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Abstract

This article presents an overview of the surface chemistry of zirconium, focusing on the
relationship of what is known from model studies and how this connects to current and future
applications of Zr-based materials. The discussion includes the synergistic nature of adsorbate
interactions in this system, the role of impurities and alloying elements, and temperature-
dependent surface–subsurface transport. Finally, some potential uses of zirconium and its
alloys for biomedical and nanolithographic applications are presented.
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1. Contextual overview

Zirconium has a unique combination of properties that historically led to its use
as a structural material in nuclear fission reactors. Zirconium was chosen for this role
since it provides desirable mechanical strength and processing characteristics com-
mon to other metals, but with a much lower thermal neutron absorption cross-sec-
tion. Equally as important, it is corrosion resistant in service, which is intimately
related to its surface chemistry. Refs. [1–4] provide excellent overviews of nuclear
technology and the role played by zirconium-based materials in BWR and PWR
applications.

An obvious question is ‘‘why are studies of surface chemistry relevant to such
real-world environments?’’ The main reason is that unlike many metal alloy systems,
zirconium alloys used in the nuclear industry are very pure and can almost be con-
sidered single-component systems. For example, nuclear-grade Zry-2 has a compo-
sition of roughly 98.1% Zr, 1.5% Sn, and less than 0.4% of Fe, Cr and Ni
combined. Because of this we anticipate that for the Zr materials system, we will
be able to connect surface science results with real-world observations better than
has been possible in other systems.

Recently, the chemical and aerospace communities have begun to take advantage
of the corrosion resistance of this class of materials. In addition, the biomedical com-
munity has also begun to use zirconium-based materials in prosthetics applications
particularly due to their excellent wear characteristics. Chemical-grade, rather than
nuclear-grade, materials are often used in these areas. The chemical-grade alloys
have compositions similar to their nuclear counterparts, except that they are not de-
pleted of the naturally occurring hafnium. Hafnium is considered chemically equiv-
alent to Zr, but its neutron absorption characteristics are very different, requiring its
removal for nuclear applications.

Many of the processes relevant to the environmental degradation of metals in ser-
vice involve surface chemistry and localized transport phenomena. These can be
studied, on model systems, by the methods discussed in this review. In addition to
thermal cycling and gas/liquid exposures, we can also attempt to mimic radiation
environments using electron bombardment and field-driven techniques. Again,
since the industrially significant alloys are very nearly pure, it should be possible



List of Abbreviations

AES Auger electron spectroscopy
AFM Atomic force microscopy
AME Anisotropy micro ellipsometry
ANOVA Analysis of variance
BWR Boiling water reactor
CANDU Canada deuterium uranium (Canadian designed nuclear reactors)
DHC Delayed hydride cracking
EDS Energy dispersive spectroscopy
EELS Electron energy loss spectroscopy
EIS Electrochemical impedance spectroscopy
ESD Electron stimulated desorption
FTIR Fourier transform infrared
ISS Ion scattering spectroscopy
I–V Current–voltage
LEED Low energy electron diffraction
MDS Metastable deionization spectroscopy
ML Monolayer
NRA Nuclear reaction analysis
PWR Pressurized water reactor
RBS Rutherford backscattering spectroscopy
SBF Simulated body fluid
SCC Stress corrosion cracking
SCE Saturated calomel electrode
SEM Scanning electron microscopy
SIMS Secondary ion mass spectrometry
SPM Scanning probe microscopy
TEM Transmission electron microscopy
TGA Thermal gravimetric analysis
THR Total hip replacement
TKR Total knee replacement
TOF Time-of-flight
TPD Temperature programmed desorption
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
UHMWPE Ultra high molecular weight polyethylene
UHV Ultra high vacuum
UPS Ultraviolet photoelectron spectroscopy
UV/Vis Ultraviolet/visible
WF Work function
Zry-2 Zircaloy-2
Zry-4 Zircaloy-4
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Zr-1Nb Zr(1%Nb)
Zr–2.5Nb Zr(2.5%Nb)
Zr–20Nb Zr(20%Nb)
alpha-Zr hexagonal close packed structure of Zr
beta-Zr body centered cubic structure of Zr

104 N. Stojilovic et al. / Progress in Surface Science 78 (2005) 101–184
to develop logical connections between the surface chemistry of Zr and its alloys. In
this manner we may arrive at a better understanding of oxide film growth and other
processes on alloy surfaces under realistic conditions. Remarkably, the environmen-
tally robust zirconium materials system often found in harsh chemical environments
is also promising for high-kappa dielectrics. For this reason the growth of thin layers
of zirconium oxide is an expanding area where understanding the surface chemistry
of zirconium may have an impact as well.

Zirconium, being a gettering material, is very difficult to work with. Consequently
there are fewer studies available concerning its surface chemistry with respect to
many other metals. This review will cover what is known about single-crystal Zr sur-
face science from our own laboratories and from studies by other groups. We focus
mainly on more recent results and discuss how these are leading to interesting appli-
cations in nanolithographic patterning and biocompatible surfaces. We also discuss
surface analysis studies of polycrystalline Zr and some alloys, and the relevance of
these studies to new and old applications of these materials.
2. Systems of interest

2.1. Water

In nuclear applications, zirconium alloys are often in contact with normal or deu-
terated water (D2O) under high temperatures and pressures in a radiation environ-
ment. It is the behavior of the protective oxide films on the alloys� surfaces that
will inevitably result in either corrosion propagation or mitigation. It is our goal here
to first discuss fundamental studies of the interaction of water with Zr from a model-
system standpoint, and to then review some of the more recent work that is closer to
real-world applications. We will see that there is a consistent picture that emerges
concerning the surface chemistry of zirconium, the role of surface–subsurface mass
transport, and the behavior of these materials in service-like environments.

The interaction of low coverages of D2O with Zr(0001) at 80 K was studied un-
der UHV conditions by Li et al. [5]. Fig. 1 shows TPD spectra of D2O and D2 for
different initial D2O coverages. The coverage values obtained using a capillary-array
doser were pre-calibrated using NRA methods. Below a coverage of about 0.23 ML,
no desorption is detected, and this low coverage regime represents an initial chemi-
sorbed (reactive) layer. The authors point out that this layer may not be com-
plete, and that above this coverage other forms of water exist on the surface. With



Fig. 1. Thermal desorption spectra (TDS) of D2O dosed to different coverages. Curves 1, 2, 3, 4, 5 and 6
correspond to 0, 0.156, 0.234, 0.52, 0.78 and 1.092 ML of coverage, respectively. Peaks i, ii, iii and iv are
located at 178, 163, 320 and 336 K, respectively. (a) TDS of D2O. (b) TDS of D2. Reprinted with
permission from Ref. [5].
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increasing exposures, a D2O peak which eventually saturates appears at 178 K in
TPD, representing a second adsorbed layer (labeled ‘‘i’’ in Fig. 1a). Finally, an ice
layer (labeled ‘‘ii’’ in Fig. 1a) forms with increasing exposure and does not saturate.
State ‘‘i’’ exhibits first order kinetics with an apparent activation energy of about
55 kJ/mol, whereas the ice layer desorbs molecularly with zero-order kinetics.

The features labeled ‘‘iii’’ and ‘‘iv’’ in Fig. 1b indicate that deuterium desorption
occurs in the 300–350 K region within the coverage regime associated with the
second adsorbed layer of water. The implication of these findings is that at the lowest
coverages, D2O dissociates and both the O and D products dissolve into the sub-
strate during heating. The second adsorbed layer partially desorbs and partially dis-
sociates, yielding D2 desorption near 300 K and leaving oxygen behind either on or
below the Zr(0001) surface. Note that the low temperature D2 TPD features (‘‘i’’
and ‘‘ii’’) are cracking fragments of D2O in the mass spectrometer, and do not rep-
resent the thermal desorption of D2 from the surface. Also note that these TPD spec-
tra only extend up to 500 K.

Li et al. [5] also used WF change measurements to investigate the behavior of the
D2O/Zr(0001) system at 80 K. Fig. 2 indicates that with respect to temperature



Fig. 2. Work function change during heating for 0.42 ML of D2O adsorption at 80 K. The heating rate is
1 K s�1 for the solid line, and 5 K s�1 for the dashed line. Reprinted with permission from Ref. [5].
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(after 80 K exposure of Zr(0001) to 0.42 ML of D2O) the work function of the sur-
face changes in a complicated manner. The initial increase begins just after the
desorption of the ice and second adsorbed water layers, and continues until the
desorption of deuterium near 300 K. The work function then decreases and finally
begins to increase again above 500 K, reaching a plateau. However, it does not re-
turn to the clean surface value. This interesting behavior above 500 K is presumably
due to residual O and D left at the surface, which either dissolve or desorb, possibly
with some species being trapped in the near-surface region.

