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On the Scal7ng 03%' :IIBX~~T ~ i r ~ i g a  d ' l " r ~ : y s ~  

Vfhile they are being treatea, many metals are fl-eel? 

exposed to a i r  duping annealing and Cheip sasfacea thus be- 

come oxfdlzed, The noble metals alone a r e  an exception, 

a h c e  the decamposf t i o n  pp.b@ssum~ 6% t h e i r  exidea a re  above 

the oxygen p a r t i a l  pressure of the ais. Nftridea a p p a ~ e n t l y  

do not form when annealing comercia3Xy ueed metals In alp ,  

QP a t  l e a s t  not i n  appreciable amounts, More exact inves%- 

fgat ions  have not yet  been made, M~reaver,  i f  one d f s ~ a g a ~ d s  

the  gaseous (e ,g ,  Moo3) or lfqufd Ifs,g, V2Q5) ~ e a e t f o n  p~od.2 

UC$S whic i~  ape only raps ly  obtained, it appears %hat sea l ing  

%n air r e s u l t s  f n  the formation of a c rys t a l l i zed  or even 

glassy oxfde la ye^, on permeability and adhesive srrength 

of whfeh the  furthema course of sea l ing  and the deveiopmerit 

of the metal supface under the sca le  layep depends, 

Sealing o f  Pups Metals ------ -- -=--- 

The oxfdas are f o ~ m e d  on $he metal  fn the  order of 

t h e f ~  ~ x f d e  content; m a t a l % i ~  sxfdes may even appe2pau QP one 

1 

of the st,ab'ae oxfdsa n m y  be %ac;k%ng, The f i r s t  monaomsleca3.a~ 

a rafe l aye r  forme v erg. quic%;yo F u ~ t h e ~  thickening takes 

place due t o  di f fus ion  in the sca le  l ayer ,  Craeka or  e p P i t s  

In t he  scale reduce the aff fus%on path, khersby aceals~atfng 

the  s ca l lngo  

If the seabe Payer c o n s f a t s  sf only one type of c q s -  

%a%, thsn its r a t e  of t.hickenfng d n i d z  is i n v e ~ s e l y  pkopsrt-- 

f sna l  t o  the thickness n of the scale layer ala"eadv present  

% Paper p ~ e s e n t e d  to the Deutsehe Gess l lsehaf t  fuar Matall- 
k u d e ,  l a  Deeembe~ 1936, f n  Berlin,  



a t  the time z (1, 23: 

dn/dz = l\Kn 

or, by in tegra t ing  

n  z</m = z j f K  

Kg represents  the  ~ x t e n t  t o  whieh scaling is checked by %he 

~ c a l e  layer  whfeh a l ready ex f s t s ,  PiPling and Beawsrth 

abbreviated from now on t o  P o  and B, - found t h a t  t h i s  $%me 

Taw was va l id  for the majori ty of metals, even when the  

oxide l aye r  consisted of savepal oxides of the metal,  By 

ca re fu l  experiment, W,, Feftknseht ( 3 )  found t h a t  the  seal-  

ing of copper a t  f i r s t  takes place more rap id ly  than tha 

quadrat ic  law suggests,  I n  the  i n i t i a l  stage Feitknecht 

found s t rueturaP ehangee in the s ca l e  l ayer  $0 which he 

a t  tribut.ed the dev ia t i  olns, Within the  range of ox ida t i  on 

t i n t s ,  i ,e, when t he  sca le  Payers wepa very t h i n ,  G o  Tam- 

ann and W, Koester ( 4 )  discovered an exponential t i m e  Paw 

whieh is s t i l l  d i f f i c u l t  t o  explain (51, If we disregard 

these fnf l9 .a l  phanomsna, the quadrat ic  law is well  coprob- 

o ra t sd  by the  experfrnents, 

A Sew metals,  however, a re  subject  t o  a eompPetely 

d f f f e r en t  time law o f  ssaling, F i g ,  B shows three  scafa 

fsothekms of tungsten, The increase i n  weight was deter-  

mined  b~ weighing the ample  i n  the  furnace, The devfaz- 

fona i n  t he  measurements a s s  due t o  variatfoxls in tamper- 

a t u r s ;  the furnace was not regulated duping the n igh to  

A t  900' t he  sea le  no longer adhered t o  t h e  smp1e but fen1 

f n t s  a small ~ e c e i v % n g  pan and was weighed together  w i t h  

it 161, The mount of sea le  on the faotherma 500° and 700" 



increased in proportion to the time, Po and B, found she 

same linear time Baw in the case of ea1efu.m and magneszum, 

The author ohecked thelr flndings for magnesium axnd e m  

corroborate them, 

The linear time law means that protection againsn 

scaxfng does not become greater as the mala layer is pe- 

info:~eed, This, however, does not explafn why the exist+ 

%ng scale layer in no way checks further scaling for, due 

to the great rapidity of the cleavage plane reactions, the 

metals obeying the linear tfme law of sealing would k~ive  

to scale completely so quickly that it would no kongex be 

possible to follow the reaction by weighing, The linear 

tlme law, however, is also satisfied when split= occur 

periodically in the scale layer, The appearance a% the 

scale layer, which is to be discussed below, aubstantla%ea 

this assumption, 

Tns acceleration of the scaling which is noticeable 

in the isotherm 900Q can be attributed to an increase in 

t h e  temperatwas of the aampla due to the heat of" r,xfdat,fon, 

A much more marked acce9eration of the sealing above a 

certain temperature was found by Po and B, in the case of 

ealciu and magnesium, 

In the ease of these two metals, P, and B, explain- 

ed the linear tfme law by the decrease in volume during 

the formation of oxide, According to K O  Fisehbeck (79, 

in the following metals the metal has a g~eater vsfume than 

bhe oxfde with the same number of metal atoma: 

