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Fig.  1 .1  Cross-sectional  microstructures  of  (a)  oxide scale and (b)  

inner  layer  formed on Fe-Ni  al loy.  
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Fig.  1 .2   Fe-O binary phase diagram 3 ) .  
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Fig.  1 .3   Proposed  model  for  oxidat ion of  Fe-Cr al loys in  water  

vapor 9 ) .   
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Fig.  1 .4  Oxidation rate of  Fe -42 mass%Ni al loys 3 0 ) .  A = sand-blasted 

surface;  B = pol ished surface;  C = as -ro lled surface;  D = chemical ly 

cleaned surface.   
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Fig.  1 .5  Linear  rate constants  of  Fe -Ni  al loys 3 2 ) .   
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Fig.  1 .6   Mass gain  of  Fe-48 mass%Ni al loys oxidized at  

700~1000  as  a funct ion of  t ime in parabolic form 3 3 ) .  
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Wulf 3 6 ) Fe-1~55 mass%Ni 977

1000 5 hr Ni

Ni

4 Ni

FeO, Fe3 O 4 ,  Ni xFe3 - xO4 ,  NiO

Fig.  1 .7  

 

 

Fig.  1 .7   Thickness  of  oxide scale formed on Fe-Ni  al loys  oxidized at  

977  and 1000 3 6 ) .  The f igures  above the l ine refer  to  the oxide 

composi t ion in  contact  wi th the al loy and those below the l ine to  the 

al loy composi t ion at  the scale/al loy interface.  
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Dalvi 3 8 ) Ni-0~25 mass%Fe 1000

100 hr

Fe 5 mass% Fe

Fe 2 mass% Ni
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Ni xFe3 - xO4 Fig.  1 .8

 

 

 

Fig.  1 .8   Schematic  diagram of oxide scale and internal  oxidat ion 

zone formed on  Ni-Fe al loys 3 8 ) .  I:  unoxidized al loy;  II:  internal  

oxidation zone containing  spinel  precipitates ;  III:  s ingle-phase nickel  

oxide layer;  IV:  two-phase nickel  oxide spinel  layer.  
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Fig.  1 .9   Schematic  diagram of oxide scale formed on Fe-Ni  al loys  

oxidized at  800~1300 4 1 ) .  I:  ex ternal  scale;  II:  subscale;  IO:  

intergranular  oxidat ion;  MO: metal/oxide mixed zone.  

 

 

Fig.  1 .10   Classi f icat ion diagram of oxide scale formed on Fe-Ni  

al loys  oxidized at  800~1300 4 1 ) .  
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Fig.  1 .11   Thickness  of  subscale formed on Fe-9 mass%Ni al loys  

oxidized at  1100K and 1300K 4 2 ) .  
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1000~1300K 288 ks FeO, Fe3 O4 ,  

Fe2 O3 FeO Fe3 O4

Ni 1200K

Fig.  1 .12  
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Fig.  1 .12   Thickness  of  intergranular  oxidation zone formed on Fe-36 

mass%Ni al loys  oxidized at  1200K 4 3 ) .  
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Ni Figs .  1 .13,  

1 .14
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Fig.  1 .13  Mass gain of  Fe-Ni  al loys oxidized at  1300  as  a funct ion 

of  t ime in parabol ic form 4 4 ) .  

 

 

Fig.  1 .14   Thickness  of  (a)  ex ternal  sca le and (b)  subscale formed on  

Fe-Ni  al loys  oxidized at  1300  as  a funct ion of  t ime in parabolic 

form4 4 ) .  

 

Guo 4 5 ) Fe-36 mass%Ni 1100~1250K

5~100 hr

Fig.  1 .15  
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Fig.  1 .15  Thickness  of  oxide scale and  subscale  formed on Fe-Ni  

al loys oxidized at  1250K as  a funct ion of  t ime in parabol ic form 4 5 ) .  Ǐ:  

intergranular  subscales;  ƺ:  int ragranular  subscales;  :  ex ternal  scales .  