The FTIR reflection absorption spectra of Fig. 3 provide evidence that at low cov-
erages, the initial chemisorbed layer of water may dissociate at low temperature. The
OD stretch at 2670 cm�1 is presumably from water dissociation products, since only
at higher coverages are molecular water bands observed. This is consistent with the
TPD data of Fig. 1 presented by the same authors. More insight into the dissociative
behavior of this system is provided by the SIMS data of Fig. 4. Here it is seen in
panel (a) that the production of OD� during (static) SIMS measurements with a
Cs+ ion beam decreases as the sample is heated, disappearing by about 450 K. This
decrease is attributed to the continued dissociation of OD on the surface as the tem-
perature is increased. Note that the D� signal remains above 500 K, well beyond the
desorption temperature of deuterium, and that the O� signal remains until nearly
800 K. Since no desorption was detected in TPD at the higher temperatures, these
changes in SIMS intensities signify diffusion of O and D into the subsurface region
of Zr(0001). Fig. 4b demonstrates that the production of molecular water ions dur-
ing SIMS measurements diminishes as the sample is heated above the desorption



Fig. 3. FTIR reflection absorption spectra from Zr(0001) at different D2O coverages. Curves 1, 2, 3, 4, 5
and 6 correspond to 0.052, 0.156, 0.234, 0.312, 0.52 and 0.78 ML, respectively. The absorption peak for
the D2O stretch in ice is at 2543 cm�1; OD stretches are visible at 2670 and 2732 cm�1. Reprinted with
permission from Ref. [5].
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temperatures of the ice and second adsorbed layers of water. The monotonic de-
crease in ZrO�

2 and ZrO� yields with increasing temperature is also consistent with
the dissolution of oxygen into the subsurface region of the sample.

Data from LEED analyses indicate that water adsorbed at 80 K does not form an
ordered superstructure. However, heating to 450 K leads to a (2 · 2) LEED pattern
as shown in Fig. 5. Since there are no hydroxyl groups remaining on the surface after
heating to 450 K, LEED patterns such as those in Fig. 5b–d are due to the presence
of O. Interestingly, the (2 · 2) pattern formed by water adsorption and heating to
450 K is believed to be from an ordered array of O atoms in a single atomic plane,
stabilized by the presence of D. Heating to higher temperatures (550 K in Fig. 5d)



Fig. 4. Static SIMS as a function of temperature from Zr(0001) with 0.9 ML D2O pre-adsorbed at 80 K.
Reprinted with permission from Ref. [5].
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results in the dissolution or desorption of the remaining D, and the formation of an
ordered domain between the first and second layers of the Zr(0001) substrate. In
addition, a new ð
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Þ superstructure was observed following higher initial
water coverages and 600 K annealing. This behavior differs from LEED observa-
tions following O2 adsorption, and points to the role of hydrogen in determining
the energetically favorable sites for O occupation.

Stimulated by the richness and technological importance of the water/Zr(0001)
system, our group studied the adsorption of D2O at high exposures at 160 K [6]
and 180 K [7]. We also studied the effects of soft electron bombardment on this sys-
tem at 160 K. The main products desorbing from Zr(0001) following water expo-
sure and heating are D2, D2O, HD, HDO, H2 and H2O, with or without electron
bombardment [6]. At low exposures we detect almost no desorption, but as the expo-
sure increases, TPD features of H2O, HDO and D2O near 730 K begin to develop.
Fig. 6 shows such a series of HDO spectra without electron bombardment. Compar-
ing these data to those in Fig. 7, taken after water adsorption and electron bombard-
ment, three trends emerge. Electron bombardment results in a situation where the



Fig. 5. LEED pattern of a Zr(0001) surface after annealing the sample at 450 K for 30 s. (a) The clean
surface, (b) after 40 s D2O adsorption at 80 K, (c) after 120 s D2O adsorption at 80 K and (d) further
annealing at 550 K for 30 s after (c). Reprinted with permission from Ref. [5].
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low-temperature (about 175 K) feature is absent, the high temperature peak profile is
the same, but the development of this peak occurs at much lower water exposures.
These figures are plotted on the same vertical scale for direct visual comparison.
The low-temperature feature is presumably a small remnant of the ice or second ad-
sorbed layer identified in Ref. [5], where our adsorption temperature is high enough
to limit the population of these states.

We observe changes in hydrogen desorption spectra following electron bombard-
ment as well. Fig. 8 presents TPD spectra of D2 from Zr(0001) after isotopic water
exposure at 160 K, and includes broad features at about 320 K that do not change
with increasing exposure. Note that these features are not associated with water



Fig. 6. Representative TPD spectra of HDO (19 amu) from Zr(0001) following 160 K adsorption of
isotopic water at various exposures without electron bombardment. Reprinted with permission from
Ref. [6].
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desorption, unlike the 730 K feature which is due to a mass spectrometer fragment of
the water desorbing at high temperature. Following electron bombardment
(1.9 · 1020 e�/m2) of adsorbed water at 160 K (not shown), we observed a sharp
D2 desorption peak developing near 320 K and the broad low-temperature structure
was diminished as compared to Fig. 8. This implies that electron bombardment
selectively removes some of the deuterium from the surface, resulting in a narrower
thermal desorption feature with lower overall yield. The effects of electron bombard-
ment saturate at a fluence less than 2 · 1020 e�/m2, consistent with the known sensi-
tivity of water and its thermal dissociation products (hydrogen and hydroxyl species)
to ESD effects.

Our initial AES spectra of water adsorbed on Zr(0001) indicated only a slight shift
of about 2 eV in the Zr(MNV) feature after electron bombardment and minor heat-
ing, implying that Zr was oxidized by +1. Our interpretation was that this is caused by
electron bombardment since we had no evidence that water oxidized the surface ther-
mally under those conditions. The low energy-density of the electron beam does not
result in significant heating of the sample, and we attribute changes in our TPD and
AES spectra to electronic excitation effects. The electrons probably initiate hydrogen
and deuterium ESD, which alters the low-temperature thermal desorption features
near 320 K by depleting the adsorbed H/D and OH/OD species known to exist on this



Fig. 7. Representative TPD spectra of HDO (19 amu) from Zr(0001) following 160 K adsorption of
isotopic water at various exposures with electron bombardment (beam energy = 485 eV). Reprinted with
permission from Ref. [6].
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surface at these temperatures. This sharpens up the 320 K hydrogen desorption
feature, possibly due to selective ESD depletion of one type of species.

Electron bombardment might also produce electronically excited oxygen atoms or
ions which then partially oxidize the Zr(0001) surface upon de-excitation, trapping
more oxygen near the surface. This could yield more water desorption at 730 K dur-
ing TPD. Presumably, the more oxygen trapped by electron bombardment near the
surface at low temperature, the higher the probability of water production during
heating versus dissolution into the subsurface. This partially oxidized surface layer
is stable during AES, resulting in increased O/Zr ratios after 485 eV electron bom-
bardment, but it dissociates at higher temperatures.

Further evidence for the complicated nature of the water/zirconium system comes
from another paper by Li et al. [8]. Using molecular beam scattering techniques, they
demonstrated that at low exposures, the adsorption of heavy water is concomitant
with the desorption of D2, i.e. the surface is autocatalytic. This is shown in Fig. 9.
Note that as the exposure time increases, the presence of D2 in the UHV system rises
and then falls, indicating that as the surface becomes covered with O atoms the auto-
catalytic processes diminish. Also note that the sticking coefficient of water is not
unity at time t = 0, since the pressure of water is finite. The estimated sticking coef-
ficient of water was initially about 0.70 on Zr(0001) at this temperature (233 K).



Fig. 8. Representative TPD spectra of D2 (4 amu) from Zr(0001) following 160 K adsorption of isotopic
water at various exposures without electron bombardment. Reprinted with permission from Ref. [6].

Fig. 9. Typical experimental results for the change in partial pressures of D2O and D2 versus impingement
time of the molecular water beam at 233 K. Circles: partial pressure of D2O (largest signal at long
exposure times). Squares: partial pressure of D2 (smallest signal at long exposure times). Reprinted with
permission from Ref. [8].
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Fig. 10. Rate of autocatalytic dissociation of water versus oxygen coverage on Zr(0001) at temperatures
of 170 K (squares) and 573 K (circles). The best fit curve for the rate at 233 K is plotted for reference.
Reprinted with permission from Ref. [8].
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Similar behavior is observed in the range 200–273 K, but very different results are
found at 170 K and 573 K as illustrated in Fig. 10. The authors proposed several
possible reasons why D2 initially desorbs rather than dissolving into the bulk for
the 200–273 K range, which is high enough to dissociate OD. Conceptually, one
might have proposed that the sequential steps D2O = OD + D = O + D + D would
result in the dissolution of all constituents into the substrate, rather than D2 produc-
tion. The fact that deuterium is evolved during heating reflects the complicated nat-
ure of oxygen–hydrogen interactions on Zr surfaces. It should be noted that a UPS
study by Zehringer et al. [9] does indicate the partial dissociation of water on poly-
crystalline Zr at temperatures as low as 100 K, and the presence of stable hydroxyl
groups on the surface at 300 K.

At 170 K [8], the behavior of water is very different, as seen in Fig. 10. Here, OD is
stable on the surface and the adsorbate layer formation is complicated. At 573 K,
significantly different water adsorption kinetics are exhibited by Zr(0001), with no
autocatalysis observed. It might be expected that slow dissolution of O into the sub-
strate, and fast dissolution of D, would occur at this temperature, but D2 still des-
orbs during D2O adsorption. This indicates that there is a very strong temperature
dependence with respect to Zr(0001) surface chemistry, at least with respect to water
adsorption under UHV conditions.