Li, Na, Kg Cs, Rb, Mg, Ca, ST, 

Tungsten is not included in this aeries; its volume ism- 



eases almost threefold  during oxidation, A s  i s  now shown, 

i t  i s  even doubtful. In  the  case of calcium and magnesium 

whether the decrease i n  volume i s  responsible f o r  the be- 

havf our of the l i n e a r  time law, 

The form of the scale substance var ies  according t o  

the time law of the scalfng, Fig, 2 Indicates  the appear- 

ance of an oxidized copper sample (quadrat ic  law) and Fig, 

3 t h a t  of an oxidized tungsten sample ( l i n e a r  law), With 

the scal fng of copper, a  sca le  layer  forms on the origin- 

a l l y  sharp-comered sample, the dimensions of which ( apar t  

from the  somewhat rounded corners and edges) a re  proport- 

iona l  t o  t h e  dfmensfons of the o r ig ina l  sample, The thick- 

ening of the  scale  layer  on copper must therefore r e s u l t  

from the formation of l ayers  of the s ize  of the  sca le  sur- 

faces  which a t  times e x i s t ;  f o e ,  the sca le  layer  develops 

a t  the scale-a i r  i n t e r f ace  ( 8 ) ,  

In  the case of the tungsken sample i n  Fig, 3, how- 

ever, the formerly project ing edges have shrunk inwards, 

This type of scal ing i s  i l l u s t r a t e d  even more c l e a r l y  by 

the  Wfdia sample shown i n  Fig, 4 ( tungsten carbide i n  a 

cobalt  groundmass) ( 9 )  i n  which the scale  layer  i s  more 

compact and has a smooth surface, even where the edges 

have shrunk inwards, The recession of the edges i s  ex- 

plained by the  development of a  layer  with the same dimen- 

s ions  a s  the metal-scale surface,  Generally speaking, f n  

the  case of the type of react ion substance i n  Fig, 2 the 

thf ckening of the react ion layer takes place i n  the  outer  

surface while i n  the case of a  reac t1  on substance such a s  



t h a t  i n  Figs,  3 and 4 i t  does so on the  inner  surface,  

IhS le  the tes t -p iece  such a s  shown i n  Figs ,  3 

an& 4 i s  understandable i n  the case of tungsten which in-  

c reases  i n  volume a s  it scales ,  we canno't explain t he  

appearance of t h i s  t e s t -p iece  i n  the case of calcium 110) 

and magnesium, Since they de'crease i n  volume during 

scalfng, the  surfaces  should f a l l  inwards ins tead  of 

standing out i n  r e l i e f o  The decreas I n  volume must 

therefore  be more than balanced by a s u b s t a n t i a l  increase  

i n  volume which i s probably due t o  t he  formation of s p l i t s ,  

It thus  appears t h a t  even with calcium and magnesium, t he  

reduction i n  volume i s  not the main f a c t o r  t o  have a bear- 

fng on the  scalfngo 

Po and Bo have found t h a t  aluminum and cadmium a r e  

i n  a spec i a l  pos i t f  on with regard to  %he course of s ca l i ng  

i n  r e l a t i o n  t o  time; a f t e r  a  s l i g h t ,  r e l a t i v e l y  r ap id  

scal ing a t t ack ,  i t  almost comes t o  a  complete s t a n d s t i l l ,  

C, Wagner ( 1 1 1  sees  a poss ib le  explanat ion f o r  t h f s  i n  

the  f a c t  t h a t  i n  the case of aluminum (12) and of cad- 

mium (13) the oxides which a r e  formed a re  pr imar i ly  un- 

s t ab l e ,  

The thickening of the  sca le  l aye r  i s  caused by d i f f -  

usion, Since the compounds a re  heteropolar  the  ions  and 

e lec t rons ,  r a t h e r  than the  neu t r a l  atoms, migrate (141, It 

i s  necessary t o  assume the  migration of e lec t rons ,  f o r  

otherwf se high e l e c t r o s t a t i  e  charges would be h u i l t  up a t  

the  po in t s  from o r  t o  whfch an ion migrated and such 

charges would not  permit the  movements which have taken 

place,  We do not  wish t o  d e a l  with these  a t tendant  phen- 



omena here  bu t  w i l l  l i m i t  o u r s e l v e s  t o  t h e  i o n i c  m i g r a t i o n s ,  

One n u s t  d i f f e r e n t i a t e  between t h e  d i f f u s i o n  of t h e  an ions  

and t h e  c a t i o n s ,  s i n c e  t h e  r a t e  o f  t h e  two r e a c t i o n s  gener-  

a l l y  d i f f e r s  so  g r e a t l y  t h a t  on ly  t h e  d i f f u s i o n  of t h e  one 

type of i o n  i s  t o  be cons ide red ,  

This i s  p a r t i c u l a r l y  t r u e  when one of t he  two types  

of i o n  i s  p r e s e n t  i n  l e s s  q u a n t i t y  t h a n  i s  r e q u i r e d  t o  ach- 

i e v e  t h e  i d e a l  l a t t i c e  s t r u c t u r e  of t he  ox ide ,  This  i s  t h e  

ca se ,  f o r  example, w i t h  f e r r o u s  ox ide ,  According t o  R, 

Schenk ( 1 5 ) ,  f e r r o u s  oxide has a  lower i r o n  c o n t e n t  t han  t h e  

s t o i c h i o m e t r i c  combination of FeO demands, By comparing t h e  

volume obta ined  by a  de t e rmina t ion  of t h e  d e n s i t y  w i t h  t h a t  

c a l c u l a t e d  f r o n  X-ray d e t e r r n i n a t i o r ; ~ ,  E,  R, J e t t e  and F o  

