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STRUCTURE AND ENERGY OF N i / N i O  INTERFACES 

H.T. Sawhill and L.W. Hobbs 

Massachusetts In s t i t u t e  of TechnoZogy, Cmbridge, Mass. 02139, U.S.A. 

Resume - La s t r u c t u r e  e t  1  'énergie d ' i n t e r f a c e s  N i / N i O  développées par oxydation de 
n i c k e l  de haute pureté o n t  é t é  étudiées par  microscopie é lec t ron ique  en transmission. 
La préparat ion des échan t i l l ons  de MET a  é t é  e f fec tuée  à 1  ' a i d e  d'une méthode permet- 
t a n t  d ' o b t e n i r  des sect ions p a r a l l e l e s  ou perpendicu la i res à l ' i n t e r f a c e .  Les 
s t ruc tu res  i n t e r f a c i a l e s  sont discutées à 1  'a ide  de modeles de mai l  l e s  en proche 
coincidence ( t ype  CSL-DSC) ou de coincidence des d i r e c t i o n s  l e s  p lus  denses. Des 
franges de moiré o n t  é t é  observées dans l e  cas des i n t e r f a c e s  correspondant aux r e -  
l a t i o n s  topotact iques Ni/NiO l e s  p lus  fo r tes ;  un modèle a  é t é  développé pour d é c r i r e  
l e  comportement de ces franges de moiré dans l e  cas d'une i n t e r f a c e  i n c l i n é e .  
L 'énerg ie des in te r faces  Ni/NiO a  é t é  estimée à p a r t i r  des angles d i  hédraux mesurés 
aux jonc t ions  t r i p l e s  e n t r e  l e s  g ra ins  de Ni e t  NiO; l e s  r é s u l t a t s  sont exprimés par 
l e  rappor t  en t re  l ' é n e r g i e  i n t e r f a c i a l e  Ni/NiO e t  l ' é n e r g i e  des j o i n t s  de gra ins de 
Ni ou de Ni0 pour lesquels  des est imat ions suffisamment précises sont  d isponib les.  

Abst ract  - The s t r u c t u r e  and energy o f  Ni/NiO in te r faces  i n  ox id ized  h igh p u r i t y  
n icke l  were invest igated using Transmission Elect ron Microscopy. P a r a l l e l  and t rans-  
verse sect ion techniques were employed i n  producing TEM specimens. The Ni/NiO 
i n t e r f a c e  s t ruc tu res  observed were compared w i t h  ce11 matching models (extended 
CSL-OSC) as we17 as models based on matchi ng close-packed d i r e c t i o n s  across the 
in te r face .  Moi r é  f r i n g e s  were observed i n  in te r faces  possessing s t rong t o p o t a c t i c  
r e l a t i o n s  between the Ni and NiO. Special a t t e n t i o n  was pa id  t o  the geometry o f  the 
moiré f r i nges  and a n a l y t i c  models were developed t o  describe moiré f r i n g e  behavior 
i n  i n c l  ined in te r faces .  Estimates f o r  the  energy o f  Ni/NiO in te r faces  were obtained 
from dihedra l  angle measurements a t  t r i p l e  g r a i n  junct ions between N i  and Ni0 grains. 
The energies are repor ted as r a t i o s  of Ni/NiO i n t e r f a c e  energies t o  e i t h e r  Ni o r  
N i0  g r a i n  boundary energies fo r  which reasonably prec ise est imates are ava i lab le .  

I n t r o d u c t i o n  

Meta1 -metal oxide in te r faces  cons t i  t u t e  a  cu r ren t  area o f  i n t e r e s t  i n  i n t e r -  

f a c i a l  science and t h e i r  p roper t ies  are o f  considerable technologica l  importance t o  

the ox ida t ion  and corros ion science communities. Nickel  ox ida t ion  provides a  con- 

venient  method f o r  studying such a  heterophese in te r face  because o f  the inherent  

c rys ta l log raph ic  s i m p l i c i t y  (both Ni0 and Ni have FCC l a t t i c e  type), and the  o v e r a l l  

p roper t ies  o f  both n icke l  and n icke l  oxide have been reasonably thoroughly character- 

ized. I n  t h i s  study, both s t r u c t u r e  and energy o f  Ni/NiO in te r faces  are invest igated 

