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A b s t r a c t  

Zr-2.5wt.%Nb alloy specimens, and for comparative purposes pure zirconium, were 
exposed to a pressurized lithiated water environment containing 4.8 g of LiOH per litre 
of H20 at 300 °C, and the oxides at the oxide-metal interface were characterized by 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM). TEM 
and SEM studies show that the barrier oxide layer formed on a Zr-2.5wt.%Nb alloy in 
the aqueous environment has a complex structure. The structure of the barrier oxide 
layer on Zr-2.5wt.%Nb consists of two parts, namely one resulting from corrosion of 
grain boundary phases and the other resulting from corrosion of the bulk a-Zr grains. 
The former consists mainly of tetragonal ZrO2 crystaMtes. The latter consists of amorphous 
or mosaic layers and transformed tetragonal ZrO2. In contrast, the oxide at or near the 
oxide-metal interface on pure zirconium specimens exposed to the same environment 
consists only of amorphous and mosaic structures which are relatively continuous. 

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

A Zr -2 .5Nb  alloy where  the compos i t ion  is given in weight  per  cen t  
and o ther  z i rconium alloys such  as the Zircaloys are used  for  the manufac ture  
of  nuclear  reac to r  core  c o m p o n e n t s  such as fuel c ladding  and pressure  tubing 
because  of  their  low neu t ron  absorp t ion  cross-sect ion,  h igh s t rength and 
high cor ros ion  res is tance under  reac to r  opera t ing  condi t ions  [ 1 ]. The cor ros ion  
and associa ted  hydrogen  ingress behaviour  of  z i rconium alloys are of ten 
cons idered  in te rms  of  the effects of  a "bar r ie r  layer"  at  the ox ide -me ta l  
interface which can significantly reduce  hyd rogen  ingress  and oxidat ion ra tes  
with time, as long as the barr ier  layer  remains  intact  and protect ive.  The 
ques t ions  tha t  needed  to be answered  with respec t  to  this barr ier  layer  were  
as follows: (i) what  is it and (ii) is there  really such  a layer? There are 
relatively few repor ts  of  s tudies on the oxide  close to the o x i d e - m e t a l  interface 
in z i rconium and  its alloys, especial ly Zr -2 .5Nb,  as seen us ing scanning  
electron mic roscopy  (SEM) and t ransmiss ion  e lec t ron  m i c r o s c o p y  (TEM) 
analysis t echniques  [2 -10 ] .  

Garzarolli  e t  a l .  [8] have descr ibed  the micros t ruc ture  o f  the ox ide -me ta l  
interface for  the three different types  of  oxide s t ructure ,  namely  (i) uni form 
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oxides formed in water, (ii) uniform oxides formed in oxygen and (iii) a 
nodular oxide formed in steam on Zircaloy specimens. The main structure 
at the interface for the uniform oxide formed in water  and for the nodular 
oxide formed in steam is a columnar structure of monoclinic ZrO2. This 
monoclinic columnar structure is considered to be formed because, as noted 
by Murase and Kato [11], moisture markedly accelerates crystallite growth 
for both monoclinic and tetragonal ZrO2 and facilitates the tetragonal-to- 
monoclinic phase transformation. The normal structure formed by oxidation 
in oxygen primarily consists of  monoclinic ZrO2 as well as some tetragonal 
ZrO2 and an amorphous structure. In an investigation of Zr-2.5Nb, Warr et 
al. [6] also observed that  amorphous regions were formed not  only at the 
oxide-meta l  interface but also fairly generally at oxide grain boundaries. 
Recently, Wadman and Andren [9] used atom probe analysis and TEM to 
study thin oxide layers grown in air and boiling water on Zircaloy-4 specimens 
and found that the oxide layers 10 nm thick were partially amorphous and 
contained small oxide crystallites. The oxygen content  of the amorphous 
layers was low, less than 50 at.%. 

In order  to determine whether  a barrier oxide layer exists on Zr-2.5Nb, 
which would be responsible for preventing, or at least reducing, hydrogen 
ingress, it is important to obtain information on the nature of the oxide film, 
particularly that which is closest to the oxide-meta l  interface. In the present 
work, we have exposed Zr-2.5Nb pressure tube specimens, and for comparative 
purposes  pure zirconium, to a pressurized lithiated water environment at 
300 °C for short (pre-transition) and long (post-transition) times and have 
studied the formation of a barrier oxide layer using TEM and SEM techniques. 