Foote (16)  have shown t h a t  the  f e r r o u s  oxide l a t t i c e  l a c k s  

s i t e s  i n  t h e  ~ e + *  p a r t i a l  l a t t i c e ,  According t o  G u  Haegg 

t h e  same t h l n g  i s  t r u e  of FeS (17)  and FeSe ( 1 6 ) ,  

I n  a l a t t i c e  o f  t h i s  s t r u c t u r e ,  of course ,  t h e  i r o n  

i o n s  nea r  an unpopulated p l a c e  can e a s i l y  change over  t o  i t ,  

The d i f f u ~ i c n  of t he  i r o n  i o n s  w i l l  t h e r e f o r e  be e x t e n s i v e  

i n  cornparison w i t h  t h e  d i f f u s i o n  of t h e  a n i o n s ,  

S i m i l a r l y ,  H, Duenwald and C ,  Wagner (19 )  a l s o  assume 

t h a t  t h e r e  a r e  unpopulated s i t e s  i n  t h e  copper i o n  p a r t i a l  

l a t t i c e  of cuprous oxide,  because of t h e  fo l lowing  observa t -  

* 
i o n s ,  I n  e l e c t r o l y t i c  t r a n s p o r t  experiments,  t h e  Cu i o n s  

migra ted ,  Moreover, t h e  conductance of t h e  cuprous ox ide  

inc reased  a s  t h e  oxygen p r e s s u r e  ro se ,  i . e ,  a s  t h e  oxygen 

con ten t  of t he  cuprous oxide inc reased  and t h e  number of 

d e f e c t s  t h e r e f o r e  i n c r e a s e d ,  From measurements made f o r  a  



pressure  of 30 mm H g  a t  1 0 0 0 ~ ,  Duenwald and Wagner calcil l-  

-3 
ated  t h a t  t h e r e  was a  co;nper d e f i c i t  of about 10 g atoms 

of Cu, The dev ia t ions  from t h e  s to ich iomet r i c  combination 

a r e  t h e r e f o r e  s e v e r a l  powers l e s s  than i n  t h e  case of f e r r o u s  

oxide,  I n  c o n t r a s t  t o  t h i s  r e s u l t ,  we have K O  W, F r o e h l i c h s s  

(20) a n a l y t i c a l  determinations of t h e  copper content  of cup- 

rous oxide,  according t o  which a  copper excess of about 0,2$ 

Cu (average of t h e  analyses  given)  was supposed t o  e x i s t .  No 

explanat ion  f o r  t h e  d i f f e r e n c e  i n  the  r e s u l t s  has y e t  been 

found , 

The author  regapds Viagner P s  experimental  method a s  

more c e r t a i n  than t h e  a n a l y t i c a l  observat ions and assumes 

a s  Viagner does t h a t  there  i s  a  copper d e f i c i t  i n  the cuprous 

oxide,  

With regard t o  the  oxides of o the r  metals ,  i t  i s  a  

known f a c t  t h a t  i n  the  case of z inc  oxide (21) ,  cadmium 

oxide (211, aluminum oxide (22)  and tantalum oxide (221, 

the conductance decreases  wi th  the  oxygen p ressu re ,  i , e ,  

t h e r e  i s  an excess of the  meta l ,  On account of the small  

0 ++ - 0 ' 
s i z e  of the m e t a l l i c  ions ( ~ n + +  = 0.85 A, Cd - 0,05 A ,  

~1+++ 
0 0 

= 0,55 A and Ta '&'++ = 0 0 7  A )  (231, von Baumbach and 

Wagner assumed the  a r r a n ~ e m e n t  of the  excess m e t a l l i c  ions 

on intermediate  l a t t i c e  spaces,  

No study has y e t  been made, however, of tne  major i ty  

of the m e t a l l i c  oxides,  The l eng ths  of t h e  i o n i c  r a d i f  l ead  

one t o  be l ieve  t h a t  only m e t a l l i c  ions  migrate  i n  the oxides 

f o r  the i o n i c  r ad ius  of oxygen, which increased t o  1.3 X 



due t o  t h e  a b s o r p t i o n  of two e l e c t r o n s ,  exceeds t h e  i:1-~,4.c 

r a d i u s  of  eomn~erc ia l ly  used m e t a l s  whose l e n g t h  has been 

reduced by t h e  r e j e c t i c n  cf e l e c t r o n s  (23), Accordingly,  

t h e  new 1 a t t i c . e  p lanes  of t h e  s c a l e  l a y e r  a r e  formed a t  

t he  s c s l e c r a i r  i n t e r f a c e  ,. %hen the  s c a l e  l a y e r  i s  c o r r e c t l y  

Termed it i s  t h e r e f o r e  l i k e  t h a t  shown i n  Fig, .  2 , )  

If t h e  an ions  were t o  mig ra t e ,  however, t h e  nevr l a t t -  

i c e  p l a n e s  would then be f'ormsd a. t t h e  s ca l e -me ta l  i n t e r f a c e ,  

g i v i n g  , a  s c a l e  subs tance  l i k e  that shown i n  F i g s ,  3 and 4,, 