Although more applied in nature than the papers discussed above because of the
materials chosen for study, a good kinetics paper by Tapping et al. [10] will also be
discussed here. These authors used SIMS to study the effects of oxygen and temper-
ature on the segregation of hydrogen for two alloy systems, Zr–1Nb and Zr–20Nb.
First of all, Fig. 11 shows that as a function of annealing time at 199 �C (472 K), the



Fig. 11. Effect of oxygen (profile shown in inset) on hydrogen segregation at 199 �C (472 K). Reprinted
with permission from Ref. [10].
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amount of H on the surface due to outward diffusion from the bulk increases. Most
importantly to our discussion here, the presence of O in the near-surface region (see
inset for O depth profile) enhances the segregation of subsurface H to the surface
where SIMS can detect it. This is presumably due to the expansion of the Zr lattice
by subsurface O, which increases the rate of H diffusion. However, matrix effects and
the presence of oxygen may influence sputtering yields, so direct interpretation of
these data requires the assumption of constant sputtering rates (relative and total).

In addition, Fig. 12 indicates that outward H segregation occurs for temperatures
less than 200 �C (473 K) and that the reverse occurs (H dissolves into the subsurface
region) above this temperature. Another finding is that an equilibrium is established
at 260 �C (533 K) at which the surface concentration of H is constant at <0.05 ML.
These authors point out that the formation and bulk dissolution of the oxide formed
on Zr and its alloys have a significant effect on the ingress of H. This influences our
ability to make lifetime predictions for Zr-based components in service, particularly
those used in nuclear applications. Hydrogen ingress can lead to premature failure of
reactor components, and this is an active area of research interest including modeling
[11].

The interesting behavior of Zr in the presence of O and H has initiated many other
studies of such systems by surface science techniques. For example, Nishino et al. [12]
studied the interaction of oxygen and water with polycrystalline zirconium and Zry-2
at room temperature with AES and XPS. Referring to Fig. 13, we see that oxygen
exposure for pure zirconium induces a shift of the Zr(MNV) feature from 147 eV
to 140 eV, indicating surface oxidation. Note also that the intensities of the other
features in the 20–180 eV range do not change significantly with oxygen exposure.



Fig. 12. Static SIMS H� yield as a function of annealing temperature. At low temperatures hydrogen
diffuses to the surface from the bulk; at high temperatures the inverse occurs. Reprinted with permission
from Ref. [10].

Fig. 13. Representative Auger electron spectra of pure zirconium before and after exposure to oxygen.
Reprinted with permission from Ref. [12].
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In contrast to Fig. 13, Fig. 14 shows that water exposure at room temperature
does not result in the appearance of a second Zr(MNV) minimum, but does result



Fig. 14. Representative Auger electron spectra of pure zirconium before and after exposure to water
vapor. Reprinted with permission from Ref. [12].
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in a decrease in intensity of the low-energy features. These data imply that water
does not oxidize polycrystalline Zr at room temperature, similar to what we observed
in Ref. [6] at 160 K. The decreased AES intensities are presumably associated with
the presence of H on the surface in the case of water, as compared to the oxygen
adsorption experiments. Very similar results were found for Zry-2 surfaces.

These same authors used deconvoluted XPS spectra to analyze the formation of
suboxides and ZrO2 on both Zr and Zry-2. Fig. 15 shows that the amount of com-
pletely oxidized Zr in the near-surface region (ZrIV state) rapidly increases with oxy-
gen exposure relative to water exposure at room temperature. This is true for both
pure Zr and Zry-2, both of which are represented in the figure. They also identified
three suboxide phases (Zr2O, ZrO and Zr2O3) in this study, all of which were formed
by water and oxygen exposure. However, for 30 L exposures in both cases, the sam-
ples exposed to oxygen had an average surface composition much closer to the stoi-
chiometric oxide ratio than those exposed to water.

More recent data along these same lines are presented in Fig. 16, originally pub-
lished by Bastl et al. [13]. They used high-resolution angle-resolved XPS to study the
Zr(3d) and O(1s) features in spectra from Zr–1Nb surfaces after exposure to 100 L of
oxygen, water, and hydrogen peroxide at room temperature. Angle-resolved spectra
indicate that the outermost regions of the oxide films are ZrO2, and that the sub-
oxides are located in the inner regions. The authors propose a layered structure with
gradual transitions from metal to stoichiometric oxide. They found that the oxide
layers formed by water and peroxide are nearly twice as thick as those formed by
oxygen, and contain fewer suboxides. Also, they identified a zirconium hydride
phase. Perhaps most importantly, the amount of suboxides was much higher for



Fig. 15. XPS intensity of ZrIV (ZrO2) on pure zirconium and Zry-2 as a function of oxygen and water
vapor exposures. Reprinted with permission from Ref. [12].
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alloy surfaces cleaned by ion sputtering versus samples cleaned by scraping. We find
that this type of memory effect in Zr-based materials makes comparisons of results
from different laboratories quite a challenge. An excellent discussion of cumulative
memory effects in zirconium alloys is presented by Taylor [14].

In more of a bulk study of the oxidation of Zr and the role of mass transport, Kim
et al. [15] used SEM, XRD and other methods to investigate the basal (0002) and
prism ð11�20Þ planes of unalloyed alpha-Zr. Autoclaving at 360 �C (633 K) for 5 h
resulted in much thicker oxide growth on the prism plane versus the basal plane,
as shown in the SEM images of Fig. 17. The difference in oxidation rate was attrib-
uted to differences in oxygen diffusion rates along the two crystallographic direc-
tions. The authors point out that their results are consistent with some early
work, but inconsistent with others, which may involve the memory effect issues dis-
cussed above.

For oxide layers of similar thickness as those shown in Fig. 17, the surface mor-
phology also depends on crystal plane. Fig. 18 shows SEM images of the basal (left)
and prism (right) planes after being autoclaved for 20 h. The authors used synchro-
tron and low angle XRD to verify that only the monoclinic form of ZrO2 exists in
these films, similar to the findings of Oskarsson et al. [16]. The data of Fig. 18 are
interesting, since Zr components formed by extrusion or rolling, such as piping
and sheet stock, might be expected to expose more prism than basal planes to the
environment due to anisotropy of the hcp unit cell of alpha-Zr. The presence of grain
boundaries may be related to the migration of atoms into the material in a corrosive
environment, so evidence of different oxide morphologies on different crystal planes
may therefore affect lifetime predictive models. On a related note, Clarke and



Fig. 17. SEMmicrograph of oxides formed at 360 �C (633 K) for 5 h; (a) basal plane (0002) and (b) prism
plane ð11�20Þ. Reprinted with permission from Ref. [15].

Fig. 16. High-resolution spectra of Zr(3d) electrons from a Zr–1Nb sample oxidized by oxygen (1), water
(2) and hydrogen peroxide (3). The detection angle is 90� from the sample surface. Reprinted with
permission from Ref. [13].
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Fig. 18. SEM oxide morphologies of metal–oxide interfaces formed at 360 �C (633 K) for 20 h; (a) oxide
morphology formed on basal plane (0002) and (b) oxide morphology formed on prism plane ð11�20Þ.
Reprinted with permission from Ref. [15].
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McIntryre [17] used SIMS to demonstrate that oxides grown on alloys with a small
amount of Nb (1%) are more permeable to water than those grown on Zr–20Nb.

It is also of interest to identify what forms of oxide exist on Zr-based materials
in situ, however most surface science techniques cannot operate under such condi-
tions. However, Raman spectroscopy, being an optical technique, can be used to
study the surfaces of materials in water at high temperatures and pressures. A good
example of this type of study is that of Maslar et al. [18]. These authors studied Zr-
705, the commercial-grade version of the Zr–2.5Nb alloy often used in Canadian de-
signed reactors. Fig. 19 shows Raman spectra as a sample was heated (a) and cooled
(b) in water. The expected peak positions for tetragonal (t), monoclinic (m) and cubic
(c) phases of ZrO2 are shown as well. The spectra indicate mostly monoclinic-phase
zirconia features, whereas the overall low intensities and broad line shapes indicate
that the oxide layers are thin and/or disordered.

Although tetragonal phase zirconia could not be identified in these data, the
authors did tentatively assign a feature near 600 cm�1 to the cubic phase which is
only stabilized at high temperature. However, tetragonal phase zirconia has been
identified in several other studies of Zircaloy surfaces by Raman spectroscopy under
different conditions [19–21]. It should be noted that the largest features observed in
the 800–900 cm�1 region of Fig. 19 are assigned to Cr-containing corrosion byprod-
ucts, presumably originating from the walls of the optical cell used to conduct the
experiment. Other studies have also found unexpected corrosion products during
oxidation experiments, such as a layer of ZrC on top of the oxide layer on Zry-4
specimens [22].

