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Simple displacement reactions in the solid state are considered with the purpose of predict-  
ing the morphologies and the reaction ra tes  from a knowledge of pertinent thermodynamic 
and diffusion data. The theoretical predictions are substantiated by experimental observa-  
tions for four reaction couples [Ni/Cu20, Co/Cu20, Fe/Cu20, and Fe/NiO] reacted at 1000~ 
Displacement reactions are classified according to the product morphology; layered and ag- 
gregate arrangements  of the product phases were observed, with two modifications (lamellar 
and interwoven) occurring within the aggregate morphological class.  Parabolic kinetics for 
the growth of the product phases are observed for each couple. The magnitudes of the para-  
bolic rate constants for the couples which exhibit the layered arrangement are comparable 
with calculated values. A technique for controlling the product morphology is discussed, 
and a process  for producing porous metal or oxide screens is introduced. 

T 
I N  metal-matr ix  composites and other high-tempera-  
ture materials,  the occurrence of displacement reac-  
tions between metal matr ices  and compound fibers, 
part icles,  or precipitates is an important consideration. 
The purpose of the present investigation is the predic-  
tion (or rationalization) of morphologies and kinetics 
for simple displacement reactions from a knowledge of 
the thermodynamic and kinetic propert ies  of the phases 
involved. 

THEORETICAL ANALYSIS 

Consider the following simple displacement reaction 
involving the metals M and Me, and their lowest oxides 
MxO and MeuO 

uMe + MxO ~ MeuO + xM [I] 

Negligible mutual solubility is assumed for the phases 
M and MevO , Me and MxO , MxO and MevO , and Me 
and M. It is assumed that no other binary compounds 
and no ternary compounds are formed by the reaction. 
Finally, the phases involved are assumed to exhibit 
predominant electronic conduction, and except when 
otherwise mentioned, the product oxide is assumed to 
exhibit predominant cation diffusion. Although only ox- 
ides are considered herein, the analysis should also be 
applicable (where the assumptions are valid) to ni- 
trides, carbides, stlicides, borides, sulfides, and other 
compounds. 

The Gibbs free energy change per mole of oxygen 
for reaction [I] is 

= - aGb o [1] 
if metal saturated with respect  to its lowest oxide and 
oxide saturated with respect  to the metal are chosen 
as the standard states for the phases. In te rms  of the 
oxygen activities for metal/oxide coexistence, AG I can 
also be expressed as 

R T  PO~ (Me/MevO) 
AG! = r in [2] 

P02 (M/MxO) 
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A spontaneous reaction should result  from the contact 
at high temperatures  of phase combinations such as 
Fe/NiO, Fe/Cu20 , Co/Cu20 , Ni/Cu20 , and so forth. 
While the magnitudes of the Gibbs free energies of 
reaction for the indicated pairs  differ considerably, 
large differences also exist in the cation diffusivities 
in the product oxides and in the oxygen permeabilities 
in the product metals.  

Wagner* has considered the morphological and ki- 
netic aspects of displacement reactions in the solid 
state. He pointed out that, in principle, the reaction 
product phases might form either a) adjacent to one 
another (to yield an aggregate arrangement as shown 
schematically in Fig. l(a)) or (b) behind one another 
(to yield a layered arrangement as shown schematic-  
ally in Fig. l(b)). Wagner explained that significant 
plastic deformation must occur in the product phases 
for the aggregate arrangement of Fig. l(a), because 
of the large volume changes involved in the reaction. 
Furthermore,  the actual microst ructure  for the r eac -  
tion zone in the aggregate arrangement should be a 
disordered conglomerate of the product phases in con- 
t ras t  to the schematic illustration of Fig. l(a). 

A cri terion to predict the type of product morphology 
for a given reaction couple has not been considered 
previously. The actual product morphologies resulting 
from displacement reactions and their relation to the 
limiting aggregate and layered arrangements  receive 
further experimental investigation and rationalization 
in this study. First ,  however, a cri terion to predict  the 
arrangement of the product phases will be presented. 

M x O  

M*Y - -  MxO 

MevO ~ Metal/ ] M X Forrned ~ M 0 

. 1 T J _~ Me+Z e- l M. O I I 
e- M~"'~'- Met~ / Me 

Me Consurned ~ 

o. Ag~regote Arrongemen? b. I.oyered Arrongement 
Fig. 1--Schematic illustrations of possible product morphol- 
ogies for displacement reactions in the solid state (after 
C. Wagnerl). 
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In a p a p e r  conce rned  with the d e s c r i p t i o n  of m o r p h o l -  
og ies  r e s u l t i n g  f rom the d i f f u s i o n - c o n t r o l l e d  oxidat ion  
of a l l oys ,  Wagner  2 has  e s t a b l i s h e d  a c r i t e r i o n  for  the 
s t a b i l i t y  of a f la t  growth i n t e r f ace .  This  c r i t e r i o n  is 
adap ted  h e r e  for  the ca se  of d i s p l a c e m e n t  r e a c t i o n s .  
In F ig .  2 the M/MevO i n t e r f ace  in a l a y e r e d  a r r a n g e -  
ment  of the p r o d u c t s  is  t en t a t i ve ly  a s s u m e d  to be wavy.  
It is  a s s u m e d  that  loca l  e q u i l i b r i u m  e x i s t s  at  the r e a c -  
t ion i n t e r f a c e s  and that  the r e a c t i o n  r a t e  is  l im i t e d  only 
by dif fus ion of the r e a c t i n g  s p e c i e s  in the p roduc t  
p h a s e s .  

If the growth of the MevO phase  is  l im i t ed  by  ca t ion  
d i f fus ion  within the MevO phase ,  then the f lux of ca t ions  
a r r i v i n g  at  pos i t i on  I e x c e e d s  that  at  pos i t ion  II. With a 
h igher  growth r a t e  at  pos i t i on  I, a f la t  M/MevO i n t e r -  
face  would be s t ab le  and the i n t e r f ace  would become  f la t .  
A l t e rna t i ve ly ,  if the growth of the MevO phase  were  l i m -  
i ted by  a s tep  in advance  of the M/MevO i n t e r f ace  (the 
r e l a t i v e l y  d i f f icul t  t r a n s p o r t  of oxygen through the m e t a l  
a s  c o n s i d e r e d  h e r e ,  or  in g e n e r a l ,  a s low r e a c t i o n  at  the 
M/MxO i n t e r f ace ) ,  then the f lux of oxygen a r r i v i n g  at  
pos i t i on  II would exceed  that  a t  pos i t i on  I. Under t hese  
condi t ions ,  the m o r e  r a p i d  growth at  pos i t ion  H would 
l ead  to a c le f ted  o r  s e r r a t e d  i n t e r f ace  and a f la t  growth 
i n t e r f ace  for  MevO would be uns tab le ;  a two-phase  
p roduc t  zone (i.e., the a g g r e g a t e  morpho logy)  would 
r e s u l t .  Although c a p i l l a r i t y  e f fec t s  could s t a b i l i z e  a 
s l igh t ly  wavy i n t e r f a c e  in the l a t t e r  case ,  the d r iv ing  
f o r c e s  a r e  so l a r g e  in  the p r e s e n t  s i tua t ion  that  such 
e f fec t s  a r e  neg l ig ib le .  