2. Experimental  details 

2.1. Details of  corrosion tests and specimens 
The starting material was commercial grade Zr-2.5Nb pressure tubing 

supplied by Ontario Hydro in the cold-worked-and-stress-relieved condition. 
Specimens were sections cut  directly from pressure tubing with dimensions 
of approximately 20 m m ×  15 r a m × a b o u t  4 mm (thickness) of pressure 
tubing. The corrosion-hydriding tests were carried out in high pressure (8.65 
MPa), high temperature  (300 °C) static autoclaves of  50 cm 3 capacity. A 
LiOH concentrat ion of 4.8 g of  LiOH per  litre deionized water  (H20) was 
used in order  to accelerate the corrosion reaction. The chemical analysis of 
the tubing and full details of corrosion tests can be found in ref. 10. The 
pure zirconium specimens were arc-melted crystal-bar zirconium and were 
used as a baseline material for comparative purposes.  

2.2. Preparation of specimens for  transmission electron microscopy 
and scanning electron microscopy examination 

Specimens were first cut from the corroded Zr-2.5Nb pressure tubing 
using a low speed diamond saw as shown in ref. 10. In order  to determine 
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the nature of any changes in the barrier oxide layer with exposure time, 
two groups of specimens were chosen, namely those exposed for 40 h (pre- 
transition) and those exposed for 480 h (post-transition). Typical weight 
gain (oxidation) vs. exposure time results for this batch of Zr-2.5Nb specimens 
under these environmental conditions can be found in ref. 10. 

The specimens for TEM and SEM examination included all three sections 
of pressure tubing, namely the axial-radial, radial-tangential and ax- 
ial-tangential surfaces. Thin foil TEM specimens containing the oxide-metal 
interface were then prepared using an ion-milling technique that was modified 
from one originally developed by Moseley and Hudson [12]. The ion beam 
thinning was initially conducted from the metal side until the foil specimen 
was perforated at the edge [7]. The thin foil specimens were examined at 
100 kV in a JEM-100CX microscope with a scanning attachment. 

Full details of the SEM preparation techniques can be found in ref. 10. 
The SEM tapered cross-section technique is particularly designed to observe 
the oxide-metal interface structure. The SEM examination was performed 
on a Nanolab 7 scanning electron microscope. 

3. R e s u l t s  

3.1. S c a n n i n g  electron microscopy  e x a m i n a t i o n  o f  the ox ide  close to 
the ox ide -me ta l  inter face 

Figures l(a)  and l(b) are the SEM micrographs of tapered sections of 
pre- and post-transition specimens of Zr-2.5Nb with the oxide layers on the 
axial-radial surface. Figures 2(a) and 2(b) are SEM micrographs for the 
same specimens but with the oxide layers on the radial-tangential surface. 
Figures 3(a) and 3(b) are SEM micrographs for the same specimens but 
with the oxide layers on the axial-tangential surface. From Figs. 1-3, it can 

(a) (b) 

Fig. 1. Topography of oxides formed at the oxide-meta l  interface for (a) pre-transition (40 
h) and (b) post- transi t ion (480 h) Zr-2.5Nb specimens  exposed to pressurized lithiated water  
containing 4.8 g of LiOH per  litre of H20 at  300 °C (the oxide layer is on the axial-radial  
surface).  
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(a) (b) 

Fig. 2. Topography of oxides formed at the oxide-metal interface for (a) pre-transition (40 
h) and Co) post-transition (480 h) Zr-2.5Nb specimens exposed to pressurized lithiated water 
containing 4.8 g of LiOH per litre of H20 at 300 °C (the oxide layer is on the radial-tangential 
surface). 