The role of alloying elements in Zr-based materials and their effects on oxidation
in water environments is another area of active research. Zircaloys are nominally sin-
gle-phase alpha-Zr which is stabilized by the addition of tin in solid solution. Other
elements insoluble in alpha-Zr (Fe, Cr, Ni) are added to form intermetallic precipi-
tates that strongly influence the hydriding, corrosion and fracture mechanisms of



Fig. 19. In situ Raman spectra recorded as a sample was (a) heated to 407 �C (680 K) and (b) cooled to
24 �C (297 K). The spectra are offset in the vertical direction for clarity and the time is the total time
elapsed at a particular temperature. The expected locations of monoclinic-ZrO2 (m), tetragonal-ZrO2 (t),
and cubic-ZrO2 (c) features are indicated. Reprinted with permission from Ref. [18].
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these materials in service. Sawicki [23] took a novel approach to understanding the
role of Sn in Zircaloy oxidation through the use of Mössbauer spectroscopy. Fig. 20
shows some of these results for Zry-4 samples. Note that the isomer shift for Sn in
solid solution in alpha-Zr is around 1.7 mm/s, as seen in the top spectrum. Heating
at 500 �C (773 K) in air for 16 h does not change the oxidation state of the tin, but
increasing the temperature above this range results in a conversion to SnO2 with an
isomer shift near 0 mm/s (central three spectra in Fig. 20). This same oxidation of tin
takes place in water at 500 �C (773 K) after long exposures (20 days). Although not
shown here, Sawicki provides evidence that oxides on Zry-2 extracted from CANDU
reactors also exhibit oxidized tin, and points out that the operating temperature of
these reactors is less than 300 �C (573 K). This study indicates that the oxidation
conditions used in the laboratory may not accurately simulate the radiation-rich
environments present in nuclear applications, with respect to corrosion studies. This
would seem to be consistent with the findings of Nishino et al. [24], who reported
that gamma radiation accelerated the dissolution of the oxide film formed on Zry-
2 in 288 �C (561 K) oxygenated water.

There are many other studies of the interaction of water with zirconium and its
alloys under a variety of conditions, and it is not possible to discuss all of these in
the present forum. However, a few of these are highlighted here at the end of this
section in order to demonstrate to the reader some other types of experimental
methods being used to study Zr-based materials and a few relevant findings. For
example, some authors have performed optical spectroscopy on the light reflected



Fig. 20. Mössbauer spectra of 23.9 keV gamma rays of 119Sn in un-irradiated Zry-4 oxidized at various
temperatures and oxygen pressures. Reprinted with permission from Ref. [23].
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from corrosion films, in both the IR [25,26] and UV/Vis [27] regions of the spectrum.
Using thin film interference models, such as those that explain why soap bubbles in
air exhibit different colors, these authors have analyzed corrosion films. These anal-
yses can yield the index of refraction and thickness of the oxide layers, which in com-
bination with other information can provide much insight into oxidation kinetics.

Electrical conductivity and/or impedance studies form another type of approach
to understanding the corrosion films formed on zirconium and its alloys [28–30].
Frank, for example, has studied the I–V characteristics of oxide layers on several dif-
ferent zirconium alloys [28]. It was found that Ohmic conduction dominates at low
voltages, whereas currents are space-charge limited at higher voltages. Since zirconia
is a high-resistivity semiconductor, measurements of resistivity versus temperature
can be used to extract an apparent activation energy for charge transfer. These
values ranged from 0.15 to 2 eV in the work of Frank, presumably due to varying
oxygen concentrations within the oxide layers.

2.2. Oxygen

Similar to the case of water, the interaction of oxygen with zirconium surfaces has
been extensively investigated. In an early study of oxygen adsorption on polycrystal-
line zirconium conducted by Foord et al. [31], no significant desorption of oxygen or
oxygen-containing species was observed. Instead, surface-to-bulk diffusion was re-
ported during heating. Asbury et al. [32] reported only hydrogen desorption follow-
ing oxygen adsorption on polycrystalline zirconium, which was also reported in
another study [33]. Similarly, the interaction of oxygen with Zry-4 led to the desorp-
tion of hydrogen near 350 and 700 K [34]. In addition, one study from our labora-
tory concerning 18O2/Zr(0001) [35] reported the desorption of water in TPD and
isotopic oxygen mixing with subsurface oxygen. These observations and others con-
cerning O2–Zr interactions and the role of mass transport between the surface and
the subsurface will be discussed in more detail in this section.

Wonderful early discussions of network forming oxides and anion transport can
be found in the work of Fehlner and Mott [36]. Based on views derived from bulk
studies of materials like Zr, oxidation should depend on oxygen pressure but not
on the crystallinity of the metal. Davies et al. [37] showed early-on with radiotracer
studies that Zr oxidation exclusively involves the migration of oxygen. Similar
behavior was also verified by Grandjean and Serruys [38] for Zry-4 oxidation at
633 K, using weight gain and RBS methods. Cox [39], in a comment on a paper
by Iltis et al. [40] provides a good discussion of oxygen arrival rate versus oxidation
rate for Zr-based materials. When the pressure is important in the rate-limiting step
for oxidation, oxygen transport to the oxide–metal interface takes place along oxide
crystallite boundaries.

Surface science studies of the oxidation of Zr-based materials in the 1980�s uncov-
ered interesting behavior [41–47]. West and George [41] used XPS to study Zr foil
oxidized with 225 L of oxygen at 600 K. They observed that heating to 673 K dis-
solves the oxide into the bulk with no TPD products (O, O2, ZrO, ZrO2) detected.
Griffiths [42] found that even at 82 K, O penetrates initially into the subsurface with
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the largest (negative) change in WF seen at the lowest oxygen pressures. The largest
positive change in WF was seen at high dosing pressures, indicating that the surface
O content is high, but it still migrates into the subsurface. The rate of migration into
the subsurface is slower when this region is crowded.

Pressure dependent oxidation was also investigated at various temperatures with a
variety of techniques by others as well [43,46,48,49]. Differences in the oxygen expo-
sure needed to saturate the oxide growth at room temperature on Zr vary greatly,
with De Gonzalez and Garcia [45] reporting about 5 L, but Morant et al. [44] need-
ing about 1000 L. Both groups used XPS, and both identified oxide and suboxide
phases in the thin (about 1.6 nm) oxide layers. Besides possible differences in the
cleaning and annealing history of the materials used for these studies, it is possible
that the oxygen arrival rate plays a role in these apparent discrepancies. Finally,
Wang et al. [50] showed that thin films of Zr on Au, deposited in a low pressure
water atmosphere, also contained oxides and suboxides. Interestingly, complete con-
version to ZrO2 could be induced by heating in deuterium.

The kinetics of oxidation of Zr(0001) and (1 · 4) reconstructed Zrð10�10Þ sur-
faces were investigated by the Norton group in the 90–473 K range [51–53]. On
the basal plane, they found that the oxide grows layer by layer at 90 K, via island
growth at 473 K, and through a mixture of mechanisms at room temperature. An-
other interesting finding is that the first 5 ML of oxide grown at 90 K is not passive,
and oxygen exposures at or above 15 L are needed to saturate the surface. However,
on the reconstructed prism plane, no passivation of the O uptake was detected up to
100 L exposures. One might expect that differences in the mobility of O along the dif-
ferent crystallographic directions in Zr could be used to explain these phenomena.
However, the SIMS oxygen diffusion study by Hood et al. [54] shows weak anisot-
ropy (parallel or normal to the c-axis) and little effect of impurities in the 610–
870 K range, contrary to what is found by AES diffusion studies [53]. It seems that
there is no simple way to incorporate all of the available data into one self-consistent
picture.

Kurahashi and Yamauchi [55] studied the surface/subsurface forms of O on poly-
crystalline Zr by MDS methods in conjunction with AES and UPS. They employed
backfilling the analysis chamber with O2 at room temperature, and some of their re-
sults are presented here for discussion. Fig. 21 shows MDS spectra of Zr versus var-
ious oxygen exposures at room temperature. The bottom spectrum is from the clean
surface at 1000 K, which is dominated by the feature labeled ‘‘A’’. Here, the metallic
surface with a high work function quenches the excited state helium atoms via a
resonance ionization plus Auger neutralization process. Oxygen chemisorption at
room temperature in the exposure range 0–2 L results in a decrease in peak A and
an increase in peak B, assigned to electronic states involving subsurface oxygen
species. Note that the sample contains subsurface oxygen gettered from the
background gas in the UHV chamber at room temperature, even before oxygen
exposure (0 L spectrum). At high exposures (>10 L) the surface is oxidized, and
peaks C and D dominate. The quenching process resulting in peak C is Auger de-
excitation, since the surface is insulating, but the physical origin of peak D is not
completely clear.



Fig. 21. MDS spectra of a zirconium surface measured at different oxygen exposures. The MDS spectrum
of a clean zirconium surface measured at a sample temperature of 1000 K is shown at the bottom.
Reprinted with permission from Ref. [55].
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Whereas MDS is highly surface sensitive, UPS probes deeper within the substrate.
This makes the combination of these two techniques very powerful. Fig. 22 shows
UPS data acquired under conditions similar to those in Fig. 21. Note that the A 0 fea-
ture from metallic Zr electronic states decreases in intensity with increasing oxygen
exposures. The B 0 peak from subsurface oxygen states rises and eventually domi-
nates the spectra at high oxygen exposures. The intermediate exposure regime (2–
8 L) is of great interest, as it represents a region of coexistence of subsurface oxygen
with surface oxide. Fig. 23 addresses this in detail.