One da re  n o t  conelude,  hov~e~;er ,  on the b a s i s  of the  appear-  

a ~ c e  of t h i s  type of s c a l e  subs tance  a lone ,  t h a t  t h e  an ions  

m i g ~ a t e ,  Due t o  t h e  p e r 3 d i . s  fo rmat ion  of c r acks ,  t h e  new 

f o r m  :ion ~ ? f  tile la?. Lice 91a.nes - even when f t  t a k e s  p l a c e  

a t  %he s c a l e - a i r  i n t e r f a c e  - can always be t ~ a n s f ' e r ~ e d  t o  

t h e  nefghbourhood of t h e  sca l e -me ta l  i n t e r f a c e ,  When t h e  

m e t a l l i c  i ons  migr t i tc ,  both types  o r  s c a l e  subs tance  mag 

t h e r e f o r e  appear, ,  9ne can conclude from t h e  fo rego ing  tha t ,  

i n  t h e  c a s a  of the oxides  o,F tunge ten ,  magnesium and c ~ l . c i u m  

t o o ,  t h e  rne t a l l fo  i ons  m l g ~ a t , e ,  

I n  preqricv.s I n v e s t i g a t i o n s ,  no cons idepa t ion  w a s  

g iven  t o  t h e  f a o t  t h a t  some meta l s  form s c a l e  Saye r s  of' sev- 

e ~ a l  o x i d e s ,  Of t h e  m e t a l s  which a r e  of comrriercial import- 

ance,  i r o n  (Fs3;. Fe,O and Fag03) and copper (CuZO and CuO) 
L C  4 

are inc luded  i n  t h i s  cat ,egory.  According t o  t h e  i n v e s t i g a t -  

i o n s  made by H, H, von Bau.mbach and H, Duenwald and C,  Wagner, 

t h e  conductance b e a r s  h a r d l y  any r e l a t i o n  t o  the  oxygen p re s s -  

.t.+ 
u r e ,  The t r anspor  +, number of t h e  CG i ons  was l i k e w i s e  v e r y  



low (n ++ < 5 . loB3)  and was s t i l l  w i t h i n  t h e  margin of 
cu  

exper imenta l  e r r o r ,  The c u p r l c  oxide was t h e r e f o r e  supp- 

osed t o  l i m i t  t h e  s c a l i n g  of t h e  copper t o  a c o n s i d e r a b l e  

e x t e n t ,  According t o  F e i t k n e c h t D s  measurements ( 3 ) ,  t h e  

r a t e  of scal ine ,  a t  low oxygen prpessures below t h e  e q u i l f b -  

r ium p r e s s u r e  of Cu20 + CuO i n c r e a s e s  a s  t h e  oxygen p r e s s -  

u r e  of t h e  gas  r s i e s ,  and becomes c o n s t a n t  when t h e  e q u i l -  

ibrpium p r e s s u r e  i s  ach ieved ,  A s  CuO forms ,' t h e  s c a l i n g  

r a t e  of copper t h e r e f o r e  d imin ishes  b u t  i s  no t  cor r~p le te lg  

a r r e s t e d ;  f u r t h e r  s c a l i n g  i s  r e r e l g  r e s t r f  c t e d ,  Probably  

the  CuO l a y e r  does not  forn? a  conpact  c r u s t ,  This  i s  con- 

f i rmed  by t h e  f a c t  t h a t  t h e  volume dec rease s  a s  t h e  Cu 0 
2 

c h a n ~ e s  i n t o  CuOo The phenomena have s t i l l  n o t  been thor-  

cughlg  exp la ined ,  

Both in c o p r > e r  and i n  i r o n ,  t h e  m e t a l l i c  i o n s  move 

most e a s i l y  i n  t h e  oxide  which i s  p o o r e s t  In oxygen; i t  Is 

t h i s  l a y e r ,  t h e r e f o r e ,  which has t h e  g r e a t e s t  b r e a d t h ,  

S c a l i n g  of  A l l o y s  - - 
The order  of oxide  fo~ rna t io r i , -  I n  t h e  case  of a l l a y s  the  --- 
ox ides  of t h e  v z r i o u s  a l l o y i n g  e lements ,  and somet in~es  even 

coirbinat ions  of t h e s e  ox ides  ( s  , .go Fe2Si04) .  a r e  f ' ~ r r o a r 1 .  

Fig, 5 r e p r e s e n t s  t h e  sinipLes5 case  of  a n  a l l c y  of t w o  corn- 

ponents ,  i n  whSzh o z l y  t h e  twc ~ e t a l s  and t h c l r  oxfdss  asp- 

e a r  a s  t y p e s  of c ~ y s t a l ,  Le t  u s  cons ide r  t h e  changes in a 

t h i n  boundary l ags?  af a mix tu re ,  Due t o  ox ida t%ion  th4 

s t r u c k a r e  cf t he  Lsyer s h i f t s  a long t h e  l i n e  XO from X t o  0 ;  

4,n dofng t h i s ,  t h e  s t ruc- t i l re  of t h e  l a y e r  f i r s t  e n t e r s  tihe 



f i e l d  A + l3 + BOO A t  f i r s t ,  t h e r e f o r e ,  on ly  the  c r y s t a l  

type S i s  ox id ized  s o  that when t h e  l i n e  XO b i s e c t s  t he  

l i n e  A + BO a l l  t h e  B of t h e  l a v e r  i n  q u e s t i o n  i s  ax fd fzed ,  