(a) (b) 

Fig. 3. Topography of oxides formed at the oxide-metal interface for (a) pre-transition (40 
h) and CO) post-transition (480 h) Zr-2.5Nb specimens exposed to pressurized lithiated water 
containing 4.8 g of LiOH per litre of HsO at 300 °C (the oxide layer is on the axial-tangential 
surface). 

be seen that the oxides formed in cold-worked Zr-2.5Nb pressure tubing in 
pressurized lithiated water at 300 °C are mainly extended along grain 
boundaries and are composed of many fine ZrO2 grains. Oxidation in the 
specimens with different sections proceeds along grain boundaries in the 
same manner. Because of the different a-Zr grain sizes, shapes and orientations 
in the different sections, there are different grain boundary distributions on 
the different section faces, and corrosion can proceed at different rates. The 
underlying relationship between the structure of the metal and the oxidation 
pattern remains. 

The preferred orientation of a-Zr grains in the arc-melted crystal-bar 
specimens is not pronounced as in Zr-2.5Nb pressure tubing specimens. 
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(a) (b) 

Fig. 4. Topography of oxides formed at the oxide-metal interface for pure zirconium specimens 
exposed to pressurized lithiated water containing 4.8 g of LiOH per litre of H20 at 300 °C 
for (a) a short corrosion time (40 h) and (b) a long corrosion time (480 h). 

F igures  4(a)  and  (b) are  typica l  SEM m i c r o g r a p h s  of  ox ides  f o r m e d  on a 
pure  z i rcon ium s p e c i m e n  af ter  e x p o s u r e  for  40 h and  480  h respec t ive ly .  
The m i s m a t c h  be t ween  the  oxide lat t ice and  the  pu re  z i r con ium gives  r ise 
to  s t r e s ses  which  m a y  be  re l ieved by  the  gene ra t ion  of  the spher ica l  c lus te r s  
o f  "caul i f lower- l ike"  granules .  As shown  in Fig. 4(a) ,  the  ox ide  f o r m e d  a f t e r  
a shor t  co r ros ion  t ime  (40  h) has  a " s t r e a k y "  a p p e a r a n c e  and  a p p e a r s  to  
be  different  f r o m  tha t  f o r m e d  af te r  a long  co r ros ion  t ime  (480  h). The  
s t ruc tu re  of  the  ox ide  with the  " s t r e a k y "  a p p e a r a n c e  f o r m e d  af te r  a sho r t  
co r ros ion  t ime  (40 h) can  be seen  be t t e r  in a h igher  magni f ica t ion  m i c r o g r a p h  
(Fig. 5). The oxide  c lose  to the o x i d e - m e t a l  in te r face  also has  a " 'caul i f lower-  
l ike"  s t ruc ture .  

However ,  even  for  high magnif ica t ion  SEM, it was  difficult to reso lve  
the  s t ruc tu re  fully ve ry  c lose  to the  o x i d e - m e t a l  interface.  This  was  a c c o m -  
p l i shed  us ing  TEM techniques .  

3.2. Transmiss ion electron microscopy examina t ion  of  the oxide close 
to the ox ide -me ta l  interface 

3.2.1. Local ized amorphous regions and  mosaic  structure 
Figure  6 shows  a local ized a m o r p h o u s  reg ion  with  fine equ iaxed  t e t r agona l  

crystal l i tes  ( m o s t  are  less  than  10 n m  in size) a t  the  o x i d e - m e t a l  in te r face  
in a p re - t rans i t ion  Z r - 2 . 5 N b  s p e c i m e n  e x p o s e d  for  40 h; the  oxide  layer  is 
pe rpend i cu l a r  to  the  axial  d i rec t ion  of  p r e s s u r e  tubing,  i.e. it lies on  the  
r ad i a l - t angen t i a l  sur face .  The  diffract ion pa t t e rn  ( inset  in Fig. 6) shows  tha t  
the  ox ide  s t ruc tu re  a t  the  oxide--meta l  in te r face  is a m o r p h o u s .  F igure  7(a)  
is a m i c r o g r a p h  of  the  ox ide  f o r m e d  at  the  o x i d e - m e t a l  in te r face  in a pos t -  
t rans i t ion  Z r - 2 . 5 N b  s p e c i m e n  e x p o s e d  fo r  480  h; the  ox ide  layer  l ies on  
the  r ad ia l - t angen t i a l  sur face .  Because  of  p re fe ren t ia l  ion b e a m  thinning,  t he r e  
was  no, or  ve ry  little, ox ide  p r e s e n t  in s o m e  a r ea s  of  the  spec imen .  On 
c o m p a r i s o n  of  Figs. 2 and  7, it can  be s een  tha t  m o r p h o l o g y  o f  the  ox ide  
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Fig. 5. Topography of oxides formed at the oxide-metal interface of a pure zirconium specimen 
exposed to pressurized lithiated water containing 4.8 g of LiOH per litre of H20 at 300 °C 
for a short corrosion time (40 h). 