Fig. 23a shows MDS spectra at room temperature following oxygen adsorption in
a narrow exposure range (1.2–12 L). At 1.2 L exposure, the subsurface oxygen phase
exists corresponding to peaks A and B, whereas after 12 L of O2 only the ZrO2 phase
exists at the surface (peaks C and D). There is a gradual transition between these two
limiting cases, indicating a coexistence of the two forms of oxygen in the 2–8 L



Fig. 22. UPS spectra of a zirconium surface measured at different oxygen exposures. The UPS spectrum of
a clean zirconium surface measured at a sample temperature of 1000 K is shown at the bottom. Reprinted
with permission from Ref. [55].
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exposure range. Using a simple model for the data, where the MDS intensity (I) as a
function of energy (E) is given by

IðEÞ ¼ XABIABðEÞ þ XCDICDðEÞ ð1Þ
the coefficients (X) for each phase were determined. These are plotted in Fig. 23b,
which clearly shows the monotonic transition from the subsurface oxygen phase
to the oxide phase as the O2 exposure increases.

These spectroscopic results are consistent with both theoretical [56–58] and exper-
imental structural [59–65] studies that indicate subsurface adsorption (i.e. absorp-
tion) on zirconium dominates for oxygen at low exposures. For example,
Yamamoto et al. [56] used first-principles models of O/Zr(0001) to demonstrate that
oxygen is energetically favored to reside between the second and third Zr layers in
octahedral sites. Tensor LEED analyses of this system are consistent with model pre-
dictions, which indicate that the Zr lattice expands both vertically and laterally in the
presence of subsurface oxygen.



Fig. 23. (a) MDS spectra measured (solid line) and computed (thick dashed line). (b) The normalized
concentration of the �subsurface oxygen� phase (XAB) and ZrO2 phase (XCD) at the outermost surface of
zirconium as a function of oxygen exposure. Reprinted with permission from Ref. [55].
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The tensor LEED analysis of this system by Wang et al. [59] is one of the most
complete and will be discussed here. For the (2 · 2) LEED pattern formed by
0.5 ML of O, they analyzed the I(E) curves for integral- and fractional-order beams
over a wide energy range. Fourteen possible structures were optimized, incorporat-
ing various oxygen sites and lattice relaxation parameters. Fig. 24 illustrates the opti-
mal structure as determined by tensor LEED. In this model scheme, 0.25 ML of O
atoms occupies octahedral sites between the first and second Zr layers, and the
remaining 0.25 ML of oxygen resides between the second and third Zr layers. Note
the lateral displacements of the Zr atoms, signified by the small arrows. There are
also vertical relaxations, which are found to be the largest in the second layer of
Zr atoms.

With regard to the temperature dependence and stability of subsurface oxygen
and the oxide phases of O/Zr systems, it is known that annealing zirconium in vac-
uum normally results in dissolution of oxygen atoms into the bulk rather than
Fig. 24. (a) Top view of the first and second Zr layers and the neighboring O atoms in the tensor-LEED
model for low-coverage O on Zr(0001). The dash–dot line identifies a mirror plane for this structure.
Symbols 1a–1d indicate different Zr atoms within the (2 · 2) unit mesh for the first metal layer. The arrows
indicate directions of lateral displacements for Zr atoms. (b) As (a) except for the second and third Zr
layers. Reprinted with permission from Ref. [59].
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desorption. This is not surprising since the solid solubility of oxygen in zirconium
can be as high as 	30 at.% as reported by Tanabe and Tomita [66]. They exposed
Zr sheet materials to O2 at different pressures and temperatures and used quantita-
tive AES profiling to analyze the resulting surfaces. They identify O in solid solution
in Zr, and as the exposure increases an oxide layer forms. They also clearly show that
the oxygen uptake rate, defined as the total uptake by Zr divided by the total expo-
sure, increases by two orders of magnitude between 300 and 700 K. Above 700 K,
oxygen diffuses deep into the subsurface regions and the sticking coefficient remains
high. It is interesting that this behavior is pressure dependent, indicating a balance
between adsorption which populates the surface, and subsurface diffusion which
depopulates it. Below 700 K, ZrO2 forms and lowers the oxygen sticking coefficient.

Recently, Zhang and Norton [67] investigated the dissolution of oxide layers
formed on alpha-phase (hcp) Zr–1Nb and beta-phase (bcc) Zr–20Nb alloys. The
authors used careful low-temperature (90 K) oxide growth methods with 20 L O2

exposures, followed by quantitative AES and NRA analyses. Data were collected
in real time for the Zr(MNV) Auger transitions associated with metallic Zr
(147 eV) and oxidized Zr (142 eV) and modeled by assuming layer-by-layer growth
and a stoichiometric ZrO2 oxide of uniform thickness. After carefully preparing
oxide layers that met their model�s assumptions, the authors monitored the
Zr(MNV) AES features as a function of time and annealing temperature.

Fig. 25 shows one such set of data for Zr–1Nb, which behaves similarly to pure
alpha-Zr. This figure shows the amount of oxygen that has dissolved into the subsur-
face region of the alloy from the surface oxide layer. The data are plotted versus the
square root of the annealing time at various temperatures. The excellent linearity of
these data clearly indicate that oxide dissolution under these conditions follows a
parabolic rate law

MðtÞ ¼ Ft1=2 ð2Þ
where M is the number of oxygen atoms that have dissolved from the oxide into the
subsurface region per unit area, t is time and F the slope of the best fit lines in Fig. 25.
Diffusion coefficients and oxide lifetime predictions could then be determined for
these samples. It was noted that the oxide layers on beta Zr–20Nb dissolved much
more rapidly than those on alpha Zr–1Nb.

We recently studied the O2/Zr(0001) system and found some interesting results
that complement and extend the conclusions drawn in the studies discussed above
[35]. Figs. 26 and 27 show representative TPD spectra of H2

18O (20 amu) and
H2

16O (18 amu), respectively, following various exposures to 18O2 by backfilling at
185 K. Note that at low exposures, where others have shown that the subsurface
accumulates oxygen and then oxidizes, there are no desorption features. As the expo-
sure increases above 20 L the desorption features of H2

18O and H2
16O become lar-

ger. Note that about five times more H2
16O, with respect to H2

18O, desorbs after
isotopic oxygen exposure. These results imply that subsurface oxygen (16O) is in-
volved in water production during heating.

In order to investigate the role of subsurface oxygen in the formation of water
during TPD in more detail, we performed the following experiments. We exposed



Fig. 25. The linear relationship between the amount of oxygen dissolved from the oxide film into the bulk
and the square root of the annealing time, at various temperatures. Reprinted with permission from
Ref. [67].
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a Zr(0001) crystal to oxygen at room temperature under high vacuum conditions for
12 h, i.e. a ‘‘charging’’ experiment. The chamber was then pumped down to the UHV
range, the sample cooled, and 18O2 exposure was performed similar to the procedure
used for Figs. 26 and 27. After charging with normal oxygen, the ratio of the TPD
desorption areas H2

16O/H2
18O was 30% larger than for charging with 18O2. It is

known that the presence of oxygen at the surface of Zr causes hydrogen to migrate
outward [32,68–70], which presumably participates in the formation of water at high
oxygen exposures. This, combined with the oxygen isotopic mixing that we observe,
indicates that transport of surface and subsurface species effect subsequent desorp-
tion behavior.

The interactions between oxygen and hydrogen in zirconium-based materials is
relevant for applied as well as fundamental reasons. Ojima and Ueda [68,69] re-
ported that the formation of Zr–H bonds dominates over the formation of hydroxyl
species, based on ESD experiments. This is discussed in greater detail in the next sec-
tion. A surface oxide layer limits hydrogen adsorption from the gas phase but also
attracts hydrogen from the bulk to form a hydroxylated layer. Peterson et al. [33]
reported a binding state for hydrogen on polycrystalline zirconium, and hydrogen
desorption near 500 K. This occurred in the presence of oxygen, and presumably



Fig. 26. Representative TPD spectra of H2
18O (20 amu) from Zr(0001) following 185 K adsorption of

18O2 at various exposures. Note the relative intensity compared to Fig. 27. Reprinted with permission from
Ref. [35].
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involves hydroxyl groups. We have seen similar effects on Zry-4 surfaces, with the
desorption of hydrogen at slightly above 400 K, and again above 700 K, and the
formation of water at high oxygen exposures.