The solid  symbols  correspond to the data for  specimens oxidized with 

a tensi le  st ress  and the open symbols  to  the specimens without  tensi le  

s t ress .  
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Fig.  1 .16   Mass gain  of  Fe-Ni  al loys  oxidized at  1000 2 8 ) .  
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1 .17 Fe-Ni

Ni

 

 

 

Fig.  1 .17  Thickness  of  adherent  oxide scale formed on  Fe-Ni  al loys 

oxidized at  1200 4 6 ) .  O: outer  scale ;  I:  intergranular  oxidat ion zone .  
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Ni Cr

Fe-42  mass%Ni Fig.  

1 .20  

 

 

Fig.  1 .18  Effects  of  Cr  on oxidat ion layers  formed on Fe-42  mass%Ni  

al loys oxidized at  1200 4 7 ) .  
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Fig.  1 .19  Effects  of  Cr  on thickness  of  oxidation layers  formed on  

Fe-42 mass%Ni al loys  oxidized at  1200 4 7 ) .  

 

 

Fig.  1 .20  Proposed  mechanism of reducing oxide layers  formed on  

Fe-42 mass%Ni al loys  by the addi t ion of  Cr 4 7 ) .  
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Liu 4 8 ) 1.5 mass%Cu Fe-9 mass%Ni

1000~1250 4 hr

1150

Cu

(Fe,  Ni ,  Cu) xO y Fe-Ni-Cu

Cu

Fig.  1 .21  

 

 

Fig.  1 .21   Effect  of  Cu on microstructure of  scale/s teel  interface 

formed on Fe-9 mass%Ni al loy4 8 ) .  a :  wi th Cu at  1100 ;  b:  wi th Cu at  

1150 ;  c:  wi th Cu at  1200 ;  d:  wi th Cu at  1250 ;  e:  without  Cu at  

1100 ;  f :  wi thout  Cu at  1150 ;  g:  wi thout Cu at  1200 ;  h:  wi thout  

Cu at  1250 .  
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0.05,  0 .10 mass%Ni

Fig.  1 .22

 

 

 

Fig.  1 .22  Thickness  dis t r ibutions of  the residual  oxide scale af ter  

hydraul ic descal ing of  Fe -Ni  al loys oxidized at  (a)  1200  and (b)  

1100 1 ) .  

 

Melfo 4 9 ) Si 0.05,  0 .15 mass% Fe-1.1 mass%Ni
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O2 ,  H2 O, N2 1340 145 min

Ni Si

"entanglement" Si

FeO/Fe2SiO4 1177

Fig.  1 .23  
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Fig.  1 .23  Proposed mechanism of entanglement  at  scale/s teel  

interface due to  Ni  and Si 4 9 ) .  
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Fig.  2 .1   Schematic  representat ion of  the oxidat ion apparatus .  
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2.3.1  

 

Fe-10 mass%Ni 1200

180 min Fig. 2 .2 Fig.  2 .2(a)

Fig.  2 .2(b)

Fig.  2 .2(b) 16 min
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Fig.  2 .2   Oxidation kinetics  of  Fe-10 mass%Ni al loys  oxidized in  N2 -

10%O 2  and in  N 2 -10%O 2 -20%H2 O at  1200  for  180 min with  (a)  

oxidation t ime and (b)  square root  of  oxidation t ime.  
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2.3.2  

 

Fe-10 mass%Ni 1200 5~180 min
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Fig.  2 .5(b) ,  (c)

FeO

FeO

Fig.  2 .5(c) FeO

Fig.  2 .5(e) Fe-10 mass%Ni 1200
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Fig.  2 .3   Cross-sectional  microstructures  of  the oxide scale  formed on  

Fe-10 mass%Ni al loys  oxidized in  N 2 -10%O2  a t  1200  for  (a)  5 ,  (b)  