Fig. 6. Amorphous region with small tetragonal ZrO2 crystallites at the oxide-metal interface 
for a pre-transition Zr-2.5Nb specimen exposed to pressurized lithiated water containing 4.8 
g of LiOH per litre of H20 at 300 °C for 40 h. 

f ron t  as obs e rved  us ing  SEM is cons i s ten t  with tha t  o f  the  ox ide  f ron t  
o b s e r v e d  us ing  SEM. Note  t ha t  the  ox ide  f ron t  shown  in Fig. 2 is f o r m e d  
a long  grain  boundar ies .  The  th inne r  oxide  shown  in Fig. 7 is also f o r m e d  
a long  grain boundar ies .  The  detail  o f  ox ide  s t ruc tu re  can  be  be t t e r  seen  at  
h igher  magni f ica t ion  m i c r o g r a p h s  (Figs.  7(b) and  7(c)).  The  oxide  c lose  to  
the  o x i d e - m e t a l  in te r face  has  a m o sa i c  s t ruc ture  cons is t ing  of  ve ry  smal l  
crystal l i tes  ( 5 - 3 0  nm) .  Misma tch  b e t w e e n  the oxide  lat t ice and  the  me ta l  
g ives  r ise to  s t r e s ses  which  m a y  be  re l ieved by  the  gene ra t ion  of  m o s a i c  
s t ruc tu res  whose  la t t ices  are  sl ightly twis ted or  t i l ted wi th  r e s p e c t  to one  
another .  

F igures  8(a) and  8(b)  are  typica l  TEM m i c r o g r a p h s  of  a p u r e  z i rcon ium 
s p e c i m e n  e x p o s e d  for  a long co r ros ion  t ime  (480  h). Se lec ted-a rea  diffract ion 
(SAD) pa t te rns ,  e.g. the inset  in Fig. 8(a),  show tha t  the  ox ide  shown  in 
Fig. 8(a)  has  an a m o r p h o u s  s t ruc ture .  F igure  8(b)  shows  tha t  the  ox ide  
c lose  to the  o x i d e - m e t a l  in te r face  cons is t s  o f  smal le r  spher ica l  c lus te rs  o f  
"caul i f lower- l ike"  g ranu les  t h a n  those  obse rved  us ing  SEM; c o m p a r e  wi th  
Fig. 4(b).  Each  of  the  smal les t  c lus te rs  has  a mosa i c  s t ruc tu re  whose  lat t ice 
a re  slightly twis ted  or  t i l ted wi th  r e s p e c t  to one  a n o t h e r  (Fig. 8(b)) .  Pure  
z i rcon ium s p e c i m e n s  e x p o s e d  to a 300 °C p ressu r i zed  l i thiated w a t e r  en- 
v i r o u m e n t  show a different  b e h a v i o u r  f r o m  tha t  of  the  Z r - 2 . 5 N b  spec imens .  
Since the pure  z i rcon ium s p e c i m e n s  do not  have  the  c o m p l e x  gra in  b o u n d a r y  
s t ruc tu res  as in the  Z r - 2 . 5 N b  alloys,  preferent ia l  ox ida t ion  a t  the  grain  
bounda r i e s  is no t  observed .  

3.2.2. Crystall ine oxide f o r m e d  near  the ox ide-meta l  interface 
Figures  9(a)  and  9(b)  a re  the  typical  m i c r o g r a p h s  o f  pre-  and  pos t -  

t rans i t ion  Z r - 2 . 5 N b  s p e c i m e n s  respec t ive ly  wi th  oxide  layers  paral lel  to  the  
axial  d i rec t ion of  p r e s s u r e  tubing,  i.e. the oxide  is in the  ax ia l - r ad ia l  surface .  
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(c) 

Fig. 7. TEM mic rog raphs  of  the  oxide fo rmed  at the o x i d e - m e t a l  interface in a pos t - t rans i t ion  
Zr -2 .SNb spec imen  e x p o s e d  to pressur ized  l i thiated wa te r  conta ining 4.8 g o f  LiOH pe r  litre 
of H20 at 300 °C for 480 h. 