The growth kinetics of thicker oxides on Zr-based materials can be investigated by
various means, such as reflection spectroscopy using thin film interference analysis
[71–73] as discussed in the section on water adsorption behavior. A fairly recent
study using TGA and EIS methods is discussed briefly here, to indicate how what
we learn with surface science methods about initial oxidation mechanisms relates
to real-world systems. Fig. 28, from Vermoyal et al. [74], shows how the oxide thick-
ness on Zry-4 behaves as a function of time in 500 �C (773 K) dry air. Note that at
short times cubic oxidation kinetics dominate, presumably due to diffusion of O
along oxide crystal grain boundaries. The growth becomes roughly linear after the
transition region at a thickness of about 3 lm. Before the transition the oxide is
black and non-stoichiometric, whereas after the transition the film changes color



Fig. 27. Representative TPD spectra of H2
16O (18 amu) from Zr(0001) following 185 K adsorption of

18O2 at various exposures. Reprinted with permission from Ref. [35].
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and becomes porous and non-protective. Note that these oxides are much thicker
than most of those studied by surface science methods with regard to initial zirco-
nium oxidation mechanisms.

Finally, there are a few other approaches to understanding Zr oxidation mecha-
nisms that are of interest. Raspopov et al. [75] oxidized Zr ribbon and measured its
electrical resistance during exposure to atomic and molecular oxygen at 973 and
1073 K. They report that no oxide forms at these elevated temperatures until the
entire sample saturates with O, and show that the amount of absorbed O is linearly
proportional to incident flux. They observe significant differences between atomic
and molecular oxygen oxidation rates, and also that nitrogen increases the oxygen
absorption rate. This latter finding is consistent with the observations of Pichugin
et al. [76]. In a more applied study, Brodkin et al. [77] exposed Zr and other materials
to outer space environments that include atomic O as well as particles that can
mechanically damage the substrate. Although not much detail about the Zr speci-
mens was given, it would be interesting to compare similar studies to those per-
formed by Bai et al. [78]. Here, ion-bombardment strongly increased the high



Fig. 28. Oxide thickness versus time for two Pt-coated (Zry-4/Pt: + - ·) two uncoated (Zry-4: s - })
samples determined by TGA and oxidation rate (-) versus time for (·) Zy-4/Pt specimen at 500 �C (773 K)
in dry air. Reprinted with permission from Ref. [74].
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temperature oxidation rate of Zry-4, due to the decomposition of the Zr(Fe,Cr)
precipitates leading to Fe segregation.

2.3. Hydrogen

Understanding how hydrogen interacts with zirconium and its alloys is of signif-
icant technical interest, especially in nuclear reactors where zirconium alloys serve as
structural materials. Under certain conditions hydrogen can penetrate through the
protective oxide layer on the surface of zirconium alloys, resulting in the formation
of brittle zirconium hydrides and DHC. In this section we will mainly concentrate on
UHV-based studies of hydrogen–zirconium systems.

Zhang et al. studied the segregation of H and D to a Zr(0001) surface using
NRA, WF, AES, and SIMS methods, and reported 194 �C (467 K) as a typical tem-
perature for segregation [79]. The authors did not determine what factors control this
critical temperature, but proposed that the concentration of hydrogen, the crystallo-
graphic orientation of the surface, impurities, and defects all may contribute. Based
on changes in the Zr Auger transitions, the formation of a hydride-like phase was
reported. The segregation factor, defined as the ratio of hydrogen and deuterium
at the surface to that in the bulk, was found to be as high as 104. Interestingly,
diffusion coefficients of hydrogen along the c-axis direction at 150 �C (423 K) were
about two orders of magnitude lower than those measured or calculated for



Fig. 29. H+ depth profiles for different annealing times at 150 �C. The total concentration of segregated
hydrogen (i.e., H plus D) is indicated in the figure. Reprinted with permission from Ref. [79].
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polycrystalline zirconium. Based on this result the authors proposed that H diffusion
along grain boundaries is much faster than through the grains.

Fig. 29 shows H+ yield as a function of sputtering time for different annealing
times, using SIMS. The thickness of a monolayer was approximately 0.25 nm
whereas the sputtering rate was about 0.1 nm/min. Segregated hydrogen is distrib-
uted in the first several layers. Moreover, most of the hydrogen resides in the first
monolayer after annealing. Estimated concentrations of surface hydrogen after
20 min annealing were about 6.3 · 103 times higher than in the bulk. After annealing
for more than 3 h the surface concentration was 1.4 · 104 times larger than that of
the bulk.

Some of the same authors studied the interaction of hydrogen with Zr(0001) at
room temperature using 2H(3He,p)4He NRA, dynamic SIMS, static SIMS, and
AES methods [80]. Using NRA they determined the initial sticking coefficient for
D from the absolute deuterium coverage to be approximately four orders of magni-
tude higher than that published by Lin and Gilbert [81]. Zhang et al. [80] proposed
that the use of TPD by itself is a misleading method for measuring the sticking coef-
ficient of hydrogen on zirconium surfaces. This is because hydrogen is dissolved into
zirconium during heating. Similar values for sticking coefficients for H2 and D2 were
found. It was observed that hydrogen atoms appear to stay at the surface until the
surface concentration saturates at 0.77 ML (4 L exposure). Upon further exposure,
hydrogen was found to penetrate into the surface. The valence band Auger transi-
tions and changes in the low-energy electron diffraction patterns indicate the forma-
tion of hydride in the early stages of exposure. The most notable change in AES is
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the formation of a small shoulder on the low energy side of the Zr(M45VV) transi-
tion, supporting the possibility that surface hydride is forming upon exposures to
hydrogen above 2 L.

In a study of hydrogen segregation on zirconium single-crystal surfaces, Zr(0001)
and Zrð10�10Þ, Norton and co-workers used SIMS, WF, AES, and NRA methods at
various temperatures [70]. Hydrogen was found to have a strong tendency to segre-
gate on these surfaces, and heats of segregation were measured using SIMS, cali-
brated by NRA, to be 10.1 kcal/mol for Zr(0001) and 10.7 kcal/mol for
Zrð10�10Þ. Diffusion coefficients along the h0001i direction were one order of mag-
nitude lower than along the h10�10i, rationalized by the difference in the atomic den-
sity along these two diffusion paths. It was also found that dissolved oxygen
enhanced the diffusion of hydrogen. The authors suggest that due to large heats of
segregation to the surfaces and interfaces of zirconium and high mobility, hydrogen
atoms often accumulate at the grain boundaries, microcracks and cool spots on the
surface. The formation of hydride is initiated at these locations because the concen-
tration of hydrogen is much higher than elsewhere.

Hydrogen segregation is one of the most important mechanisms leading to failure
of zirconium components. Since SIMS using argon ions has poor signal-to-noise ra-
tios for H�, in this work a Cs+ beam was employed [70]. To measure the diffusion
coefficient of H its bulk concentration must be known, so the authors obtained a spe-
cific bulk concentration by loading a known amount of hydrogen into a hydrogen-
free sample. For preventing the formation of bulk hydride the bulk concentration of
hydrogen must be below the terminal solid solubility, which is less than 50 ppm at
room temperature.

In order to reduce the amount of hydrogen in the samples initially, they used sput-
tering–heating cycles. It was noted that the accumulation of hydrogen on the surface
of materials containing large amounts of subsurface oxygen occurred at a higher rate
than on materials that did not contain as much oxygen. It was suggested that the
presence of oxygen promotes the mobility of hydrogen by providing more pathways
for hydrogen diffusion. Fig. 30 shows variations in the work function versus anneal-
ing time at four temperatures. The increase in the work function is interpreted as
indicating that hydrogen segregates outside the surface plane.

The initial sticking coefficients of hydrogen on Zrð10�10Þ at 100, 293 and 370 K
were found by these same authors to be 1.0, 0.71, and 0.51, respectively [82]. The sur-
face concentration of H first increased rapidly with exposure and then saturated.
Using AES data, the authors argued that the bond between H and Zr on the surface
is similar to that in zirconium hydride. The decrease of the initial sticking coefficient
with increasing temperature was explained in terms of a precursor model. Work
function measurements reveal the presence of two types of adsorption sites, one
above the surface and another in the subsurface region. The authors indicate that
hydrogen is more strongly bound at subsurface sites than on the surface. Data from
SIMS were used to show that there is a surface energy barrier of 42.3 kJ/mol that
prevents hydrogen diffusion from the surface into the bulk. For exposure at 100 K
saturation was found at 9.10 · 1014 atoms/cm2, which is very close to the theoretical
atomic surface density of Zrð10�10Þ of 9.04 · 1014 atoms/cm2. Since the adsorbed



Fig. 30. Variation in the work function of Zr(0001) as a function of annealing time at four temperatures.
Reprinted with permission from Ref. [70].
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hydrogen cannot diffuse into the subsurface at this low temperature, the atomic sur-
face ratio is expected to be H/Zr = 1.

Fig. 31 shows how the work function on Zrð10�10Þ changes during heating at a
rate of 1 K/s. The surface is saturated at 100 K with 2 L exposure to hydrogen. Note
that the WF decreases rapidly between 100 and 230 K, reflecting the segregation of
hydrogen from the surface into the subsurface region. At higher temperatures, more
hydrogen atoms can overcome the potential barrier and segregate into the subsurface
region. The maximum concentration of hydrogen residing in the subsurface region
was estimated to be 7 · 1014 atoms/cm2. Upon cooling the sample to 100 K, the
WF did not change, indicating that the potential well in the subsurface region is dee-
per than on the surface. This basically means that hydrogen segregates in one direc-
tion irreversibly. Annealing above 370 K results in an increase of the WF, reflecting
the diffusion of hydrogen into the bulk.