using transrni ss ion e lec t ron  mi croscopy. The s t ruc tu res  are analyzed i n  terms of cur- 

r e n t  heterophase in te r face  models w h i l e  the Ni/NiO i n t e r f a c i a l  energies are repor ted 

as r a t i o s  wi t h  g r a i n  boundary energies o f  e i t h e r  n icke l  o r  n i c k e l  oxide. Moiré 

f r i nges  are repor ted f o r  c e r t a i n  Ni/NiO in te r faces  ; t h e i r  image i n t e r p r e t a t i o n  

was inves t iga ted  through supplemental moiré experiments on gold f o i l s ,  using Wigner- 

S e i t z  ce11 w a l l  const ruct ions i n  the analys is .  
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Experimental Procedure 

The d e t a i l s  o f  sample preparat ion, ox ida t ion  and t h i n n i n g  procedures f o r  the  

h igh  p u r i t y  n i c k e l  (99.995%) are described i n  d e t a i l  i n  reference 1. Al1 samples i n  

t h i s  paper were ox id ized  15 min. i n  3kPa. f l ow ing  O2 a t  l273K. Gold t w i s t  bound- 

a r i e s  were produced by evaporat ion and welding o f  go ld f o i l s  as o u t l i n e d  i n  reference 
2 .  Al1 boundary and d ihedra l  angle measurements were determined by p r o j e c t i o n  

fo l low ing  til t i n g  about two independent axes, checking f o r  consistency us ing vec to r  

algebra f o r  t i l t e d  c r ~ s t a l s . [ ~ ~  The accuracy o f  p r o j e c t i v e  analys is  i s  l i m i t e d  by 

the determinat ion o f  c r y s t a l  thickness times an i n c l i n a t i o n  fac to r ,  and i s  o f  the  

order  o f  5%. 

Ni/NiO I n t e r f a c e  Structures 

The c r y s t a l  l og raph ic  o r i e n t a t i o n  between the  N i0  g r a i n  over l y ing  t h e  Ni g r a i n  

shown i n  F ig.  l a  i s  <3" o f f s e t  from the commonly observed Ni/NiO topotaxy o f  (001) 

[lï0lNill (1 11 ) [ ~ T O ] ~ ~ ~ .  ['] The Ni/NiO in te r face ,  however, i s  i n c l  ined and possesses 

q u i t e  a d i f fe ren t  geometry. The i n t e r f a c e  supports a p e r i o d i c  s e t  o f  i n t e r f a c e  d i s -  

l oca t ions .  I t was n o t  poss ib le  t o  determine unambiguously the Burgers vectors  o f  

these l i n e  defects  v i a  g.b c r i t e r i o n  because o f  microscope t i l t i n g  cons t ra in ts .  How- 

ever, the s t ruc tu res  were n o t  v i s i b l e  f o r  g  perpendicular t o  the p ro jec ted  l i n e  sense 

i n d i c a t i n g  t h a t  they are predominantly screw-type. I t  i s  presumed t h a t  the p e r i o d i c  

d i s l o c a t i o n s  accommodate the m isor ien ta t ion  from a low energy con f igu ra t ion .  The 

c r i t e r i a  f o r  low energy boundaries i n  Ni/NiO are n o t  we l l  establ ished, b u t  i t  ap- 

pears t h a t  p a r a l l e l i s m  o f  c lose packed d i r e c t i o n s  across t h e  i n t e r f a c e  i s  important.  

Fecht and G l e i t e r  ( t h i s  Journal) demonstrated t h a t  low energy con f igu ra t ions  between 

noble metals and i o n i c  c r y s t a l s  a re  establ ished when there  i s  p a r a l l e l i s m  o f  low i n -  

dex planes and close-packed d i r e c t i o n s  across the  i n t e r f a c e .  I n  t h i s  p a r t i c u l a r  

topotaxy, there i s ,  i n  a d d i t i o n  t o  para1 l e 1  low index planes and close-packed d i rec -  

t i o n s ,  a  complementary s e t  o f  p a r a l l e l  planes a t  an angle t o  the i n t e r f a c e  shown i n  

Fig. l b .  I t i s  poss ib le  t h a t  the p e r i o d i c  re laxa t ions  observed i n  Fig. l a  r e s u l t  i n  

an e f f o r t  t o  accommodate m is f i  t from exact p lane matching f o r  boundary o r i e n t a t i o n s  

l a r g e l y  i n c l i n e d  from the boundary normal i l l u s t r a t e d  i n  F ig.  l b .  