(a) (b)  

Fig. 8. Typical (a) a m o r p h o u s  and (b) mosa ic  s t ruc tu res  at the  o x i d e - m e t a l  in terface  for  a 
pure  z i rconium s p e c i m e n  e x p o s e d  to p ressur ized  l i thiated water  conta in ing  4.8 g of  LiOH pe r  
litre o f  H20 at 300 °C for 480 h. 
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(a) Co) 

Fig. 9. TEM micrograph of the oxide-metal interface on (a) pre-transition and (b) post- 
transition Zr-2.5Nb specimens exposed to pressurized lithiated water containing 4.8 g of LiOH 
per litre of H20 at 300 °C (the oxide layer is on the axial-radial surface). 

Fig. 10. TEM micrograph of oxide formed at the oxide-a-Zr interface on a pre-transition 
Zr-2.5Nb specimen exposed to pressurized lithiated water containing 4.8 g of LiOH per litre 
of H20 at 300 °C (the oxide layer is on the axial-radial surface). 

The  under ly ing  m e t a l  s t ruc tu re  of  co ld -worked  Z r - 2 . 5 N b  al loy cons i s t s  o f  
long e longa ted  gra ins  o f  a-Zr wi th  f i laments  o f  ~-Zr  a t  the gra in  b o u n d a r i e s  
[13]. Fine, re la t ively  equ iaxed  gra ins  of  ZrO2 are  f o r m e d  " o n "  the  a-Zr  
grains.  The ZrO2 gra ins  a re  o f  re la t ively  un i fo rm  size rang ing  f r o m  a b o u t  
30 to 50 n m  in size (Fig. 10). The re  was  no ZrO2 p r e s e n t  a t  the  reg ions  
be tween  the a-Zr  gra ins  bu t  this is p r o b a b l y  a resu l t  o f  p re fe ren t ia l  ion b e a m  
th inning a t  t hese  locat ions .  The  SAD pa t t e rn  ( inse t  in Fig. 10), s h o w e d  tha t  
the  oxide  a t  the  oxide--a-Zr  in te r face  was  t e t r agona l  ZrO2. The  m i c r o s t r u c t u r e  
of  the  oxide--meta l  in te r face  w h e r e  the  ox ide  layer  is p e r p e n d i c u l a r  to  the  
axial  d i rec t ion  of  p r e s s u r e  tubing,  i .e. the  ox ide  is on  the  r ad i a l - t angen t i a l  
surface ,  is shown  in Figs. l l ( a )  and  l l ( b ) .  The  oxide  f o r m e d  at  the  a-Zr 
grain bounda r i e s  has  a var iable  grain  size with g ra ins  as  smal l  as  10 n m  
(Fig. 11 (a)). S o m e  a r ea s  of  the  ox ide  f o r m e d  at  the  gra in  boundar ies ,  usual ly  
far  f r o m  the  o x i d e - m e t a l  in terface ,  con ta ined  c racks  and  po re s  (Figs.  l l ( a )  
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(a) (b) 

Fig. 11. TEM micrographs showing that the oxide formed at the oxide-metal interface on a 
Zr-2.5Nb specimen exposed to pressurized lithiated water containing 4.8 g of LiOH per litre 
of n20 at 300 °C for 40 h has a variable grain size with some areas with grains as small as 
20 nm (the oxide layer is on the radial-tangential surface). 

! 

Fig. 12. TEM micrograph of oxide (tetragonal and monoclinic ZrO2) formed at the a-Zr grain 
boundaries on a post-transition specimen (the oxide layer is on the radial-axial surface). 