Peterson and co-workers investigated the interaction of hydrogen with polycrys-
talline Zr and the effects of pre-adsorbed oxygen [33]. They observed a binding state
of hydrogen associated with a desorption temperature of 500 K. This state involves
surface oxygen suggested to be in the form of hydroxyl groups, and this surface oxy-
gen appears to attract hydrogen from the metal. Fig. 32 indicates that hydrogen is
coming from the zirconium after oxygen adsorption and not from gas phase contam-
ination. Interestingly, when the authors stopped the TPD run at about 600 K the
hydrogen desorption was repeatable without any further hydrogen or oxygen dosing.
The authors proposed that at 600 K the oxygen does not diffuse into the bulk at



Fig. 31. The change of work function of the Zrð10�10Þ surface during linear heating (1 K/s). The sample
was exposed to 2 L of hydrogen at 100 K before heating. Reprinted with permission from Ref. [82].
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a significant rate, and remains on the surface to attract more hydrogen from the
metal.

Studies of H at interfaces formed by oxidized zirconium are also important. One
study demonstrated that the oxide degrades when heated in hydrogen gas at 300 �C
(573 K) [83]. It was proposed that the presence of H assists O migration into the
metallic region. A related SIMS study of D diffusion through oxides on a Zr–Nb al-
loy was able to probe the concentration of D as a function of depth [84]. During
depth profiling it was found that the ZrO2 component of the oxide changes from
a monoclinic-tetragonal mixture at the oxide surface to a primarily tetragonal oxide
near the oxide/metal interface. It was proposed that these changes in phase contrib-
ute to the complex deuterium diffusion kinetics observed during long exposures of
the oxide to deuterium gas.

The discussion in Ref. [84] indicates that zirconium oxide films are useful in
retarding hydrogen diffusion into the bulk of the alloy. It was suggested that hydro-
gen moves through oxide films in either atomic or molecular form, through inter-
stices in the oxide lattice created by vacancies or through pores and cracks. The
authors expect that the reaction temperature, the reactant composition and the



Fig. 32. TPD spectra of hydrogen from zirconium cleaned at 1050 K and dosed at 300 K with (A) two
days of background hydrogen, (B) background hydrogen immediately following spectrum (A), (C) 100 L
of hydrogen, (D) 10 L of oxygen followed by 20 L of hydrogen, (E) 10 L of oxygen only. Reprinted with
permission from Ref. [33].
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structure of the ZrO2 film all influence the rate of hydrogen ingress. They also
showed that D2 exposures as low as a few hundred Langmuir resulted in clearly
detectable deuterium uptake within the film. Some of this deuterium appeared to
be strongly bound within the oxide.

Asbury et al. employed TPD and ESD to study the H–O interaction on polycrys-
talline zirconium and identified hydrogen bound directly to both oxygen and zirco-
nium [32]. After dosing with O2 the only desorbing species during heating was
hydrogen. In order to show that surface oxygen attracts hydrogen from the metal
and not from the gas phase, a coadsorption experiment was performed (oxygen fol-
lowed by deuterium). There were no 3 or 4 amu species desorbed during TPD, indi-
cating that the desorbing hydrogen does not adsorb from the gas phase but
originates from the metal. They concluded that the oxide layer retards hydrogen
adsorption, whereas oxygen attracts H from the bulk forming a hydroxylated surface
oxide layer.

According to ESD results [32], it is impossible to produce a hydrogen-free zirco-
nium surface. However, it is not known if the presence of oxygen on the surface is
responsible for retarding hydrogen adsorption or if adsorption is retarded by hydro-
gen attracted outward from the metal, which fills the available chemisorption sites.
The H+ ESD peak at 6.7 eV and a low-temperature TPD peak are the only two
hydrogen features that are directly associated with oxygen. It is possible that
the hydrogen contributing to the 500 K TPD feature and the 6.7 eV ESD peak
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correspond to the same binding state. The size of the 500 K feature increases as the
surface concentration of oxygen increases. Concomitantly, the hydrogen ESD signal
strongly increases after oxygen exposure indicating an increased hydrogen concen-
tration at the surface. The observation and growth of an 18 amu ESD feature indi-
cates that hydrogen attracted from the near-surface region creates a hydrated surface
oxygen layer.

Fig. 33 shows H2, HD, and D2 TPD spectra obtained after exposure to 400 L of
D2 at 700 K and then exposure to 15 L of O2 at 300 K. Small 3 amu peaks at 500 K
indicate an interaction between hydrogen and deuterium. A large amount of deute-
rium desorbs at high temperatures whereas at 500 K only H2 desorbs. It was pro-
posed that the near-surface region is already populated with hydrogen before the
deuterium exposure, and that most of the dissociated deuterium goes beneath the
surface. Adsorbed oxygen then attracts hydrogen from the near-surface region.
Therefore H2 is formed during heating, rather than deuterium which resides deeper
in the Zr. Another possible explanation is that at these temperatures, H diffuses fas-
ter than D, so it rises more quickly to the surface to bind to O.

Fig. 34 shows ESD spectra taken after (a) 40 L of O2 at 300 K followed by 100 L
of D2 at the same temperature, and (b) 2000 L of D2 at 700 K followed by 40 L of O2

at 300 K. The ion kinetic energy was 2.7 eV. The surface pre-dosed with D2 results in
much greater yields than the surface pre-dosed with oxygen. In Fig. 34a no D+ is
Fig. 33. H2, HD and D2 TPD spectra taken after a 400 L D2 dose at 700 K followed by a 15 L O2 dose at
300 K. Reprinted with permission from Ref. [32].



Fig. 34. ESD mass spectra taken at an ion kinetic energy of 2.7 eV after (a) a 40 L O2 dose at 300 K
followed by a 100 L D2 dose at 300 K and (b) a 2000 L D2 dose at 700 K followed by a 40 L O2 dose at
300 K. Reprinted with permission from Ref. [32].
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detected whereas in Fig. 34b the peak at 5.8 ms represents D+. Note that H+ and O+

signal intensities in (b) are significantly larger than in (a).
As previewed in an earlier section, Ojima and Ueda [69] also studied hydrogen

segregation to a Zr surface induced by oxygen adsorption using TOF ESD. They
have also shown that an increase in H+ yield following O2 exposure is not caused
by adsorption from the gas phase but by the outward diffusion of H from the bulk.
In addition, they propose that H atoms form Zr–H bonds rather than hydroxyl spe-
cies. The authors suggest that O atoms penetrate into Zr to substitute for H atoms at
tetrahedral sites, causing the outward diffusion of H atoms. Fig. 35a shows the
change in TOF spectra with time after annealing, with spectra collected every
2 min. After 90 min of cooling the sample was exposed to O2 at 1.3 · 10�6 Pa. A
rapid increase of O(2) 0+ and H+ peaks is observed. Also note that the O(1)+ peak
appears at 11 ms. Fig. 35b shows the change in ion yields, obtained by integrating
the intensity of each peak, as a function of time after heating. The yield of O(1)+

saturates at about 115 min or 15 L whereas yields of O(2) 0+ and H+ do not saturate
even after 54 L exposure to O2. During O2 adsorption a simultaneous increase in H+

yield is observed.



Fig. 35. (a) The change in TOF spectra measured every 2 min for 180 min after heating. After being
cooled for 90 min, the sample was exposed to O2 at 1.3 · 10�6 Pa. (b) The change in desorption yields of
ions. The yield is represented by the integrated intensity of each peak. The abscissa indicates the time in
minutes after heating. Reprinted with permission from Ref. [69].
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Wong and co-workers used XPS to study the interaction of hydrogen with thin
films of zirconium oxide [85]. They found that their initial films, formed by oxidation
of a Zr layer on a Au substrate, has an outermost ZrO2-like structure on top of a
suboxide, ZrOx, which is itself above a Zr–Au alloy region. They also detected the
presence of OH groups, and reported that the hydrogen-containing ZrO2/ZrOx/
Zr–Au films could be further oxidized by heating in UHV. The hydrogen appears
to facilitate some rearrangement of the oxygen within the zirconium structure. This
study offers more evidence that hydrogen can interact with the ZrO2/ZrOx system
and even activate the oxidation process.

In a related study some of the same authors investigated the interaction of hydro-
gen with thin films of zirconium oxide and the effects of heating a 26-Å thick film
after treatment with hydrogen plasma [86]. It was argued that hydrogen, with its
small size, can occupy interstitial sites to produce some substitution of O2� with
OH�, or even possibly H2O. The ‘‘substitutional hydroxide’’ is likely to reduce the
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effective oxygen radius and thereby make it easier for migration in the oxide. This
suggests one mechanism by which hydrogen can facilitate (or catalyze) the oxidation
of zirconium at the oxide interface. These two papers emphasize that the presence of
hydrogen can increase the mobility of O through thin films of oxidized zirconium,
and even yield a net redistribution of O within the films depending on the conditions
[85,86]. Such effects are also likely to be present during the oxidation of zirconium
components that have macroscopic thickness.