15,  (c)  30,  (d)  60,  and (e)  180 min.  
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Fig.  2 .4   High-magnificat ion images of  the inner layer  formed on  Fe-

10 mass%Ni alloys oxidized in  N 2 -10%O2  a t  1200  for  (a)  5 ,  (b)  15,  

(c)  30,  (d)  60,  and (e)  180 min.  
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Fig.  2 .5   Cross-sectional  microstructures  of  the oxide scale  formed on  

Fe-10 mass%Ni al loys  oxidized in  N 2 -10%O2 -20%H2 O at  1200  for  

(a)  5 ,  (b)  15,  (c)  30,  (d)  60,  and (e)  180 min.  
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Fig.  2 .6   High-magnificat ion images of  the inner layer  formed on  Fe-

10 mass%Ni  alloys oxidized in  N 2 -10%O2 -20%H 2 O at  1200  for  (a)  5 ,  

(b)  15,  (c)  30,  (d)  60,  and (e)  180 min.  
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Fig.  2 .7   Thickness  of  the oxide scales  formed on  Fe-10 mass%Ni 

al loys oxidized in  (a)  N 2 -10%O2  and (b)  N2 -10%O 2 -20%H 2 O at  1200  

as  a funct ion of  oxidat ion  t ime.  
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Fig.  2 .8   Rat io of  the thickness  of  the inner/outer  layer  formed on Fe-

10 mass%Ni alloys oxidized in  N 2 -10%O2  and N2 -10%O2 -20%H2 O at  

1200  as  a funct ion of  oxidation t ime.  
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Fig.  2 .9   Area fract ion of  (a)  metal  phase,  (b)  voids ,  and (c)  FeO in 

the inner layer  formed on Fe-10 mass%Ni al loys oxidized  in  N2 -10%O 2  

and N 2 -10%O2 -20%H2 O at  1200  as  a funct ion of  oxidat ion t ime.  
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Fig.  2 .10  Proposed model  for  oxidat ion of  Fe -Ni  al loy in  (a)  N 2 -

10%O2  and (b)  N 2 -10%O2 -20%H2 O. 
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Fig.  2 .11  Oxidat ion kinet ics  of  Fe -10 mass%Ni al loys  oxidized for  

(a)  30 min  in  N2 -10%O 2  followed by 30  min in  N2 -10%O 2 -20%H 2 O 

(condi t ion A)  and (b)  30 min in  N2 -10%O2 -20%H 2 O fol lowed by 30 

min in  N2 -10%O 2  (condit ion B).  
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Fig.  2 .12  (a)  Cross -sect ional  microstructures  and (b)  high -

magnif icat ion  images of  the inner layer  formed on  Fe-10 mass%Ni 

al loy oxidized  at  1200  for  30 min in  N 2 -10%O 2  and for  30 min in  

N2 -10%O 2 -20%H 2 O (condi t ion A).  
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Fig.  2 .13  (a)  Cross -sect ional  microstructures  and (b)  high -

magnif icat ion  images of  the inner layer  formed on  Fe-10 mass%Ni 

al loy oxidized  at  1200  for  30 min in  N 2 -10%O 2 -20%H 2 O and for  30 

min in  N2 -10%O 2  (condit ion B).  
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3.3  
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Fe-5 mass%Ni N2 -10%O 2 -20%H2 O 1200 60 min

Fig.  3 .1
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Fig.  3 .1   Oxidation kinetics  of  Fe -5 mass%Ni al loy oxidized            

in  N2 -10%O 2 -20%H 2 O at  1200  for  60 min.  
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3.3.2  
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min Fig.  3 .2
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Fig.  3 .2  Cross -sectional  microstructures  of  the oxide scale  formed on  

Fe-5 mass%Ni al loy oxidized in  N2 -10%O2 -20%H 2 O at  1200  for  (a)  

1 ,  (b)  5 ,  (c)  15,  (d)  30,  and (e)  60 min.  
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Fig.  3 .3  High-magnificat ion images of  the inner layer  formed on  Fe-