A s  t he o x i d a t i o n  p r o g r e s s e s  fur the^, the  boundary l a y e r  

r eaches  the f i e l d  A + RC + BO and t h e  o x i d a t i o n  of k begfns ,  

It is  complete whabl t he  l i n e  XO has  peached t h e  l i n e  A 0  + BOO 

Figo 6 reprssenLs  a sornewt-lat n o r e  complicated case :  

i n  a d d i t i o n  ta t h e  oxid2s  AO and 30, we a l s o  have t h e  corn- 

b i n a t t o n  of them, A0 . B O O  A s  o x i d a t i o n  occurs ,  BO forsms 

f i r s t ,  then AC . 130 forms a s  A o x i d i z e s  and t h e  r e s u l t a n t  

A0 r e a c t a  w i t h  t he  BO whj.c;ti i s  a l r e a d y  p r e s e n t ,  and f i n e l l y  

AG a l s o  forrms, The more complicated cases  can be s i m i l a r l y  

desc1-ibed . 

I n  b o t h  t h e  ca ses  under consi-derat ion, ,  one w i l l .  s a y  

t h a t  A i s  nob le r  than  B ,  B y  l i m i t i n g  ou r se lves  t o  the 

lowes t  s tage  c f  o x i d a t i o n  of each  metal  and t o  a l l o y s  of 

t w o  metals , ,  t h e  n le ta l s  can  be a r ranged  i n  a s e ~ i e s  i n  such 

a  way that each  metal  o x i d i z e s  sooner  t h a n  t h e  one fe l low-  

2ng i t  .In t h e  s e - i s s  (251, For* the  ccr responding  sulphi,Ae 

s e r i e s ,  G o  Taimann and Ho von Samson-Hfmmelstjerna (26)  

have determined the  sequence of t.b.e mo t s l s  expe r imen ta l ly ,  

Although suitable exper imenta l  d a t a  a r e  l a c k i n g  f o . ~  t h e  

oxl .dat ion s e r i e s ,  one can  aprange the  me ta l s  by o rde r  of 

o x i d a t i o n  by : ; Iass i fy ing  t h e  e l&ments  acco rd ing  t o  d i u n h -  

ishEng h e a t s  of fo rma t ion  cf t h e f r  lowest  ox ides ,  conver ted 

t o  the  hea t  of  forrr~at;ion of one ox ide ,  MeO, 

Coubts have been expressed a s  t o  whether it i s  



coprec t  -to base i n v e s t i g a t i o n s  on the  h e a t s  of format ion  

converted t o  MeO. This ques t ion  may be discussed i n  the  

l i g h t  of F i g ,  7, It i s  assuxed t h a t  only t h e  h e a t s  of 

format ion provide any starldard f o r  the  f r e e  energy,  The 

oxide B 0 i s  l e s s  noble than  A @  because the  s t r a i g h t  l i n e  
2 

A + B "O l i e s  beyond the  d o t t e d  l i n e  B-A09, I n  order  f o r  
2 

t h i s  t o  be v a l i d  f o r  o t h e ~  oxides  B 0 a s  w e l l  ( e , g ,  f o r  
x  Y 

B O ) ,  t he  s t r a i g h t  l i n e  BO" must l i e  beyond BOY , One can 

now e i t h e r  use,, a s  Guer t l e r  ( 2 5 )  d i d ,  the  angle  bet.-t~een 

BO and BO" o r  t h e  ~ a l u e  which the l f n e  BO" assumes a t  a  

c e r t a i n  p o i n t ,  e,g,.  f o r  t h e  c<:~riposi.tTon BO, a s  a  measure 

of the  a f f i n i t y o  The second of these  measures was u.sed 

i n  Table 1, I n  column 1 s f  t h i s  Table we g ive  the chem- 

f c a l  symbol, i n  c o l ~ ~ m n  3 t h e  f'ormtlla of the oxlde which 

i s  p a o r e s t  i n  oxygen, i n  col~.imn 3 i t s  hea t  of f o r r l ~ t i o n  

and i n  column 4 t he  heat. cf formatl..on converted t o  the 

oxide ItIeO, 

The sequenca of' the  Tabls  corresponds t o  the  oxfd- 

a t i o n  s e r i e s  a t  room t e n p e r a t u r e ,  assuming t h a t  t he  d ~ -  

t e rmina t ion  of the  f r e e  energy i s  based p r i m a r i l y  on tb 

heat  of f o ~ m a t i o n ,  When the va lues  a r e  ve ry  c l o s e  t o  one 

another  dev ia t ions  may appear because, on the  one h a n d ,  

o t h e r  f a c t o r s  p l a y  some p a r t  i n  the  determinat ion o.f t he  

f r e e  energy and, on the o the r  hand, i t  would be most. 

f i t t i n g  ' t o  use the hea t s  of' format ion  a t  s c a l i n g  tempzr- 

n t u r e  f o r  t he  b a s i s  of the  s t u d y ,  For t h i s  reason ,  f o r  

e x m p l e ,  copper does n a t  appeala in t h e  s e r i e s  i n  tile order 

of i t s  heat  of format ion but i n  accordance wi th  observa.t iona 



made durfng sca l ing .  