Fig. 13. TEM micrograph of oxide (tetragonal ZrOz) formed at the oxide-a-Zr interface on a 
post-transition specimen (the oxide layer is on the radial-axial surface). 

a n d  11 Co)). F o r  the  p o s t - t r a n s i t i o n  s p e c i m e n s ,  a l t h o u g h  the  b u l k  of  t he  ZrO2 
g r a i n s  n e a r  the  a -Zr  g r a in  b o u n d a r i e s  a re  f ine ( 3 0 - 5 0  n m ) ,  s o m e  of  the  

g r a i n s  a re  m u c h  l a r g e r  t h a n  50  n m  (Fig.  12). The  SAD p a t t e r n  of  the  ox ide  
a r e a  s h o w n  in  Fig.  12 i n d i c a t e s  t h a t  the  ox i de  is a m i x t u r e  of  t e t r a g o n a l  
a n d  m o n o c l i n i c  ZrOe. F i g u r e  13 is a n o t h e r  typ ica l  TEM m i c r o g r a p h  of  the  
ox ide  a t  t he  o x i d e - m e t a l  i n t e r f a c e  for  a p o s t - t r a n s i t i o n  s p e c i m e n .  T h e  SAD 
p a t t e r n  ( i n se t  in  Fig.  13)  s h o w s  t h a t  the  ox i de  is t e t r a g o n a l  ZrO2. As  s h o w n  
in  Figs .  12 a n d  13, t he re  are  two  typ ica l  s t r u c t u r e s  for  t he  ox ide  c lose  to  
the  i n t e r f a c e  in  p o s t - t r a n s i t i o n  s p e c i m e n s .  
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4. D i scuss ion  

4.1. Formation of  barrier oxide layer on Zr-2.5Nb alloy 
Several theories [14, 15] have been proposed to describe the kinetics 

and mechanisms of the corrosion behaviour in zirconium and its alloys. Some 
of the viewpoints are contradictory, often because of poor understanding of 
the microstructure of the barrier oxide layer at the oxide-metal  interface. 

As shown in Fig. 6 for a pre-transition specimen, we observed amorphous 
regions at the oxide-metal interface where very fine (smaller than 10 urn) 
tetragonal ZrO2 crystallites formed. An SEM examination of a post-transition 
specimen showed that the microstructure of metal close to the oxide-metal  
interface was different from that far away from the interface; the a-Zr grains 
close to the interface appeared "larger" than the a-Zr grains far from the 
interface [16]. The solubility limit of oxygen in a-Zr, which is much larger 
than that of oxygen in fl-Zr, is 29 at.%. During oxidation, oxygen dissolution 
takes place simultaneously with the growth of oxide, so that a metal zone 
rich in oxygen forms beneath the oxide layer. Therefore there is an intermediate 
oxygen-rich layer in the metal (a-Zr) close to the oxide-metal  interface. The 
formation of amorphous regions may be related to kinetics of this intermediate 
layer formation. 

It has been known for some time that the initial film which forms on 
tantalum, and on other metals such as aluminium, is amorphous rather than 
crystalline at low temperatures and/or low current densities [17-20 ]. There 
are at least two processes by which an amorphous anodic tantalum oxide 
film may be crystallized: (i) by heating at 800 °C; (ii) by holding at temperatures 
from 0 to 100 °C in the presence of a strong electric field. The crystallization 
of amorphous anodic Ta205 films has been found to be influenced by the 
temperature, the applied voltage, the condition of the metal surface and the 
impurity content of the metal. The oxidation of cold-worked Zr-2.5Nb pressure 
tubing in pressurized lithiated water at 300 °C proceeds first along grain 
boundaries at which there are fl-Zr and its decomposition products and then 
continues on a-Zr grains [10]. Most of impurities in cold-worked Zr-2.5Nb, 
such as iron, magnesium, aluminium, chromium, hafnium and titanium, are 
concentrated at the grain boundaries. These impurities can act as nucleation 
sites. Because the oxide formed during the aqueous corrosion of Zr-2.5Nb 
for long times is white and porous, lithiated water is probably able to penetrate 
much closer to the oxide-metal  interface [21, 22 ]. The crystallization process 
is significantly facilitated by aqueous solution at grain boundaries. Therefore 
the oxide formed at the grain boundaries in cold-worked Zr-2.5Nb, which 
contains fl-Zr and its decomposition products together with impurities, consists 
mainly of crystallites rather than the amorphous phase. 