A second Ni/NiO i n t e r f a c e  i s  shown i n  Fig. 2. I n  area (A) the  geometry i s  bes t  
1 

described by a ce1 1 matching near coincidence mode1 (1  iO)[002][~20]Nill ( l lO) [11317 

[332INi0. The i n t e r f a c e  normal i n  area (B) i s  changing o r i e n t a t i o n  and a concurrent 

change i n  i n t e r f a c i a l  s t r u c t u r e  i s  observed. Analysis o f  t h i s  i n t e r f a c e  i s  compli- 

cated by t h i s  non-pl anar-geometry and fi na1 repor ts  wi 11 f o l l o w  f u r t h e r  invest igat ion.  

Although near coincidence atomic s i t e  models appear t o  be appropr ia te i n  t h i s  case as 

w e l l  as cases presented l a t e r  i n  which s t rong  topotaxy across the  in te r face  OCCUrS, 

t6ese models work less  we l l  i n  the case o f  Fig. 1  i n  which al ignment o f  low index 

planes appears t o  be important.  

Moiré Fringes 

I n  order  t o  b e t t e r  i n t e r p r e t  i n fo rmat ion  contained i n  moiré patterns, supplemen- 

t a r y  experiments were performed us ing low angle (001) t w i s t  boundaries i n  gold. For 



i c i ,  

Fig. l - ( a )  Ni/NiO i n t e r f a c e  screw d is loca t ions  i n  i n c l i n e d  in te r face ;  
(b) Geometry o f  Ni/NiO topotaxy shown i n  Fig. l a .  

F ig .  2-Ni/NiO i n t e r f a c e  s t r u c t u r e  changing wi t h  boundary o r i e n t a t i o n .  

Fig. 3-Moiré f r i n g e s  between Ni and N i0  i n  transverse sect ion.  

overlapping c r y s t a l s  w i t h  small m isor ien ta t ion  ( t w i s t  i n  t h i s  case) imaged under 

s t rong 2 beam d i f f r a c t i o n  condit ions, the i n t e n s i t y  o f  the moiré p a t t e r n  takes the 

form o f  eq. [l]: 1 = F  + G cos ( 2 ~ g - R  - xo) C l  1 
where F, G and xo are constants ( d i f f e r e n t  f o r  b r i g h t  and dark f i e l d )  g  i s  the 

rec ip roca l  l a t t i c e  vector  o f  the top c r y s t a l  (#1) (s t rong  2-beam cond i t i on )  and 

vec to r  R describes the displacement ( i n  t h i s  case a  r o t a t i o n )  o f  c r y s t a l  2  l a t t i c e  

pos i t i ons  r e l a t i v e  t o  c r y s t a l  1  l a t t i c e  pos i t i ons  i n  the i n t e r f a c e .  The r e s u l t i n g  

i n t e n s i t y  i s  described by a s e t  o f  cosine f r inges,  w i t h  b r i g h t  f r i n g e s  corresponding 

t o  the l o c i  o f  po in ts  f o r  which cos (2rg.R) = 1  ( w i t h  xo = O). This c o n d i t i o n ' i s  

s a t i s f i e d  whenever R i s  a  l a t t i c e  vector  o f  c r y s t a l  1. Solut ions a re  p o s i t i o n  

vectors  i n  t h e  coordinate frame o f  l a t t i c e  2  w i t h  associated displacement vectors 

equal t o  c r y s t a l  1  l a t t i c e  vectors. These l o c i  are given by eq. 2: 
Y = ( 1  - A-l)71a [2] where y  a re  the p o s i t i o n  vectors  i n  the coordinate frame 

o f  l a t t i c e  2, A  i s  the c r y s t a l  m isor ien ta t ion  matr ix ,  1 i s  the  i d e n t i t y  matr ix ,  

and "a" are the l a t t i c e  vectors  o f  c r y s t a l  1. When a  s e t  o f  bas is  vectors of 

c r y s t a l  l a t t i c e  1  are subs t i tu ted  i n t o  eq. 2, a  s e t  o f  bas is  vectors i s  produced 

which form a  1  i n e a r l y  r e l  ated l a t t i c e ,  which i s  equ iva len t l y  Bollmann's "0" l a t t i  ce. c51 
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Fig. 4-(a) unti l ted and (b) 25" t i l t e d  (about g) show projective geometry of 
Wigner-Seitz ce l l s  for  both moirés and dislocations. 