Changes i n  t h e  sequence may a l s o  be produced, 

moreover, i n  t h e  case of a l l o y s  of t h r e e  o r  more metals  

due t o  the  formation of combinations of t h e  i n d i v i  dual  

oxides ,  Thus, f o r  example, the  sequence f o r  s i l i c a t e s  

w i l l  n o t  always agree  w i t h  t h a t  f o r  oxides. To achieve 

a  complete synopsis,  the  oxide s e r i e s  would have t o  be 

extended t o  inc lude  f u r t h e r  s e r i e s  of combining compon- 

e n t s ,  but  t h i s  i s  not p o s s i b l e  a t  the p resen t  t ime, 

The d i s t r i b u t i o n  of the oxides i n  t h e  s c a l e  l aye r , -  I n  

connection wi th  t h e  development of the  s c a l e  s t r u c t u r e  

i t  i s  s i g n i f i c a n t  t h a t  t h e  oxides of the added metals  

a r e  g e n e r a l l y  enriched a t  p a r t i c u l a r  p o i n t s  i n  the  s c a l e  

l a y e r ,  namely a t  t h e  scale-metal  i n t e r f a c e ,  

I n  de r iv ing  t h i s  r u l e  we assume t h a t  the  oxide A 0  

does not d i s so lve  B and l ikewise  BO does no t  d i s so lve  A, 

and furthermore t h e  nobler  A should be p r e s e n t  i n  consfd- 

e r a b l e  excess ,  Then the  l e s s  noble oxide BO Forms on 

t h e  su r face  f i r s t ,  The case  of acornpletely ccunpact coat-  

fng  of the  su r face  by the  oxide BO, which i s  p a r t f c u l a r l y  

important i n  t h e  production of a c a l e  r e s i s t a n t  a l l o y s ,  

w i l l  be mentioned below, It i s  assumed i n  t h e  Following 

d i scuss ion  t h a t  the BO l a y e r  has gaps i n  which A 0  can 

form, I n  both  types  of c r y s t a l ,  f u r t h e r  development t akes  

p lace  due t o  d i f f u s i o n  through t h e  s c a l e  c r y s t a l s ,  i , e ,  

because of the l a c k  of d i s s o l v i n g  power of t h e  two oxides,  

t h e  A ions  migrate  only  through the  A0 l a y e r  and t h e  B 



ions only through the  30 layer  and form new l a t t i c e  

planes of the  sca le -a i r  i n t e r f ace ,  Since the  concen- 

t r a t i o n  of B or A plays an e s s e n t i a l  pa r t  i n  the  speed 

of t h i s  process, more A 0  i s  formed i n  a  ce r t a in  un i t  of 

time than BO. The A0 would eventually outgrow the  BO 

because it alwags develops a t  the  scale-metal in te r face ,  

!;loreover, t h e  A atoms w i l l  p a r t i a l l y  mi i ra te  around the 

BO p a r t i c l e s  s o  t h a t  BO takes some p a r t  i n  the s h i f t i n g  