5 mass%Ni alloy oxidized in  N2 -10%O 2 -20%H 2 O at  1200  for  (a)  1 ,  

(b)  5 ,  (c)  15,  (d)  30,  and (e)  60 min.  
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Fig.  3 .4  Thickness  of  each oxide layer  formed on Fe-5 mass%Ni 

al loys  oxidized in  N2 -10%O 2 -20%H 2 O at  1200 .  
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Fig.  3 .5  Plots  of  (a)  number  densi ty,  (b)  mean s ize,  and (c)  area 

fract ion of  metal  phase in  the inner layer  formed on  Fe-5 mass%Ni 

al loys  oxidized in  N2 -10%O 2 -20%H 2 O at  1200  with dis tance from 

the interface between outer/ inner layers .  

 



68 

 

 

 

 

Fig. 3.6  Plots  of  (a)  number  densi ty,  (b)  mean s ize,  and (c)  area 

fract ion of  metal  phase in  the inner layer  formed on Fe -5 mass%Ni 

al loys oxidized in  N2 -10%O 2 -20%H 2 O at  1200  with normalized 

distance f rom the interface between outer/ inner layer s .  
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Fig.  3 .7  (a)  BEI cross -sect ional  micros tructure and (b)  concentrat ion 

profi les  of  Fe,  Ni ,  and O in  the oxide scale formed on Fe-5 mass%Ni 

al loy oxidized in  N2 -10%O 2 -20%H 2 O at  1200  for  30 min.  
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Fig.  3 .8  (a)  BEI cross -sect ional  micros tructure and (b)  concentrat ion 

profi les  of  Fe,  Ni ,  and O in  the oxide scale formed on Fe-5 mass%Ni 

al loy oxidized in  N2 -10%O 2 -20%H 2 O at  1200  for  60 min.  
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Fig.  3 .9  The Fe-Ni-O ternary system at  1200 2 5 ) .  
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Fig.  3 .10  Logari thmic plots  of  radius  of  metal  phase in  the inner 

layer  formed on Fe-5 mass%Ni alloy oxidized in  N2 -10%O 2 -20%H 2 O at  

1200  with oxidat ion t ime.  
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4.3  
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Fig.  4 .1  Oxidation kinetics  of  Fe -5 mass%Ni al loy oxidized in  N2 -

10%O 2 -20%H2 O at  1200  for  5  min and subsequent ly held in  N2  a t  

1200  for  60 min.  
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Fig.  4 .2   Cross-sectional  microstructures  of  the oxide scale  formed 

on Fe-5 mass%Ni al loys oxidized in  N 2 -10%O 2 -20%H2 O at  1200  and 

subsequent ly held in  N 2  for  (a)  0 ,  (b)  1 ,  (c)  5 ,  (d)  15,  (e)  30,  and (f)  

60 min.  
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Fig.  4 .3   High-magnificat ion images of  the inner layer  formed on 

Fe-5 mass%Ni al loys oxidized in  N 2 -10%O 2 -20%H2 O at  1200  and 

subsequent ly held in  N 2  for  (a)  0 ,  (b)  1 ,  (c)  5 ,  (d)  15,  (e)  30,  and (f)  

60 min.  
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Fig.  4 .4   Plots  of  (a)  area fract ion,  (b)  mean s ize,  and (c)  number 

densi ty of  metal  phase in  the inner layer  formed on Fe-5 mass%Ni 

al loys  with t ime of  heat  t reatment  in  N 2  a t  1200 .  
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Fig.  4 .5  (Cont inue  to  next  page)  
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Fig.  4 .5   Concentra tion profi les  of  Fe,  Ni ,  and O in the oxide scale 

formed on Fe-5 mass%Ni al loys oxidized in N 2 -10%O 2 -20%H2 O at  

1200  for  5  min and subsequent ly held in  N 2  a t  1200  for  (a)  0 ,  (b)  