Fo r  any couple  having the l a y e r e d  morphology ,  the 
phase  M would grow by the d i s s o c i a t i o n  of MxO at the 
M/MxO i n t e r f ace  with the d i s so lu t ion  and t r a n s p o r t  of 
oxygen a t o m s  in the m e t a l  M. If the d i s s o c i a t i o n  s tep  
ma in t a in s  loca l  equ i l i b r i um at  the M/MxO i n t e r f ace  
then the growth of phase  M is  n e c e s s a r i l y  con t ro l l ed  
by  the t r a n s p o r t  of oxygen through M, and thus,  a f la t  
M/MxO i n t e r f ace  should  a lways  be  s t ab le .  Fo r  th is  
r e a s o n ,  the o c c u r r e n c e  of the l a y e r e d  o r  the a g g r e g a t e  
a r r a n g e m e n t  should be dec ided  so l e ly  by the s t ab i l i t y  
of e i t he r  a f la t  or  a s e r r a t e d  M/Mev 0 i n t e r f ace ,  r e -  
spec t ive ly .  The type of M/MevO i n t e r f ace  which f o r m s  
is  d e t e r m i n e d  by  the r a t e - c o n t r o l l i n g  s tep  in the growth 
of the MevO phase ,  a s  d e s c r i b e d  above.  The meaning  
of the " r a t e - c o n t r o l l i n g  s t e p "  in a sequence  of s t e p s  
which a l l  occur  at  the s a m e  net  r a t e  has  been d i s -  
cussed  r ecen t l y .  3 

If the p roduc t  oxide phase ,  MevO , should exhibi t  p r e -  
dominant  anion d i f fus ion  ( c o n t r a r y  to an in i t i a l  a s s u m p -  

MxO 
I 

M 0 

MevO i- MeZ+ MeZ+l I 
Me 

Fig .  2 - - S c h e m a t i c  i l l u s t r a t i o n  of a d i s p l a c e m e n t  r e a c t i o n  
with a l a y e r e d  m o r p h o l o g y  and a t e n t a t i v e l y  a s s u m e d  a n -  
even  i n t e r f a c e .  
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t ion) then the growth of the MevO phase  would n e c e s -  
s a r i l y  occur  at  the Me/MevO i n t e r f ace .  The growth of 
the MevO produc t  l a y e r  would be c on t ro l l e d  by the d i f -  
fusion of anions through this  phase ,  o r  by the d i f fus ion 
of oxygen through the M phase ,  so that  the l a y e r e d  
morpho logy  of Fig.  l (b)  would a lways  be expec ted  if 
the p roduc t  oxide should exhibi t  p r e d o m i n a n t  anion 
diffusion.  E x p e r i m e n t s  ve r i fy ing  th is  p r e d i c t i o n  wil l  
be p r e s e n t e d  in a l a t e r  publ ica t ion .  

EVALUATION OF THEORY 

In o r d e r  to examine  quan t i t a t ive ly  the p r o p o s e d  s e -  
l ec t ion  c r i t e r i o n ,  c o n s i d e r  the r e a c t i o n  be tween  n icke l  
and Cu20 at  1000~ and a s s u m e  t en t a t i ve ly  that  the l a y -  
e r e d  morpho logy  of Fig .  l (b)  would r e s u l t .  As a l i m i t -  
ing ca se ,  a s s u m e  that  e s s e n t i a l l y  the e n t i r e  f r e e  e n e r g y  
change o c c u r s  a c r o s s  the NiO l a y e r ,  and that  only  a 
v e r y  s m a l l  g rad ien t  in oxygen ac t i v i t y  e x i s t s  a c r o s s  
the copper .  Actua l ly ,  some  g r a d i e n t  mus t  e x i s t  a c r o s s  
the copper  b e c a u s e  the f lux of oxygen,  Jo  (Cu), through 
the copper  is  equiva lent  to the f lux of n ickel ,  JNi(NiO), 
through NiO oxide acco rd ing  to the s t o i c h i o m e t r i c  r e -  
q u i r e m e n t s  for  the r e a c t i o n  Ni + Cu~O --* NiO + 2Cu. 
With l oca l  equ i l i b r i um at the Cu/Cu20 in t e r f ace ,  the 
r a t e  of growth of the NiO l a y e r  should equal  tha t  for  
the d i f f u s i o n - c o n t r o l l e d  oxida t ion  of pu re  n icke l  in a 
gas  of oxygen ac t iv i ty  c o r r e s p o n d i n g  to the coex i s t ence  
of copper  and Cu20. The r a t e  of r e a c t i o n  should  then 
be  d e s c r i b e d  by W a g n e r ' s  4 p a r a b o l i c  ox ida t ion  r a t e  
t heo ry ,  whereby  

/o 1 'Zcat ( / ? . a t ) d i n  [3] 
dt ~ @; I"anl PO2 

02 
where  the t e r m  in b r a c k e t s  is  kr, W a g n e r ' s  r a t i o n a l  
r a t e  cons tant ,  and d~/dt i s  the r e a c t i o n  r a t e  with uni ts  
of e q u i v a l e n t s / c m L s .  In Eq.  [3], ~ is  the t h i cknes s  of the 
p roduc t  l a y e r ,  Ceq is  the number  of equ iva len t s  of p r o d -  
uct o x i d e / c m  3, D'cat is  the s e l f -d i f fu s ion  coef f ic ien t  for  
ca t ions ,  Zca t and Zan a r e  the v a l e n c e s  of the ions,  and 
P~)2 and PO2 a r e  the oxygen a c t i v i t i e s  a t  the m e t a l /  
oxide and o x i d e / g a s  i n t e r f a c e s ,  r e s p e c t i v e l y .  