Since Wigner-Sei t z  ce1 1 walls constructed around "O" points correspond to  1 ines of 

constant displacement of a basis vector of crystal 1, the l ines imaged in moiré pat- 
terns are ce11 walls with associated displacement vectors parallel t o  g. To 
i l l u s t r a t e  th i s  principle, a gold twist  boundary was t i l t e d  about the (200) axis 

(axis parallel t o  g). The unti l ted and t i l t e d  micrographs are shown in Fig. 4a and 
b. The interface screw dislocations ( A )  b = g l l ~ ]  and the moiré fringes (B) have 
geometries described by projections of Wigner-Seitz ce11 walls ont0 the plane having 
normal para1 1 el t o  the beam direction.  

This Wigner-Seitz ce11 wall construction was a lso  u t i l ized in analysing singu- 
l a r i t i e s  in moiré patterns for  which the reader i s  referred to reference 6 fo r  
deta i l s .  Since the moiré patterns r e f l ec t  the displacements across the interface 

between two overlapping crystals ,  t he i r  presence suggestsan absence of dislocation 
l ines with prominent Burgers vectors parallel to g. In Fig. 3 moirés only are ob- 

served with no hint  of interface structures.  From a ser ies  of micrographs similar 

to Fig. 3 we make the generalization that  Ni/NiO interfaces with strong topotactic 

relat ions across the interface do not appear to contain interface structures with 

appreciable Burgers vector content. The multibeam interference patterns obtained 

fo r  epitaxial  Ni nickel produced by part ial  reduction of ~ i 0 [ ~ ]  show no appreciable 

deviations from patterns calcul ated by the present authors in whi ch i nterfacial  dis- 
locations were excluded. 

Energy of Ni/NiO Interfaces 
The re la t ive  energies of Ni/NiO interfaces in oxidized nickel samples were de- 

termined from dihedral angle measurements a t  t r i p l e  grajn junctions in which one or  
two of the grains were nickel oxide and the remaining grain(s)  were nickel. TWO 

examples are  presented, the f i r s t  involves a nickel grain boundary intersecting t w 0  

Ni/NiO interfaces shown in Fig. 5. The misorientation between the two nickel grains 

i s  approximately a 32' rotation about [O011 axis,  which indicates tha t  i t s  in ter -  
facial  energy i s  in the range of a high angle grain boundary in Ni. The two Ni/NiO 

boundaries exhibit  positive curvature as they approach the l ine  of intersection.  
The r e l a t ive  interfacial  energies of the three interfaces i s  given by the Herring 



e q u i l  i b r ium formula which includes i n t e r f a c i a l  torque terms. C81 Torque terms a r i s e  

from v a r i a t i o n s  of i n t e r f a c i a l  energy w i t h  surface o r i e n t a t i o n  and a re  equiva lent  

t o  the angular der i va t i ves  of energy measured on the Wul f f  p l o t .  L i t t l e  i s  known 

about the geometry o f  the Wu l f f  p l o t s  f o r  Ni/NiO in te r faces  a t  the  present due t o  

the  l a c k  o f  i n t e r f a c i a l  energy measurements. The synnnetry o f  the Wul f f  p l o t  was 

ca lcu la ted  f o r  several common topotaxies observed i n  the  Ni/NiO system b u t  the re -  

su1 t s  prove t o  be o f  1  i t t l e  he lp  because o f  the low symmetries whi ch resu l  t. I n  

the present case the symmetry i s  1  w i t h  symmetries o f  o ther  cases inves t iga ted  being 

t y p i c a i i y  q u i t e  iow (e.g. 2  i s  the symmetry o f  the  ~ u i f f  p l o t  f o r  (l l l)[ iïO]Nill (001) 