of the  surface towards the  centre  of the  metal sample, 

This r e s u l t s  i n  an enrichment of the  BO a t  t he  

sca le  in terface .  This could be proved i n  the  case of 

i ron  a l loys  by analys is  of the  individual  sca le  l ayers  

which could be separate ly  detached ( 6 ) .  Fig. 8 gives a s  

an example the  measurements of iron-aluminum a l l ~ y s ,  The 

dis tance from the  l i n e s  representing equal d i s t r i b u t i o n  

gives the indicat ion of the extent  t o  which they had been 

enriched or impoverished. A t  temperatures of over 1000° 

the  enrichment of the  alumina i n  the scale-al loy i n t e r -  

face  layer i s  pa r t i cu l a r ly  g rea t .  The enrichment of the  

l e s s  noble admixture a t  the  scale-aeta l  in te r face  occurs 

with a l l  i ron  a l loys  with the  exception of manganese 

s t e e l  ( 6). According t o  K. X, Froehlich (20)  , t h i s  law 

has a l s o  proved t rue  repeatedly f o r  copper a l loys ,  

If the metal A which i s  present  i n  excess i s  l e s s  

noble than B, the  P;b forms f i r s t  and B i s  enriched a t  the 

scale-metal in te r face .  It cannot oxidize here, however, 

because the  more e a s i l y  oxidizable A is  alwags present ,  



Sinae t h e  %hf ckening of  the l aye r  take8 plaee at the 

sca le-afp  i n t e r f a c e ,  nothing 1 9  changed u n t i l  t h e  con- 

c e n t r a t i o n  of B a t  the s c a l e  boundary f o ~ m s  a l aye r  

oeeludlng the A and the f u r t h e r  ox ida t ion  t h e n  takes  

p lace  ars if the nobler  I3 wepe p resen t  in excess ,  BO 

now appears too  u n t i l  the  excess has again  been reduced 

t o  a c e r t a i n  amount, Ah1 i n  a l l ,  enrichment of the 

noblezc substance a t  t h e  scale-metal  interoface i s  the  

r e s u l t  of these  changes i n  coneentratfon,  I t s  exist- 

ence was de tec ted  i n  t h e  scale of seve ra l  i r o n  a l l o y s  

(6)  and in copper-s i lver  a l l o y s  which were r i c h  in 

copper q20), 

It i s  t h e r e f o r e  e s t a b l i s h e d  t h a t  a s  a r u l e  the  

elements which aye present. i r i  s l i g h t e r  amounts ape 

enrfchad a t  t h e  scale-metal  i n t e r f a c e ,  as oxlde when 

t h e  admixed substance is 19ss noble and I n  m e t a l l i c  

form when f t i s   noble^ t han  the  metal  present f a r  ic 

The p i c t u r e  given of the s c a l i n g  process  f s  

very  sketchy, but  i t !  shows the  main f e a t u ~ e s , ,  F u ~ t h e s  

%nnigh% 8s a f f o ~ d s d  by a glance a t  t he  structure of 

the s c a l e  bounda~y ,  F ig ,  9 gives a s  an example the  

s t ~ u e t u r e  of a s t e e l  wi th  4% A i  which was subjected 

t o  acaling f o r  6 hours a t  1000'~ The alumina, e a s i l y  

dfs tfngufshabhe from t h e  i r o n  oxldea by i t s  eoloup, 

p ro jec ted  i n t o  the  i r o n  l a y e r ,  These advancing oxides 

can only have been f o ~ m e d  by t he  oxygen, i n  s p i t e  of 



- 15 - 
its alfght d i f f u e a b i l i t y  In i ron ,  pene t ra t ing  the  

i r o n  and t h e r e  oxid iz ing  the  aluminum, It i s  probably 

no t  a case of tkue d i f f u s i o n  but  of an advance along 

cleavage planes  or  g r a fn  boundaries, A s  soon as t h i s  

oxygen encounters an aluminum atom, it w i l l  r e a c t  wi th  

I t  and be added t o  al ready e x i s t i n g  alumina c r y s t a l s  as 

alumina OP w i l l  form new alumina nuc le i ,  In  t h i s  wag, 

th reads  of alumina would gradual ly  form i n s i d e  t he  

s t e e l ,  unleas the metal boundary grew inwards a t  t he  

same t h e  due t o  the  formation of i r o n  s c a l e ,  Because 

of t h e  f a c t  that  the i r o n  changes i n t o  sca le ,  the  i r o n  

between the  threads  of alumina disappears  and the  alum- 

i n a  i s  enriched near t h e  sca le  boundary, 

The advance o f  the alumina threads  from t h e  

s c a l e  boundary w f l l  continue longers the  l e s s  the  oxidiz-  

ing  s t r e n g t h  of t he  gas, I n  the case of weakly oxfdiz- 

i n g  gases,  therefope,  t h e  spec i a l  s ca l i ng  can p ro j ec t  

deeply i n t o  t h e  mater ia l ,  causing considerable harm 

because af the long a t t a c k ,  This has occurred i n  the 

case of c a s t  %POD, in which the graph i t e  seams provide 

paths  f o r  t h e  pene t r a t i on  of t h e  oxygen i n t o  i t s  i n s i d e  

l a y e r s ,  The oxfdat ion s t a r t s  i n  the  g raph i t e  seams, The 

oxygen e o n e a n t ~ a t i o n ,  however, i s  s o  s l i g h t  that a t  f i r s t  

no i r o n  oxides but  only i r o n  s i l i c a t e s  are formed f r o m  

t h e  s f l i e o n  eoqtent  of the  c a s t  i r o n  (27)- Only a f t e r  

t h i s  has made  eoxlaiderable progress and the  g raph i t e  

seam is mostly gas i f f ed ,  do i r o n  oxides form i n  place of 

the  g raph i t e  seams, Figo 10 shows a c a s t  i r o n  which has 



- 16 - 
been subjected to 8caling, In place of the graphite 

seama, ferrosoferric oxide for the moat part has al- 

ready f ormed. Emanating from the graphite seams, a 

very finely dfspersed amount of iron and iron silicate 

has formed, 

Seale resistant alloys,- The question now arises as to 

whether ane should mix nobler or baser substanc88, 

Both are enrfehed at the metal-scale interface, and 

one might think that a compact layer might form which 

would effectively check the further development of seal- 

ing, It must be observed, however, that the noble 

metals can be penetrated by oxygen, Froehlieh (20) has 

shown that silver plating does not protect copper against 

scaling, The conpactness of the l a y e r  plays some part 

of t x v n u f i ,  but Pt can hardly be expected thst scaling 

would produce a more oompact layer than silver plating. 