D i s p l a c e m e n t  r e a c t i o n s  in the so l id  s t a t e  a r e  mos t  
r e a d i l y  s tud ied  by  the m i c r o s c o p i c  m e a s u r e m e n t  of the 
t h i cknes s  of the r e a c t i o n  p roduc t  l a y e r .  Eq. [3] can  be 
conve r t ed  by us ing Eq. [4]: 

d~ dh ~ 1 . . . .  [4] dt dt Ceq 

With the subs t i tu t ion  of Eq. [4] into Eq. [3] and i n t e -  
g ra t ion ,  

? } 1 ' Zea-'----Lt (D*at)d In t 
42 = 2 ~- [Zan [ 

e52 
= 2kp(NiO) t [5] 

where  the t e r m  in b r a c k e t s  is  the p a r a b o l i c  r a t e  con-  
s tan t ,  kp(NiO), for  the d i f f u s i o n - c o n t r o l l e d  growth of 
the NiO l a y e r .  At 1000~ Pb2 for  Ni-NiO c o e x i s t e n c e  5 
equa ls  10 - '~  arm,  P~)2 for  Cu-Cu20 coex i s t ence  s equa l s  
10 "6"~ arm,  and ZNi/z  O equa ls  unity.  Although the t h e r -  
modynamic  da ta  a r e  wel l  e s t a b l i she d ,  s e l e c t i o n  of an 
e x p r e s s i o n  for  D~i(NiO ) and i t s  Po2 -dependence  is  
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fraught  with uncer ta in t ies ,  which will be d i scussed  
la ter  in the Resul ts  and Discuss ion  sect ion.  If we ten-  
tat ively accept  the recen t  work of Crow: 6 

D~i(NiO ) = 8.9 X I0 -a P ~  exp (- 54,700/RT) [6] 

For 1000~ Crow's expression is in good agreement 
with that of Lindner and Akerstrom, 7 but is a factor of 
five lower than the single crystal results of Choi and 
Moore, 8 and as much as an order of magnitude lower 
than values obtained from measurements of the chem- 
ical diffusion coefficient. 9'I~ Substitution of Eq. [6] into 
Eq. [5] and integration gives 

kp(NiO) = 7.7 X 10 -1" cmZ/s [7] 

which should desc r ibe  the parabol ic  growth of a flat, 
compact  NiO layer  in the Ni/Cu20 d isp lacement  r e a c -  
tion, if Eq. [6] is appropr ia te .  

Now, cons ider  a second l imiting case ,  namely  that 
the ent i re  Gibbs f ree  energy  change occu r s  a c r o s s  the 
copper  layer  for  a l ayered  morphology such as in Fig. 
l(b). This l imit ing case  should r e p r e s e n t  an unrea l i s -  
tic condition because  it is equivalent to a s suming  that 
the reac t ion  kinet ics  a re  control led by the t r anspo r t  of 
oxygen through the copper ,  and under this condition, the 
aggregate  a r r angem e n t  of Fig. l(a) would be expected 
to predominate .  For  each mole of oxygen t r anspor t ed  
through the copper,  two moles  of copper  would be added 
to the copper  layer .  The use of S iever t s '  law, a l inear  
oxygen concentra t ion prof i le  a c r o s s  the copper  layer ,  
and a concentra t ion- independent  diffusion coefficient  
a re  justified. Then 

dX Cu ACo 
dt - 2VcuJo(Cu)  = 2 V c u D o  X [8] 

where Vcu is the mola r  volume of Cu, jo (Cu)  is the 
flux of oxygen a toms through the copper  layer  (mole /  
cm2-s),  X is the thickness  of the copper  layer ,  DO cu is 
the diffusivity of oxygen in copper ,  and Zxc o is the dif-  
fe rence  in oxygen content (mo le / cm 3) a c r o s s  the copper  
layer .  F r o m  Siever ts '  law, 

Co = ks pl/a = NO Cu 
02 Vcu [9] 

where k s is the S ieve r t s ' - l aw  constant  and N~O u is the 
atom f rac t ion  of d issolved oxygen in copper .  At Cu- 
CuaO coexis tence,  n NO cu equals 1.7 x 10 -4 at 1000~ 
and with VCu equal to 7.13 cmS/mole ,  

k s = 3.15 • 10 -z mole oxygen 
cm3_atml/2 [10] 

With the substi tut ion of Eqs.  [9] and [10] into Eq. [8] 
and integrat ion 

Xz= 2 [ 2 V c u D C U k s ( P ~ / z -  '1/" PO2 )]t = 2kp(Cu)t [11] 

where the t e r m  in b racke t s  r e p r e s e n t s  kp(Cu), the p a r -  
abolic ra te  constant  for  the growth of the copper  layer  
if oxygen t r anspo r t  through the copper  were  ra te  con-  
troll ing.  With D Cu equal to 3.0 x 10 -~ cmZ/s at 1000~ 11 
evaluation of Eq. [11] gives 

kp(Ou) = 1.0 • 10 -s cm~/s  [12] 

Because of the di f ference in mola r  volumes ,  kp(NiO) 
and kp(Cu) cannot be compared  d i rec t ly ;  however,  mul-  
t iplication of kp by Ceq for  each phase  yields compa-  
rable  ra t ional  ra te  constants ,  kr,  which a re  defined by 

the express ions  

~a (NiO) = 42 (NiO) C~q (NiO) = 2Ceq (NiO) kr(NiO)t 

[13a] 
and 

a (Cu) = 2Ceq (Cu)kr(Cu)t  [13b] ~'2 (Cu) = X" (Cu) Ceq 

where ~ is the extent of the reac t ion  and has units of 
equ iva len t s / cm 2. At 1000~ f rom Eqs. [7] and [13a] 
with VNi O = 11 cm3/mole  

kr(NiO ) = Ceq (NiO)kp(NiO) = 1.4 x 10 -la equiv [14a] 
c m - s  

and f r o m  Eqs. [12] and [13b], 

kr(Cu) = Ceq(Cu)kp(Cu ) = 1.4 •  -9 equiv [14b] 
c m - s  

For  the chosen example of the Ni/Cu20 d isp lacement  
reac t ion ,  the copper  layer  fo rmed  would be able to 
t r anspo r t  oxygen at a ra te  which is 10,000 t imes  fas te r  
than cat ions could be t r anspor t ed  through NiO for  the 
same  f ree  energy  change.  In acco rd  with the previous  
discuss ion,  the tentat ively postulated layered  a r r a n g e -  
ment of p roduc t  phases  would be expected.  