As the oxidation of cold-worked Zr-2.5Nb pressure tubing in pressurized 
lithiated water then proceeds on a-Zr grains, a different corrosion mechanism 
is operative. The amorphous regions that we see in Fig. 6 are most probably 
a result of corrosion of a-Zr grains. This amorphous layer most probably 
has a structure with oxygen anion vacancies [9]. Since fresh oxide is formed 
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at the oxide-meta l  interface by the inward migration of oxygen anions for 
zirconium and its alloys, the outer layers of the oxide are those first formed. 
As the oxidation process  proceeds,  oxide at the oxide-metal  interface is 
continuously replaced by fresh oxide. As well as oxidation, several other  
kinetic processes  are occurring, in particular phase transformations in ZrO2 
which affect the structure of the barrier oxide layer formed at the oxide-meta l  
interface. The nucleation of ZrO2 crystallites within the amorphous phase, 
which is assisted by impurities in the metal, the particular condition of the 
metal surface and compressive stresses in the oxide, and the subsequent  
growth of these crystallites result in the formation of a mosaic structure. 
The mosaic structure consists of tetragonal ZrO2 crystallites. The tetragonal, 
rather than the monoclinic, structure is attributed to the fine grain size of 
the ZrO2 and the compressive stresses developed at the oxide-meta l  interface. 
Low valence niobium oxide and oxygen vacancies can also stabilize tetragonal 
ZrO2 at the oxide-meta l  interface down to temperatures  as low as room 
temperature.  After further oxidation of the metal, the fine Zr02 crystallites 
in the mosaic structure gradually increase in size and become equiaxed 
tetragonal ZrO2 grains. AS long as the grain size of ZrO2 remains smaller 
than some critical size, and/or the compressive stresses are larger than some 
critical pressure value, ZrO2 continues to have the tetragonal structure. As 
any individual ZrO2 layer moves away from the interface, the compressive 
stresses decrease rapidly. AS the compressive stresses decrease and the grain 
size increases through the thickness of the oxide as one moves away from 
the oxide-meta l  interface, the tetragonal ZrO2 is t ransformed to monoclinic 
ZrO2. Because the surface energy of monoclinic ZrO2 is larger than that of 
tetragonal ZrO2, monoclinic ZrO2 grains grow easily in one direction, e.g. 
along the C axis direction of tetragonal ZrO 2 with the largest plane interval 
(i.e. with large surface energy), and develop a columnar structure. Ganzarolli 
et al. [8] and other  early work [23-25]  has provided evidence for the 
columnar crystallite morphology in oxides formed on zirconium and its alloys. 
Therefore the sequence of structural changes undergone by the oxide is first 
from an amorphous phase to a mosaic structure, then to equiaxed tetragonal 
ZrOe and finally to monoclinic ZrO2. The amorphous and mosaic structures 
formed during the corrosion of a-Zr grains in Zr-2.SNb are similar to those 
formed during the corrosion of pure zirconium. 

4.2. Structure of  the barr ier  oxide layer  f o r m e d  at the ox ide -me ta l  
interface 

It has been known for many years that the oxide films on zirconium 
and its alloys during thermal oxidation were largely crystalline and were 
mainly monoclinic ZrO2. Although it is generally agreed that the barrier oxide 
acts as a protective layer, the structure of the barrier oxide layer formed 
very close to the oxide-meta l  interface has not been understood very well. 

In the commercial  Zr-2.5Nb pressure tubing, a satisfactory corrosion 
resistance is obtained in tubing which is made by extrusion at 850 °C (in 
the a-Zr +/3-Zr region), cold working and stress relieving (autoclaving). The 
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Fig. 14. (a) Schematic illustration of the structure of the barrier oxide layer formed during 
the aqueous corrosion of Zr-2.5Nb showing that it consists of two parts: (i) one from corrosion 
of grain boundary phases (region B) and (ii) the other from corrosion of a-Zr grains (region 
A). Co) Magnified view of region A. 