5 ,  (c)  15,  and (d)  60  min.  
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Fig.  4 .6  Fe-Ni-O ternary phase diagrams at  1200  for  (a)  oxidation 

in  N2 -10%O 2 -20%H 2 O for 5 min and (b)  heat  t reatment  in  N 2  for  15 min.  
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Fig.  4 .8  Logari thmic plot s  of  radius  of  metal  phase in  the inner 

layer  formed on Fe-5 mass%Ni alloys at  1200  with heat  t reatment  

t ime in N2 .  
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Fig.  5 .1  Oxidation kinetics  of  Fe -2.4 a t%Ni with (a)  Al ,  (b)  Mn,  and 

(c)  Cr in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min.  
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Fig.  5 .9 Cr

Fe-2.4 at%Ni Mn

Al

Fe-2.4 at%Ni Mn

Al Al

 

 

 

Fig.  5 .2   Cross-sectional  microstructures  of  the oxide scale  formed on 

Fe-2.4 at%Ni  al loy oxidized in  Ar-10%O2 -20%H 2 O at  1200  for  15 

min.  
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Fig.  5 .3   Cross-sectional  microstructures  of  the oxide scale  formed on 

Fe-2.4 at%Ni al loys  oxidized  in  Ar-10%O2 -20%H 2 O at  1200  for  15 

min,  wi th (a)  0 .6 at%Al,  (b)  1 .0 at%Al,  (c)  1 .5 at%Al,  and (d)  2 .5 

at%Al.  
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Fig.  5 .4   Cross-sectional  microstructures  of  the oxide scale  formed on 

Fe-2.4 at%Ni al loys  oxidized  in  Ar-10%O2 -20%H 2 O at  1200  for  15 

min,  wi th (a)  0 .6 at%Mn, (b)  1 .0 at%Mn, (c)  1 .5 at%Mn, and (d)  2 .5 

at%Mn.  
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Fig.  5 .5   Cross-sectional  microstructures  of  the oxide scale  formed on 

Fe-2.4 at%Ni al loys  oxidized  in  Ar-10%O2 -20%H 2 O at  1200  for  15 

min,  wi th (a)  0 .6 at%Cr,  (b)  1 .0 at%Cr,  (c)  1 .5 at%Cr,  and (d)  2 .5 

at%Cr.  
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Fig.  5 .6  High-magnificat ion images of  the inner layer  formed on  Fe-

2.4 at%Ni al loy oxidized in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min.  
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Fig.  5 .7  High-magnificat ion images of  the inner layer  formed on  Fe-

2.4 at%Ni al loys  oxidized  in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min,  

wi th (a)  0 .6 at%Al,  (b)  1 .0 at%Al,  (c)  1 .5 at%Al,  and (d)  2 .5 at%Al.  
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Fig.  5 .8  High-magnificat ion images of  the inner layer  formed on  Fe-

2.4 at%Ni al loys  oxidized  in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min,  

wi th (a)  0 .6 at%Mn,  (b)  1 .0 at%Mn, (c)  1 .5 at%Mn, and (d)  2 .5 

at%Mn.  
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Fig.  5 .9  High-magnificat ion images of  the inner layer  formed on  Fe-

2.4 at%Ni al loys  oxidized  in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min,  

wi th (a)  0 .6 at%Cr,  (b)  1 .0 at%Cr,  (c)  1 .5 at%Cr,  and (d)  2 .5 at%Cr.  
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Fig.  5 .10  Plots of  (a)  mean s ize ,  (b)  number densi ty,  and (c)  area 

fract ion of  metal  phase in  the inner layer  formed on  Fe-2.4 at%Ni 

al loys  oxidized  in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min  as  a 

funct ion of  Al  concentrat ion.  
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Fig.  5 .11  Plots  of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion of  metal  phase  in  the inner layer  formed on  Fe-2.4 at%Ni 

al loys  oxidized  in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min  as  a 