In general ,  the calculated values  of k r for  the p a r a -  
bolic growth of the individual metal  and oxide product  
l aye r s  in a p resupposed  l ayered  a r r angemen t  should 
indicate whether the layered  or  the aggrega te  morpho l -  
ogy is stable,  such that 

a) for  kr(M ) > kr(MevO), the layered  a r r a n g e m e n t  is 
stable 

b) for  kr(M ) < kr(MevO), the aggrega te  a r r a n g e m e n t  
is stable.  

When the resu l t ing  calculat ion indicates  that the 
value of kr(M ) is an o rde r  of magnitude or  m o r e  
g rea t e r  than kr(MevO), then the product  oxide of the 
layered  a r r angemen t  should grow accord ing  to the 
calculated value of kp(MevO). Thus, the calculated 
value of kp(MevO) also s e rves  to predic t  the kinet ics  
of a d i sp lacement  reac t ion  which r e su l t s  in the layered  
a r r angemen t .  Because the growth of the product  metal  
for  a l ayered  morphology is l imited by the growth of 
the produc t  oxide, the growth of this layer  should be 
desc r ibed  by the ra te  constant  

k'p(M) = [Ceq(MevO)/Ceq (M)]Zkp(Me,O) [15] 

For  a Ni /Cu20 couple at 1000~ Eq. [15] gives 

k~(Cu) = 1.3 x 10 -1" c m " / s  [16] 

With the use of the theore t ica l  select ion c r i t e r ion  
which was just  evaluated for  the Ni/Cu20 couple, let 
us now examine the Fe /Cu20  and Fe/NiO couples  at 
1000~ For each of these couples,  a compl ica t ion 
a r i s e s  in that the phase FesO4 as well as wustite,  
"FeO" ,  might be formed.  F rom the rmodynamic  data s 
at 1000~ Po2(Fe/FexO) = 10 -14"ss atm and 

12 74 PO2 (FeyO/FesO4) = 10- " atm. If we tentat ively a s -  
sume that the layered  morphology would be formed,  
implying ra te  control  by diffusion in the oxide, the 
layer  sequences  could appear  as follows: 
FelFeOIFesO41CulCu20 or  FelFeOIFe3041Ni[NiO. 
However,  in the oxidation of iron at high PO2 only 
re la t ive ly  thin l aye r s  of the higher oxides FeaO4 and 
FezO 3 a re  fo rmed  and the oxidation ra te  is not in- 
c r ea sed  s ignif icant ly  with an inc rease  in 1)02 above 
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that corresponding to FeyO/FesO 4 coexistence. Then, 
in the calculation of kp(FeO) by Eq. [5] for the Fe/CuaO 
and Fe/NiO couples, P62 can be set equal to 
Po2(FevO/FesO4) = 10 -Iz'74 atm. To calculate k~(Cu) 
and kp(Ni) according to Eq. [11], the value of Po. can 
be set equal to Po2(FeyO/FesO4). This choice is'not 

'n,' 1/2 .._ cr i t ical  because the t e r m  tO2 ~ essent ial ly  negli-  
gible relat ive to pc~/z in Eq. [11] for these couples. 

The dependence of the composition of wustite on PO2 
at 1000~ was determined by employing the resu l t s  of 
Vallet and Raccah: !2 

(O/Fe) = 1.94P~': m= (Zcat/Zan) [17] 

By combining the diffusion data of Himmel,  et al. TM and 
of Hembree  and Wagner 14 with the composition data of 
Vallet and Raccah, TM the following t racer-di f fus ion co- 
efficient for cations in wustite was obtained as a func- 
tion of composition at 1000~ 

DTe (FeO) = 5.89 • 10 -s pO.Zl [18] O2 
With the assumption that only a negligible corre la t ion 
effect exists  for the diffusion of radioactive iron ions 
in wustite, ~s the self-diffusion coefficient, DI~ e (FeO), 
may be taken as equal to the t racer-di f fus ion coeffi-  
cient of Eq. [18]. Then, 

10-12.74 

kp(FeO) = l /  (1.14 • 10-4 p(~2o.,,) dPo2 

10 -14.85 

= 2.1 • 10 -v cm2/s  [19] 

The calculation of kp(Cu) f rom Eq. [11] using the p r e -  
viously mentioned data yields 

kp(Cu) = 1.0 • i0 - '  cm~/s [20] 

If kp(FeO) and kp(Cu) for the Fe/CuzO couple are  con- 
ver ted  to k r values for compar ison (VFe0.89 O = 11.5 
cmS/mole) 

k~.(FeO) = 3.7 • 10 -a equ iv / cm-s  [218] 

and 

kr(Cu ) = 1.4 x i0 -9 e q u i v / c m - s  [21b] 

Because kr(FeO ) is g rea te r  than kr(Cu), the presup-  
posed layered a r rangement  should be unstable, and the 
aggregate morphology would be expected for Fe/Cu~O 
couples. 

For the react ion of a Fe/NiO couple at 1000~ the 
values of kl0(Feo) f rom Eq. [19] and kr(FeO ) f rom Eq. 
[21a] should again be valid, because the highest "ef-  
fec t ive"  PO2 possible  for FeO again corresponds  to 
Po2(FeyO/FesO4). To calculate kp(Ni), the solubility 
of oxygen in nickel is chosen as 350 ppm (N(~ i = 3.5 
• 10 -4) f rom Alcock and BrownJ  6 The diffusivity of 
oxygen in nickel is selected f rom a recent  study by 
Kerr  and Rapp ~7 as 6.0 • 10 -8 cm2/s at 1000~ 

In the evaluation of Eq. [11], P~)~ [equal to Po ,  
(FeyO/FesO4)] is s m a l l  re la t ive  to'P62 [equal to 'Po2 
(Ni/NiO)]. Therefore ,  with one mole of nickel formed 
per  mole of oxygen t ranspor ted ,  Eq. [11] may be wr i t -  
ten as 

X z o nrNin Ni~ [22] 
= " ' O  " O  ~ 

TNi ,~Ni so that ~v o i-'O equals kp(Ni). Then for the Fe/NiO 

couple at 1000~ 

kp(Ni) = 2 x I0 -n cmZ/s [23] 

and corresponding to Eq. [14b], with VNi equal to 6.6 
cmS/mole 

kr(Ni ) = 6.1 • 10 -*a equ iv / cm-s  [24] 

Comparison of kr(Ni ) f rom Eq. [24] with kr(FeO ) f rom 
Eq. [218] indicates that the aggregate morphology, and 
not the tentatively postulated layered morphology, 
should be stable. 