[ l ïO ]N iO  and (OO1)[lTO]NilJ (1 12) [ ~ T o ] ~ ~ ~ ) .  The i a r g e s t  torque terms occur near cusps 

i n  the Wul f f  p l o t s  (up t o  2 0 % ~ ~  near cusps i n  Ni),  b u t  i n  regions away from the 

cusps, the torque terms are q u i t e  low (<2%yS,>5" from cusp i n  n i c k e l )  .Cg] The cur- 

vature i n  Fig. 5  o f  the Ni/NiO in te r faces  i s  reasonably constant w i t h  no sharp 

changes i n  the morphology,so i t  i s  be l ieved t h a t  the energy measured w i l l  be repre- 

sen ta t i ve  o f  an average value over a wide angular range,but w i t h  l i t t l e  v a r i a t i o n  i n  

curvature the der i va t i ves  o r  torque terms are considered small. When torque terms 

i n  Fig. 5  are neglected the r e l a t i v e  energies of the two Ni/NiO in te r faces  w r i t t e n  

i n  terms o f  the energy o f  the h igh angle Ni g r a i n  boundary are as fo l l ows :  

y( ' )  (Ni/NiO) = 1.16 y(Ni-gb), y(') (Ni/NiO) = 1.12 y(Ni-gb) 

A second t r i p l e  g r a i n  j u n c t i o n  i s  shown i n  Fig. 6a f o r  the  case w i t h  a Ni0 g ra in  

boundary i n t e r s e c t i n g  two Ni/NiO in te r faces .  The Ni0 g r a i n  boundary i s  a  1.8" tilt 

boundary [(110) plane w i t h  (001) tilt axis].  The edge d is loca t ions  w i t h  Burgers vec- 
1 

t o r s  d l 1 0 1  and average spacing 9.2nm are shown i n  Fig. 6c. There i s  a lso  i n t e r f a c e  

s t r u c t u r e  i n  one o f  the Ni/NiO boundaries as seen under the h igher  magn i f i ca t ion  o f  

Fig. 6b. I n  t h i s  example the o r i e n t a t i o n  o f  the Ni0 gb i s  near a L = 1 cusp i n  the 

Wu l f f  p l o t  f o r  the two N i0  grains, the re fo re  torque terms are l i k e l y  t o  be important 

and are inc luded i n  the s o l u t i o n  t o  Her r ing 's  e q u i l i b r i u m  equation. I n  t h i s  case 

the r e l a t i v e  energies of the Ni/NiO i n t e r f a c e s  are as fo l lows:  

y(') (NiO/Ni-torque term o f  Ni/NiO i n t e r f a c e )  = 0.85{v(Ni0-low angle gb)-torque te rml  

y(') (NiO/Ni ) = 1.34Cy(NiO-low angle gb)-torque terms) 

The torque terms are omi t ted from y(') (Ni/NiO) f o r  the reasons discussed i n  the pre- 

vious example. Judging from these r a t i o s  o f  energies and values o f  Ni and Ni0 g r a i n  

boundary energies from r e f .  8&9, the Ni/NiO i n t e r f a c i a l  energies a re  roughly i n  the 

neighborhood o f  1000 mJ/m2 w i t h  i n t e r f a c e s  such as i n  Fig. 6b being probably 75% 

o f  t h i s  value. The poss ib le  range o f  values f o r  these i n t e r f a c i a l  energies w i l l  be 

b e t t e r  documented and a more comprehensive analys is  performed as f u r t h e r  experimen- 

ta1 values a re  reported. Oxidat ion s t resses and growth anisot ropy may in f luence  the 

oxide g r a i n  o r i e n t a t i o n s  and hence t h e  type  o f  boundaries impinging upon t r i p l e  

g r a i n  junct ions,  b u t  t h e i  r i n f l u e n c e  on energy measurements per  se i s  considered 

minor s ince boundary curvature t o  es tab l  i s h  e q u i l  i b r i u m  d ihedra l  angles i s  qu i  t e  

loca l i zed .  
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Fig. 5 - Tr ip le  grain junction with N i  grain boundary. 

Fig. 6-(a) Tr ip le  grain junction with Ni0 grain boundary; 
(b) higher mag. of N i I N i O  i n t e r f a c e  s t ruc ture ;  
(c)  higher mag. of edge d i s loca t ions  i n  Ni0 t i l t  boundary. 
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