funct ion of  Mn concentrat ion.  
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Fig.  5 .12  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  metal  phase in  the inner layer  formed on  Fe-2.4 at%Ni 

al loys  oxidized  in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min  as  a 

funct ion of  Cr concentrat ion.  
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Fig.  5 .13  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  void  in  the inner layer  formed on  Fe-2.4 at%Ni a lloys  

oxidized  in  Ar-10%O2 -20%H 2 O at  1200  for  15 min  as  a funct ion of  

Al  concentrat ion.  
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Fig.  5 .14  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  void in  the inner layer  formed on  Fe-2.4 at%Ni a lloys  

oxidized  in  Ar-10%O2 -20%H 2 O at  1200  for  15 min  as  a funct ion of  

Mn concentrat ion.  
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Fig.  5 .15  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  void in  the inner layer  formed on  Fe-2.4 at%Ni a lloys  

oxidized  in  Ar-10%O2 -20%H 2 O at  1200  for  15 min  as  a funct ion of  

Cr concentrat ion.  
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5.4  
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Fig.  5 .16  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  metal  phase in  the inner layer  formed on  Fe-2.4 at%Ni 

al loys  with Al  oxidized in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min as  

a  funct ion of  oxidation t ime.  
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Fig.  5 .17  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  metal  phase  in  the inner layer  formed on Fe-2.4 at%Ni 

al loys  with Mn oxidized in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min as  

a  funct ion of  oxidation t ime.  
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Fig.  5 .18  Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  metal  phase in  the inner layer  formed on  Fe-2.4 at%Ni 

al loys  with Cr oxidized in  Ar-10%O 2 -20%H 2 O at  1200  for  15 min as  

a  funct ion of  oxidation t ime.  
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Fig.  5 .19  Logari thmic plot s  of  radius  of  metal  phase in  the inner 

layer  formed on  Fe-2.4 at%Ni al loy in  Ar-10%O 2 -20%H 2 O at  1200  

with oxidat ion t ime.  
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Fig.  5 .20   Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  void  in  the inner layer  formed on  Fe-2.4 at%Ni a lloys  with 

Al  oxidized in  Ar-10%O 2 -20%H2 O at  1200  for  15 min as  a  funct ion 

of  oxidation t ime.  
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Fig.  5 .21   Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  void  in  the inner layer  formed on  Fe-2.4 at%Ni a lloys  with 

Mn oxidized in  Ar-10%O 2 -20%H2 O at  1200  for  15 min as  a  funct ion 

of  oxidation t ime.  
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Fig.  5 .22   Plots of  (a)  mean s ize,  (b)  number densi ty,  and (c)  area 

fract ion  of  void  in  the inner layer  formed on  Fe-2.4 at%Ni a lloys  with 

Cr oxidized in  Ar-10%O 2 -20%H2 O at  1200  for  15 min as  a  funct ion 

of  oxidation t ime.  



132 
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Al

 

 

 

Fig.  5 .23   EPMA mappings of  bot tom area of  the inner layer  formed 

on Fe-2.4 at%Ni al loy oxidized  in  Ar-10%O 2 -20%H2 O at  1200  for  15 

min.  
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Fig.  5 .24   EPMA mappings of  bot tom region of  the inner layer  formed 

on Fe-2.4 at%Ni al loys  oxidized  in  Ar-10%O 2 -20%H2 O at  1200  for  

15 min,  wi th (a)  0 .6 at%Al,  (b)  1 .0 at%Al,  (c)  1 .5 at%Al,  and (d)  2 .5 

at%Al.  

 

 



136 

 

 

Fig.  5 .25  EPMA mappings of  bot tom region of  the inner layer  formed 

on Fe-2.4 at%Ni al loys  oxidized  in  Ar-10%O 2 -20%H2 O at  1200  for  

15 min,  wi th (a)  0 .6 at%Mn, (b)  1 .0 at%Mn, (c)  1 .5 at%Mn, and (d)  

2 .5 at%Mn.  

 
