Tracer-di f fus ion data a re  available for CoO, so that 
calculations and predict ions can be made for the 
Co/Cu20 couple. In this couple, CoO and copper are  
assumed to be the result ing product phases .  From the 
data of Car ter  and Richardson, la which agree  with those 
of Crow, 6 at 1000~ 

o. 5 cmVs DTo(COO ) = 2.6 X 10 -9 tO2 

With the assumption that D~o (COO) ~ D~o (COO), sub- 
stitution of Eq. [25] into Eq. [5] and integration between 
P62(Cu/CuzO) and Pb2(Co/CoO) = 10 -11"9 atm from Ref. 
[5] gives ,, 

hp(CoO) = 3.1 • 10 -n  cm2/s  [26] 

or ,  with VCo O = 11.6 cm3/mole,  

kr(CoO ) = 5.3 • 10-12equiv/cm-s [27] 

for the Co/CuaO couple. Evaluation of Eq. [11] gives 

kp(Cu) = 1.0 • 10 -8 cm2/s [28] 

o r  

kr(Cu ) = 1.4 • 10 -9 equ iv / cm-s  [29] 

The comparison of kr(CoO) and kr(Cu ) for the Co/CuzO 
couple at 1000~ indicates tha t the  layered morphology 
should resul t  with the kinetics descr ibed by Eq. [26] 
and 

k~(Cu) = 4 . ' / •  10 -11 cmZ/s [30] 

The calculated values for k r and k~ (for layered 
morphologies) and the predicted morphological  modes 
have been listed in Table I for the four reac t ive  cou- 
ples which have been examined. 

EXPERIMENTAL PROCEDURE 

Solid cylindrical specimens 1 cm in diameter and 
0.06 cm thick of Fe (purity >99.9 pct Fe), Ni ~urity 
>9.9.9 pct Ni), and Co (purity >99.9 pct Co) were used 
for the reactions. Similarly-sized powder compacts 
r reagent-grade NiO and CoO were made. Prior to 
reaction, the powder compacts were sintered at 1075~ 
for 48 h. Solid C%O slabs were made by the complete 
reaction of 99.999+ pct Cu slabs in an Ar-1 pct Oz gas 
at 1025~ such that CuO was not stable and did not 
form. After oxidation, the C%O specimens were sliced 
with a diamond saw and lapped. For some experi- 
ments, slices from a NiO single crystal {purity >99.9 
pct NiO) were used. 

After the faces of the specimens for a given reactive 
couple had been ground and polished to produce flat, 
parallel and smooth faces, the specimens were assem- 
bled into a spring-loaded holding device which would 
position the specimens in the center of the hot zone of 
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a r e s i s t ance -hea t ed  tube furnace.  This " ce l l  ho lde r "  
has been previous ly  descr ibed .  5 

The specimens in the cel l  holder were placed into 
the heated furnace and reached the exper imenta l  t em-  
pera tu re  of 1000~ within 20 min. A s t r eam of pur i -  
fied argon passed  over the couple. To minimize chem- 
ical  in teract ions  between this gas and the couple, a 
combustion boat f i l led with coexistent  Me and MevO 
(with the lower PO2 of the components in the couple) 
was placed immedia te ly  ups t ream f rom the couple. 
After the shor t  t r ans ien t  upon heatup, the t empera tu re  
of the cel l  was maintained at 1000 ~ • I~ with the help 
of a thermocouple modulator which was recent ly  de-  
sc r ibed  by Burr. 16 To conclude an exper imenta l  run, 
the cell  holder was withdrawn from the furnace over 
a per iod of 3 to 5 min. 

The reac ted  couples were mounted, sectioned, pol-  
ished, and examined in a metal lograph.  The thickness 
of the product  l aye r s  were measured  using a sc r ibed  
ocular  lens which was ca l ibra ted  against  a stage mi -  
c romete r .  For couples with varying product  layer  
thickness (result ing from imperfec t  ini t ia l  contact of 
the specimens)  the l a rges t  measurements  f rom two 
c r o s s - s e c t i o n a l  cuts were accepted.  

Some specimens were further  examined in a scan-  
ning e lec t ron microscope  (Materials  Analysis  Com- 
pany, Model 700). When possible ,  X- ray  diffract ion 
was used to identify the product  phases .  

RESULTS AND DISCUSSION 

Ni/Cu20 Reaction: A photomicrograph of the l ayered  
product  morphology formed upon the reac t ion  of nickel 
and Cu20 at 1000~ is shown in Fig. 3. The layered  
morphology is expected from the evaluation of the s e -  
lection c r i t e r ion  according to Eqs. [14a] and [14b]. As 
is often encountered in the gaseous oxidation of nickel  
to form NiO, the oxide product consis ts  of a compact  

Fig. 3 - -Layered  product  morphology for the Ni/Cu20 d i s -  
p lacement  reac t ion  af ter  72 h at 1000~ Magnif icat ion 700 
t imes .  
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Fig. 4--Time dependence of the thickness of the product 
copper layer in the layered morphology for the Ni/Cu20 
displacement reaction at 1000~ 

external  scale  and a f ine-gra ined  inner scale .  Upon 
cooling, a c rack  formed to spl i t  the NiO sca le .  

The uniform thickness of the product  copper layer  
is quite suitable for microscopic  measurement ;  a plot 
of the thickness of the copper layer  vs the square root  
of the react ion t ime for five exper imenta l  runs is 
shown in Fig. 4. The l inea r i ty  of this plot indicates  
that the ra te  of the displacement  react ion is indeed 
control led by diffusion as opposed to a r a t e - l im i t i ng  
step at  an interface.  The value of the ra te  constant 
k~(Cu) der ived f rom the slope of Fig. 4 is  en te red  into 
Table I for compar i son  with the pred ic ted  ra te  con.  
stant.  The observed  react ion ra te  is  a factor  of about 
th i r teen g rea t e r  than the predic ted  ra te .  This d i s -  
agreement  is  not considered ser ious  as it  probably 
a r i s e s  f rom the following three  sources :  1) the un- 
cer ta in ty  in the value for D~qi(NiO ) used for the ca l -  
culation, 2) the p resence  of impuri ty  dopant ions in 
the NiO, and 3) the occur rence  of the two- l aye red  NiO 
scale ,  which probably  contained considerable  poros i ty  
and which is in cont ras t  to Wagner ' s  model for diffu- 
s ion-cont ro l led  oxide growth. The product  morphology 
of the Ni/Cu20 reac t ion  cd[iple seems  to r ep re sen t  the 
ideal l ayered  a r rangement  of Fig. l(b). 

