu res and  had  in te rs titia l a tom  concentrations 

near 25 % , o f w hich m ore th a n  h a lf  was carbon.

F u rth e r w ork on the  carbonitrides o f iron an d  m anganese is proceeding.
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