s t ruc tu re  of  such  p r e s s u re  tub ing  cons i s t s  o f  e longa ted  a-Zr  gra ins  and  a 
gra in  b o u n d a r y  ne twork  of  m e t a s t a b l e  fl-Zr tha t  con ta ins  20 wt.°/0 Nb [26]. 
Dur ing  co r ros ion  of  co ld -worked  Z r - 2 . 5 N b  p re s su re  tubing,  the re  are  two 
poss ib le  m e c h a n i s m s :  (i) gra in  b o u n d a r y  p h a s e  co r ros ion  and  (ii) bulk  a-Zr 
gra in  cor ros ion;  see  s c h e m a t i c  i l lustrat ion in Fig. 14. In reg ions  such  as  B 
in Fig. 14(a) ,  the  oxide  f o r m e d  f rom the oxida t ion  of  impur i t ies  or  grain 
b o u n d a r y  phases ,  e.g. mixed  ox ides  such  as 6ZrO2-Nb205,  have  a var iable  
grain  size with s o m e  grains  as  smal l  as 10 n m  and o thers  la rger  than  50 
n m  (Figs. 11 and 12). S o m e  a reas  of  the  ox ide  f o r m e d  f r o m  grain b o u n d a r y  
phases ,  usual ly  far  f rom the o x i d e - m e t a l  interface,  con ta ined  c racks  and  
pores .  These  a reas  can  b e c o m e  shor t -c i rcui t  pa ths  for  the  diffusion of  oxygen  
an ions  to the  ox ide-meta l  in terface .  At high LiOH concen t ra t ions ,  for  e x a m p l e  
in a so lu t ion  of  4.8 g of  LiOH pe r  litre o f  H20 solut ion such  as in these  
s tudies ,  shor t -c i rcui t  diffusion a t  grain bounda r i e s  p r o d u c e s  a significant  
inc rease  in co r ros ion  rates .  The  oxide,  which  is ve ry  c lose  to  the  o x i d e - m e t a l  
in te r face  and  is f o rm ed  f rom a-Zr grains,  has  an a m o r p h o u s  or  mosa i c  
s t ruc ture ,  as shown in Figs. 6 and  7. The a m o r p h o u s  layer  is at  the  o x i d e - m e t a l  
(a-Zr)  interface,  immedia te ly  ad jacen t  to  which  is a-Zr(O) (a-Zr(O) indicates  
a-Zr  with a high intersti t ial  oxygen  con ten t )  be low (Fig. 14(b)) .  Because  in 
p u r e  z i rconium,  h.c.p,  a-Zr is s table  at  t e m p e r a t u r e s  up  to 862 °C and there  
are  no  c o m p l e x  grain b o u n d a r y  s t ruc tu res  as in the Z r -2 .5Nb ,  there  is no 
p re fe ren t i a l  oxida t ion  a t  the  grain  bounda r i e s  but  r a the r  the  a m o r p h o u s  and  
m o s a i c  s t ruc tu res  fo rm as a re la t ively con t inuous  film. The  local ized a m o r p h o u s  
and  m o s a i c  s t ruc tu res  f o rm ed  f r o m  a-Zr  gra ins  in Z r - 2 . 5 N b  (e.g. in reg ions  
such  as  A in Fig. 14) are s imilar  to those  f o r m e d  on  p u r e  z i rconium,  but  
they  are  not  con t inuous  b e c a u s e  of  the  different  oxide  f o r m e d  at  the grain 
b o u n d a r i e s  which  conta in  the  fl phase  and  impuri t ies .  

5. C o n c l u s i o n s  

TEM and  SEM studies  show the s t ruc tu re  of  a ba r r i e r  ox ide  layer  at  
the  oxide--meta l  in ter face  in the  Z r - 2 . 5 N b  s p e c i m e n s  e x p o s e d  to  a p ressu r i zed  
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lithiated water environment containing 4.8 g of LiOH per litre of H20 consists 
of amorphous, mosaic and tetragonal ZrOz layers. Amorphous and mosaic 
structures, which are similar to those formed in pure zirconium specimens, 
arise mainly from the corrosion of hulk a-Zr grains in Zr-2.5Nb specimens. 
Tetragonal ZrO2 arises from the corrosion of grain boundary phases and 
transformation of amorphous and mosaic structures formed from the corrosion 
of bulk a-Zr grains. 
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