Co/Cu~O Reaction: The CoO and Cu product l aye r s  
resul t ing  f rom the react ion of cobalt and Cu20 at 1000~ 
a re  shown in Fig. 5. The observed layered  morphology 
agrees  with the expectat ions f rom the compar ison of 
Eqs. [27] and [29]. 

As is also observed in the gaseous oxidation of co- 
balt ,  the inner, f ine-gra ined  port ion of the two- layered  
CoO scale  is l e s s  pronounced than that for NiO formed 
on nickel.  The Co/CuaO couples also exhibited p a r a -  
bolic react ion r a t e s  as  indicated in Fig. 6. The value 
for k~(Cu) f rom the slope of Fig. 6 is l i s ted  in Table I; 
it is  about a factor  of three  higher than the calculated 
value. This be t te r  agreement  is obtained probably be-  
cause the higher native cation vacancy concentrat ion 
of CoO leads to a lower sens i t iv i ty  of CoO to al iovalent  
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Fig. 5--Layered product morphology for the Co/Cu20 dis- 
placement reaction after 25 h at 1000~ Magnification 500 
times. 
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Fig. 6--Time dependence of the thickness of the product cop- 
per layer in the layered morphology for the Co/Cu20 dis- 
placement reaction at 1000~ 

O) (b) 
Fig. 7- -Aggregate  product  morphology for the Fe /Cu20  displacement  reac t ion  af ter  one hour  at 1000~ (a) Magnif icat ion 
200 t imes ,  (b) Magnificat ion 400 t imes .  

dopant ions, and therefore to less uncertainty in 
D ~o(COO). In addition, the CoO product was mostly 
compact. In contradiction to a previous study I of the 
Co/Cu20 reaction at 800~ the Co/Cu20 reaction re-  
suits in an ideal layered product morphology. 

Fe/Cu20 Reaction: The product zone of the Fe/Cu20 
displacement reaction at 1000~ consists of copper and 

iron oxide in an aggregate arrangement. Photomicro- 
graphs of the reaction products are shown in Fig. 7. 
The observed product morphology differs from the 
schematic model of Wagner, which is shown in Fig. 
l(b), because a thin layer of copper separates the 
Cu20 from the lamellar copper and iron oxide in the 
two-phase product zone. This is the first report of 
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th is  modi f ied  a g g r e g a t e  p roduc t  morpho logy .  
The i ron  oxide l a m e l l a e  of the t w o - p h a s e  zone grow 

at  t he i r  t ips  into the thin copper  l a y e r .  As shown in 
the succeed ing  p a p e r ,  the oxide  l a m e l l a e  cons i s t  p r i -  
m a r i l y  of wust i te  with a s m a l l  amount  of magne t i t e  at 
the growth t ips .  The p r e s e n c e  of the magne t i t e  a f fec t s  
the de t a i l s  of the r e a c t i o n  m e c h a n i s m ,  but it  has  only 
a s m a l l  effect  on the net  r a t e  of growth  of the oxide 
l a m e l l a e .  Because  t h e r e  is  neg l ig ib le  di f fus ion of oxy-  
gen anions in FeO, growth of the i ron  oxide l a m e l l a e  
mus t  occu r  by  the d i f fus ion of i ron  ca t ions  f rom the 
r e a c t a n t  i ron  through a cont inuous i ron  oxide phase  to 
to the growth t i p s .  Oxygen a t o m s ,  which a r e  p roduced  
by  the d i s s o c i a t i o n  of Cu~O at the Cu/Cu20 in te r face ,  
diffuse through the thin copper  l a y e r  to the growing 
i ron  oxide l a m e l l a e .  

As shown in Fig .  7, the copper  in the two p roduc t  
zones  is  cont inuous.  In o r d e r  to examine  the m o r p h o l -  
ogy of the oxide l a m e l l a e  in g r e a t e r  de ta i l ,  t r a n s v e r s e  
and longi tudinal  s e c t i o n s  of s e v e r a l  r e a c t i o n  couples  
were  examined  with a scanning  e l e c t r o n  m i c r o s c o p e .  

A t r a n s v e r s e  sec t ion  was  ob ta ined  by gr ind ing  away 
the Cu20 which r e m a i n e d  a f t e r  the r e a c t i o n  until  the 
p roduc t  copper  l a y e r  was exposed .  The copper  l a y e r  
was then s e l e c t i v e l y  d i s s o l v e d  by  a so lu t ion  of a m m o -  
nium hydrox ide  and hydrogen  p e r o x i d e  until  the growth 
t ips  of the p roduc t  oxide  were  exposed ,  Fig .  8(a). A 
longi tudina l  sec t ion  with the p roduc t  copper  s e l e c t i v e l y  
d i s s o l v e d  i s  shown in F ig .  8(b). 

Fig .  8(b) shows that  growth de fec t s ,  such as  b r a n c h e s  
and t e r m i n a t i o n s ,  occu r  in the oxide l a m e l l a e .  The ap -  
p a r e n t  d i s c r e p a n c y  be tween the s i z e s  of the oxide t a m -  
e l l ae  shown in F igs .  7(b) and 8(b) mus t  be exp la ined  by  
the p a r t i a l  d i s so lu t ion  of the oxide by  the e tchant .  As 
r e q u i r e d  by  the growth  m e c h a n i s m ,  the oxide  phase  is  
cont inuous a c r o s s  the two-phase  p roduc t  zone.  The 
growth m e c h a n i s m s  of the copper  and i ron  oxide p r o d -  
ucts  a r e  d i s c u s s e d  in m o r e  de ta i l  in the succeed ing  
p a p e r .  