In maLy casss, partfcgularly in the scaling of nickel 

steels (28), a strong nickel layer mixed with s c a l e  is 

frequently formad, Quite apart from the cost involved 

one can hardly expect to achieve any real protection 

against scaling by a13oging a noble metal to the basfo 

metal, 

All scale-resistant alloys contain a baser eiem- 

ent intended to reduce the scaling, The scale-resistant 

chromim-nickel-steels, made of iron to which a nobler 

element, nickel, and a baser element, chromium, have been 

qdded, are no exception f o r  the additive introduced to 

ine~ease the scale resistance is ch~omium exclusively ( 6 ) -  



In  order %o achieve r e a l  sca le  res i s tance ,  a t i g h t l y  

sealed layer must be formed on the alloy by the oxide of a 

baser secondary me",l. The r a t e  of migration of the metall-  

fe ions i n  thfs l ager  must be very bow because the thfcken- 

ing of the  layer  dependa on f t ,  

The extent  of the  di f ference i n  seal fng a t t a c k  i s  

shown i n  F9go 11, taken from a paper by A, Portevin, E, 

Pre te t  and H, JoPivet (29). As long as  the aluminum s t e e l  

with 8,5$ AP was covered only by the white alumina scale ,  

the  increase in weight due t o  sca l ing  was very s l i g h t ,  From 

a c e r t a i n  moment on, whfch v a ~ f e d  f o r  the  individual  samples, 

a considerably stronger scalfng a t tack  cunbined wfth the  

formation of i ron  oxide s e t  i n  because somehow the  alumina 

layer  was defective,  It i s  therefore  a l so  necessary t h a t  

the special  oxide f o ~ m  a t l g h t l y  sealed c r u s t ,  

Moreo~~er, the melting point  of the spec ia l  oxide 

layer, as well a s  tha melting point  of i t s  mixture with the 

oxide of t he  bas ic  metal and with other secondary substances 

i n  the  alEcy, must I f e  walk above t h s  sea l ing  temperatwe,  

Thua, f o r  example, fha extent  of the  sca le  kesistanee 0% 

s i l i c o n  s t e e l s  f a  l imi ted by the melting point  of the eut- 

e c t i ~  mixture of fe r rous  oxide and f a y a l i t e  (Fe2S10 ) which 
8 

i s  1240'. Even at 12006, s i l i c o n  s t e e l s  are no longer rea- 

i s t a n t  ta sca l ing ,  Likewise, eontaet  wfth substances which 

San enter  i n t o  a reac t ion  wlth the special oxfde may r e s u l t  

i n  t h e  change from p ~ o t e c t f o n  agains t  sca l ing  t o  v io len t  

attack, Most meta l l ie  oxides, which may stem for exm?le  



f ' r ~ m  the decreased ascalfng of the mate r ia l  t o  be annealed, 

may entep In to  such a reactLon with the special. oxide l aye r s  

o f  the  seale  r e s i s t a n t  a l l oys ,  

Conditions f o r  the formation of good pro tec t ive  0x1 de 

l ayers  %re bes t  f u l f i l l e d  i n  the ease of substances whfch 

are  used 8 9  ~ e f ~ . a c t o r f e s  I n  the eerarnfe industry, e ,g ,  

alumina, s i l f ~ i ~  acid,  en~omle  oxide, magnesia and beryl.llum 

axf de, 

Summary 

The acalfng of metals is  due t o  dfffuaion of the 

meta l l i c  ions through the sca le  l ayer ,  The new l a t t i - ee  

planes a r e  there fore  formed on the  surface of the sca l e ,  

If s p l i t s  oecar, the  point  a t  which s e a l e  forms s h f f t s  t o  

the  inner surface adjacent t o  the  meta l l i c  susface,  Due 

t o  per icdfc  spl*ftf;fngs, the a t t ack  progresses l i n e a r l y  i n  

r e l a t i o n  t o  time, 

In a l loys ,  the oxides of the various al loyfng elem- 

ents form i n  the  f i r s t  ~ p p ~ o x i m a t l o n  i n  o ~ d e r  of the heats 

of f o ~ m a t f o n ,  Fop %he arrangement of the oxides in the 

sca le  layer, the  p r i n c i p l e  t h a t  the a l loyfng addi t ives  

are enriched a t  the scale-metal i n t e r f ace  h o l d s  t ~ u e , ~  

regardless  of wnetbsr they m e  nobler or baser than the  

metal w h , f c  i s  prasefit fn excess, The conditions for the 

formation of scale-kssf s t a n t  l aye r s  on a l l o y s  a r e  s sa ted,  
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Fig. 2 Fig. 3 Fig. 4 

Oxidized Copper Sample Oxidized Tu&sten Sample Oxidized Widia Sample 



Fig. 5 

Order of Oxide Forma- 
t ion .  i3 baser than  A. 

Fig. 6 

Order of Oxide Forma- 
t ion.  Combination of 
oxides, 3 baser t h m  A. 

Fig. 7 - Relation Between Heats of Formation and Equilibria. 
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Fig. 9 - Structure  of the  
Scale Boundaries of a S t ee l  
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f o r  5 Hours a t  1 0 0 0 ~ .  

Fig. 10, - Scale Structure  
( I ron S i l i c a t e s )  i n  the  Cast 
Iron. 

Fig. 11 - Scaling Isotherms of an Aluminum S t e e l  
with 8.5% Al a t  1 0 0 0 ~  (according t o  Portevin, P r e t e t  
and ~ o l i v e t )  . 

a, 
n 
cd 
P) ZOO 
k 

0, 100 
H 

o 

",Em 
7 2 3 ' 4 5 6 7 1  

s Annealing time i n  hrs. 



Table 1. Oxidation Sequence of Oxides 

Element Oxide 

Tad), 
A1203 
V206 
Cr203 1 B . 0 3  

Tho2 
Li2O 

uo2 
ZrO* 
CeO, 
TIO, 
Na,O 
s i o ,  
CaO 

MgO 
SrO 
B o o  
BaO 

K*O 
Rb,O 
Cs,O 
MnO 
Bi,O, 
MOO, 

WO, 
%n 0 
Sn O 
CdO 
Tl,!O 
VeO 
N iO 
OYO, 
c o o  
Cu,O 
PbO 
Ru 0, 
Rh,O 
JrO, 

HgO 
PdO 

Au,O, 

  eats of formation 

288.9 

269,7 202 
267.4 
232,9 
218.1 

206,l 
162.1 
146.8 
142.2 
136 
133,4 
86.8 
83,6 
82.7 
125 
137,8 
142.8 
131.4 
83 
66,8 
65,2 

164 
162.1 
146,8 
142.2 
136 
183.4 
130 
126 
124 
123 

' 116 
107 
98.6 
88 
66,8 
66,2 

432 66 

98.3 

43 I 64.6 
62,7 
62,6 
22,7 
40.1 
21,6 
2Q,4 
0.6 

62.7 
89.4 
34.1 
80.2 
21,6 
20.4 
9.8 

-12,3 -10.2 