P lo t s  of the t h i c k n e s s e s  of the thin c o p p e r - l a y e r  and 
of the t w o - p h a s e  copper  + i ron  oxide  zone vs  the squa re  
roo t  of the r e a c t i o n  t ime  a r e  shown in Fig .  9; both of - 
the zones  grow a c c o r d i n g  to p a r a b o l i c  k ine t i c s .  The 

( .)  

Table I. Predicted and Observed Morphologies and Rate Constants for 
Displacement Reactions at 1000 ~ C 

Calc. for Presupposed 
Layered Morphology, 

Reactive Equiv/cm-s Morphology kp,' cm2/s 

Couple k r ,  Oxide k r , Metal Pred. Obs. Calc. Expt. 

Ni/Cu20 1.4X 10-13 1.4X 10- 9 layered layered 1.3X 10 "12 
Co/Cu20 5.3 X 10 "12 1.4 X 10 -9 layered layered 4.7X 10 "11 

Fe/Cu20 3.7 X 10- 8 1.4 X 10 .9 aggregate aggregate 

Fe/NiO 3.7 X lO "s 6.1 X 10 "12 aggregate aggregate 

l.TX 10 "n 
1.4 X 10 "1~ 

2.8X l0 "7 
for Cu + 
FeO 

2.8 X 10-1~ 
for Cu 
2.1 X 10- 8 

NiO single 
crystal 
9.1 X 10 -8 

NiO pow- 
der compact 

(b) 
Fig. 8--Scanning e l ec t ron  m i c r o g r a p h s  of the p roduc t  i ron  
oxide l amal lae  af ter  se lec t ive  d i s so lu t ion  of the p roduc t  
copper  for  the Fe /Cu20  d i s p l a c e m e n t  r eac t ion  at 1000~ 
(a) Oxide growth  t ips ,  magni f ica t ion  2000 t i m e s ,  (b) Oxide 
lamal lae  in the middle  of the t w o - p h a s e  p roduc t  zone, m a g -  
nification 1000 t i m e s .  
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Fig.  9 - -T ime  dependence  of the th ickness  of the copper  l aye r  
and of the copper  + i ron  oxide zone in the aggrega te  m o r -  
phology for  the F e / C % O  d i sp l acemen t  reac t ion  at 1000*C. 
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Fig. 10-Continued. 
(b) 

(a~ 
Fig. 10--Aggregate product morphology for the Fe/NiO 
(powder compact) displacement reaction after 9 h at 1000~ 
(a) Magnification 125 times, (b) Magnification 700 times. 

pa rabo l ic  r a t e  cons tan ts  obtained f rom Fig. 9 a re  
given in Table I. 

Fe /NiO React ion:  The aggregate  product  morphology 
which r e s u l t s  f rom the r eac t ion  of i ron and a powder 
compact  of NiO at 1000~ is shown in Figs.  10(a) and 
10(b). The aggregate  morphology was predic ted  f rom 
the calcula ted ra te  cons tan ts .  In con t r a s t  to the a r -  
r angemen t  of the product  phases  of the Fe/CuaO r e a c -  
tion, the Fe /NiO r eac t i on  r e s u l t s  in a conglomera te  of 
the product  phases .  F u r t h e r m o r e ,  a thin layer  of p rod -  
uct n ickel  is not fo rmed  between the NiO and the two- 
phase product  zone. 

The FeO phase of Fig. 10(b) is obviously continuous 
as is r equ i r ed  for the t r a n s p o r t  of i ron  cat ions dur ing  
the p r o g r e s s  of the reac t ion .  The nickel  product  phase 
of Fig. 10(b) is not obviously  continuous,  nor  would that 
condit ion seem to be r e q u i r e d  by the growth mechan i sm 
because  repea ted  nuc lea t ion  and growth of n ickel  at the 
growth in ter face  could be poss ib le .  

To examine  more  ca re fu l ly  the morphology of the 
nickel  product  phase in the two-phase  field, the FeO 
phase was se lec t ive ly  d isso lved  by a solut ion of 25 pct 
concen t ra ted  HC1 in ethyl alcohol.  The r ema in i ng  
nickel  phase was examined  with a scanning e lec t ron  
mic roscope .  As shown in Fig. 11, the nickel  phase is 
comple te ly  cont inuous (as was the copper phase in the 
Cu + FeO product  zone), and thus,  the Ni + FeO prod-  
uct zone cons i s t s  of two comple te ly  interwoven and 
continuous phases .  

(a) 

(b) 
Fig. 11--Scanning electron micrographs of the product nickel 
after selective dissolution of the product FeO for the Fe/NiO 
(powder compact) displacement reaction at 1000~ (a) Mid- 
dle of the two-phase product zone, (b) iron/product zone in- 
terface. Magnification 2000 times. 
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(b) 
Fig. 12--Aggregate product morphology for the Fe/NiO 
(single crystal) displacement reaction after 64 h at 1000~ 
(a) Magnification 95 times, (b) Magnification 700 times. 

This type of product  a r r a n g e m e n t ;  i.e., the inter- 
woven-aggregate a r r angemen t ,  is a subgroup of the 
aggregate morphological  c lass .  The a r r a n g e m e n t  of 
the product  phases  of the Fe /Cu20  r eac t ion  is the 
other subgroup;  i.e., the lamellar-aggregate a r r a n g e -  
ment .  The r ea sons  for the se lec t ion  of a given sub-  
group by a reac t ion  couple which should have the ag-  
gregate  a r r a n g e m e n t  of product  phases  is a topic r e -  
ceiving fur ther  a t tent ion in our c u r r e n t  r e s e a r c h .  

A scanning  e lec t ron  mic rograph  of the in ter face  be -  
tween the r eac t an t  i ron  and the Ni + FeO product  zone 
after  se lec t ive  d isso lu t ion  of the FeO is shown in 
Fig. l l (b ) .  Normal ly ,  in the oxidation of i ron to form 
FeO, a condensat ion of vacanc ies  at the m e t a l - s c a l e  
in ter face  leads to s igni f icant  poros i ty ,  the u l t imate  
loss  of adherence ,  and a deviat ion f rom parabol ic  k i -  
ne t ics .  While some d i s a r r a n g e m e n t  in the i ron at the 
in ter face  in Fig. l l ( b )  is p resen t ,  g ross  poros i ty  was 
not formed.  

As expected f rom the i so the rma l  sect ion of the t e r -  
na ry  F e - N i - O  phase d iag ram at 1000~ 2~ the product  
zone of the Fe /NiO reac t ion  does not cons i s t  s imply  
of FeO and nickel .  In pa r t i cu l a r ,  a band of n ickel  f e r -  
r i te  has been detected at the NiO/product  in te r face  by 
se lec t ive  etching a~ and po la r ized  light microscopy .  The 
th ickness  of this band is sma l l  r e la t ive  to the th ickness  
of the en t i re  product  zone, and thus,  its p r e s e n c e  
should have a negl igible  effect on the net r eac t ion  ra te .  
The meta l l i c  phase which exis t s  within the nickel  f e r -  
r i te  band is p r e s u m a b l y  a n i c k e l - r i c h  alloy. 

When single c ry s t a l s  of NiO ins tead of NiO powder 
compacts  a re  used for the Fe /NiO reac' t ion, s i m i l a r  

20 i f i l ~ 1 i ~  

E) Fe /IViO (powder cornpact ] f _ 

~.J 0 

~ 0 4  F.- 

o.0 
I 2 3 4 5 6 7 8 

I 
Time ~', h �89 

Fig. 13--Time dependence of the thicknesses of the aggregate 
product zones of the Fe/NiO (powder compact) and Fe/NiO 
(single crystal) displacement reactions at 1000~ 

product  m i c r o s t r u c t u r e s  are  obtained,  as shown in 
Fig. 12. The product  phases  a re  also cont inuous and 
in terwoven for this case,  and nickel  f e r r i t e  was again 
detected at the NiO/product  in ter face  by se lec t ive  
etching. 

The main  d i f fe rences  in the product  morphologies  
which r e s u l t  when powder compacts  or s ingle  c r y s t a l s  
of NiO are  used a re  the degree  of f ineness  of the mi -  
c r o s t r u c t u r e  and the morphology at the NiO/product  
in te r face ,  as can be seen by compar ing  Figs.  10(a) 
and 10(b) with Figs.  12(a) and 12(b). This va r i a t ion  in 
product  morphology is a t t r ibuted  to a di f ference in the 
reac t ion  me c ha n i sm  at the NiO/product  in terface ,  
which r e su l t s  f rom the d i s s i m i l a r i t y  in the s t ruc tu re  
of the r eac tan t  NiO. 

When s in t e r ed -powder  compacts  of NiO are  em-  
ployed the product  n ickel  could form in voids which 
a re  p r e se n t  in the NiO. In this case,  the f ineness  of 
the product  morphology would be influenced by the 
pore s ize  in the r eac t an t  NiO. React ions using powder 
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compacts  made from finer mesh NiO have indeed r e -  
sulted in a f iner  product mic ros t ruc tu re  at the NiO/ 
product  interface.  The NiO single c rys t a l s  a re  not 
porous,  and the nucleation and growth p roces ses  at the 
NiO/product interface a re  expected to be more com- 
plex for this case.  

The th icknesses  of the product  zones for both the 
Fe/NiO (powder compact)  and the Fe/NiO (single c r y s -  
tal)  reac t ions  are  plotted as  a function of the square 
root  of the reac t ion  t ime in Fig. 13. Parabol ic  growth 
kinet ics  is obeyed in each case .  The difference in the 
reac t ion  r a t e s  is  a lso  a t t r ibuted to the difference in 
the growth p r o c e s s e s  at the NiO/product in terfaces .  
Invest igat ions  are  being conducted to asce r ta in  the de-  
ta i l s  of the mechanism of the Fe/NiO displacement  
react ion.  

Engineering Implications 

For a composite  mate r i a l ,  the interwoven product 
mic ros t ruc tu re  should be ideal both for the t rans fe r  
of s t r e s s e s  and for r e s i s t ance  to c rack  propagation.  
In support  of this s tatement ,  the product  zones of 
Figs .  10 and 12 were not f rac tu red  by rapid  cooling, 
in cont ras t  to the l ayered  product  phases  of Figs.  3 
and 5. Thus, the in terwoven-aggregate  morphology 
should be the ideal a r rangement  of the product  phases 
in the react ion zone between a compound fiber  and a 
me ta l l i c  mat r ix  of a " r e a c t i v e "  or " incompat ib le"  
composite .  

Considerat ion of the morphology select ion c r i t e r ion  
which was developed in this paper  suggests  that it 
might be poss ib le  to a r t i f i c i a l ly  control  product mor -  
phologies,  and thus the kinet ics ,  for s imple d i sp lace-  
ment react ions .  An ini t ial  coating of sufficient thick-  
ness of the product  metal  between the reac tants  should 
cause the formation (at l eas t  ini t ial ly)  of the aggregate  
morphology r e g a r d l e s s  of the predic t ions  based on 
equivalent th icknesses  of the products .  Likewise, an 
ini t ia l  l ayer  of the product  oxide between the reac tan ts  
should always effect the init iat ion of the layered  a r -  
rangement .  Because of potential  applications to diffu- 
sion bonding and ma te r i a l s  compatibi l i ty ,  this "cont ro l  
technique" may be of engineering importance.  

The select ive  dissolut ion of ei ther  the metal  or the 
oxide phase in the interwoven morphology should p ro -  
vide a means for the production of porous oxide or 
metal  sc reens ,  r espec t ive ly .  Such porous mate r i a l s  
enjoy a range of application,  for example,  as e lect rode 
ma te r i a l s  in fuel ce l l s  and as ca ta lys ts  for react ions  
between gases .  

SUMMARY 

A c r i t e r ion  for the predic t ion of the product  mor -  
phologies for s imple,  so l id - s t a t e  d isplacement  r e a c -  

tions has been developed. If the ra te -con t ro l l ing  step 
in the growth of a presupposed layered  a r rangement  
of the product  phases  is diffusion in the oxide phase,  
then the layered  morphology is s table.  If the r a t e -  
controll ing step is permeat ion of nonmetal through the 
metal  phase,  then the presupposed layered  morphology 
is unstable and an aggregate  a r rangement  of the p rod-  
uct phases  will resu l t .  Predict ions  based  on this c r i -  
te r ion have been supported by exper imenta l  obse rva -  
tions for four react ion couples. The observed p a r a -  
bolic react ion kinet ics  for the react ion couples which 
exhibited the layered  a r rangement  a r e  comparable  
with the values calculated on the bas i s  of avai lable 
thermodynamic and kinetic data. 

Two types of aggregate morphology, which have not 
been repor ted  previously,  have been identified; these 
a re  the l ame l l a r - agg rega t e  and the in te rwoven-aggre-  
gate morphologies.  
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