Shi et al. [87] used non-Rutherford backscattering spectroscopy and elastic recoil
detection analysis to investigate the plasma hydrogenation of Zr films with and with-
out Ni overlayers. The theoretical maximum for hydrogen storage capacity (H/
Zr = 2) is almost attained when samples were exposed to clean plasmas at a hydro-
gen pressure of 2 Pa and a substrate temperature of 393 K for 10 min. The reaction
rate is much higher than for gas hydrogenation. With unclean plasma conditions, C
and O contamination occurred on the sample surface and retarded the absorption of
hydrogen.

Kovar et al. investigated the kinetics of concurrent desorption and diffusion for
the D/Zr(0001) system [88]. They use pulsed-laser heating at rates in excess of
1010 K/s to control kinetics, and observed deuterium desorption from Zr(0001) with
a desorption probability of approximately 0.01. In the same study it was reported
that for typical heating rates, deuterium diffusion is much faster than deuterium
desorption. This is yet another paper indicating the role of mass transport in the
behavior of Zr-based materials.

From a more applied viewpoint, Miyake et al. [89] investigated the zirconium–
oxygen–hydrogen ternary system and reported that dissolved oxygen strongly affects
the phase diagram and hydrogen solubility. The presence of oxygen slightly in-
creased the terminal solubility of hydrogen in the zirconium alpha phase. Also, oxy-
gen was reported to have a lower solubility in the beta phase than in the alpha phase,
and that the hydrogen solubility for the alpha phase first increased with the oxygen
content and then decreased at higher oxygen percentages. The hydrogen solubility in
beta-Zr(O) solid solution first decreased with oxygen content and then increased
slightly.

There are many studies of hydrogen/deuterium ingress and transport in zirconium
alloys related to nuclear applications [90–102]. We discuss only a few of these that
primarily focus on surface behavior as examples of what has been learned and where
open questions still potentially exist. For example, Qin et al. [100] used NRA to
quantitatively determine the deuterium content of zirconium alloys, and reported
a strong near-surface enhancement of D up to a depth of 1.3 lm. The surface
enhancement was observed immediately upon cutting by a low speed diamond
saw, indicating that the stress and defects produced during cutting draws deuterium
atoms to the damaged region. They proposed that these enhancements could be
removed by careful polishing. Fig. 36 shows the concentration of D as a function
of depth just after cutting (circles) and after polishing cycle (triangles).

Huang and Huang [102] hydrided Zry-2 and Zry-4, reporting that the oxide con-
trols the rate of hydrogen uptake. After damaging the oxide films, a 10 h exposure to
hydrogen gas resulted in hydride formation, exhibiting brittle lamella and surface



Fig. 36. Concentration of D as a function of depth measured immediately after cutting (O) and after
careful polishing cycles ($). The dotted lines are for guiding the eye only. Reprinted with permission from
Ref. [100].
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spalls. Hydrogen uptake was found to increase with pressure, with the undamaged
oxide layer inhibiting hydrogen ingress and controlling its rate.

In addition to the role of defects in the oxide, the role of the alloying elements on
hydrogen/deuterium pickup and transport have been studied. Elmoselhi [94]
reported that oxides grown on alloyed zirconium are generally more permeable to
deuterium (at least at 380 �C (653 K)) than oxides grown on pure zirconium. This
presumably reflects the effect of alloying elements on the microstructure, such as
grain size and grain boundaries. In a related study of hydrogen solubility in pure
zirconium and its alloys in the temperature range 500–1050 �C (773–1323 K), Yama-
naka et al. [98] found that hydrogen solubility is different among alloys and were
affected by the alloying element. In the alpha phase region (below 850 �C
(1123 K)) Zry-4 had the largest solubility with respect to other alloys and pure
zirconium, whereas in the beta phase region (above 950 �C (1223 K)) the hydrogen
solubility in alloys was smaller than that in pure zirconium. However, Mitchell
reported that the rate at which deuterium permeates zirconium and Zircaloy mem-
branes [96] is indistinguishable from that of zirconium. What is apparent is that
the hydrogen uptake behavior of Zr-based materials exhibits a strong dependence
on temperature and oxide preparation conditions.

The aim of the study by Hatano et al. was to clarify the role of intermetallic pre-
cipitates on hydrogen transport through the oxide film [101]. They oxidized Zry-2 in
steam and examined the hydrogen uptake in the pre-transition period of oxidation.
Distribution of hydrogen in the oxide film was measured with SIMS to examine the
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rate controlling process of hydrogen uptake. In their view of the process, the oxida-
tion rate of the intermetallic precipitates in Zircaloys is smaller than that of the ma-
trix zirconium. Therefore, the precipitates are accommodated in the zirconium oxide
in a metallic state and then gradually oxidized. At the beginning of oxidation these
precipitates may remain unoxidized in the oxide film and act as a fast transport route
of hydrogen, leading to large hydrogen uptake. As the oxidation of the zirconium
matrix proceeds, the precipitates begin to oxidize. After the precipitates are oxidized,
hydrogen diffuses mainly via the grain boundaries of zirconium oxide.

Finally, Cox and Wong [92] made an attempt to identify the locations of the
cathodic sites on Zr. They studied a variety of alloys and batches to establish the
common features of these sites and to determine whether sites are permanently lo-
cated within the oxide or vary randomly as oxidation progresses. They found Cu
deposits at small cracks in the oxide film on Zry-2 and that the active cathodic sites
were at the tips of small cracks in the oxide surface. They reported that the hydrogen
uptake takes place at sites where the oxide–metal interface is exposed to the environ-
ment, after the formation of cracks or pores. Repassivation of the sites and produc-
tion of new ones indicates that uptake sites are active only briefly during oxidation.
These findings support the view that hydrogen uptake during the corrosion of zirco-
nium alloys is a localized process.

2.4. Sulfur

Sulfur is a common impurity that is known to segregate from the bulk of metals to
the near-surface region during high-temperature annealing. Its role as a poison for
surface chemistry and the fact that segregated sulfur may weaken oxide/metal inter-
faces that prevent corrosion emphasize the importance of controlling its presence.
Oxygen and carbon can easily be dissolved from the near-surface region of zirconium
into the bulk by annealing at high temperatures in vacuum, but this may result in the
unwanted segregation of sulfur from the bulk. In zirconium-based materials the
amount of sulfur in the near-surface region is particularly difficult to determine ex-
actly. The difficulty arises from the overlap of the Zr(MNV) and S(LMM) Auger
transitions. On the other hand, even though SIMS is certainly a reliable method
for the determination of surface sulfur, the presence of subsurface sulfur cannot
be ruled out using this technique.

In an effort to investigate the behavior of sulfur on zirconium surfaces, we studied
the SO2/Zr(0001) system, observing a saturation of S and O Auger signatures at
about 1 L exposures [103]. Fig. 37 shows derivative-mode Auger electron spectra ob-
tained before exposure to SO2, after exposure to 3.4 L of SO2, and upon annealing to
850 K. The increase of the overlapping Zr(MNV) + S(LMM) transition indicates a
change in sulfur content in the near-surface region. Note that the overlapping peak
increases upon SO2 adsorption and also after annealing. The increase after annealing
reflects oxygen dissolution into the metal.

No desorption of SO2 was observed which led us to propose that SO2 dissoci-
ates upon adsorption. It is difficult to determine whether dissociation occurs dur-
ing adsorption at 150 K or in subsequent heating. However, based on the surface



Fig. 37. Auger electron spectra recorded before backfilling, after SO2 exposure, and after annealing to
850 K. All spectra are collected near 150 K. Reprinted with permission from Ref. [103].
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oxidation revealed by AES, we conclude that at least some of the SO2 dissociates at
150 K. TPD experiments reveal only the desorption of small quantities of H2S (32
and 34 amu) at about 250 K, as shown in Fig. 38. We believe that the source of
hydrogen is the near-surface region of the zirconium.

Led by the fact that there is uncertainty in the surface science literature concern-
ing sulfur-free zirconium surfaces, as inferred from the relative peak-to-peak height
intensities of the Zr(MNN) and the overlapping Zr(MNV) + S(LMM) Auger fea-
tures, we recently reported a high-temperature AES investigation of sulfur segrega-
tion from the bulk of Zry-4 to the near-surface region [104]. We show that surfaces
which appear to be impurity-free (with respect to O and C) and therefore clean, may
in fact be sulfur-contaminated, at least within the sampling depth of AES. Namely,
during 3-h annealing between 920 and 1012 K, our AES data indicate that the seg-
regation of sulfur to the near-surface region is approximately linear with time.

Our work with SO2 is complimentary to that of Ojima and Ueda, who had pre-
viously investigated the oxidation of polycrystalline Zr using TOF-ESD and AES
[68]. They found that the sticking coefficient of oxygen atoms considerably decreases
on S-segregated surfaces. They reported three sites for the adsorption of oxygen
atoms—subsurface, hollow, and on-top sites. This work indicates that S atoms
segregate to the Zr surface to occupy the hollow or the on-top sites, resulting in
an observed decrease in the sticking coefficient of subsequently adsorbed O atoms.



Fig. 38. H2S
+ (34 amu) thermal desorption spectra following 150 K SO2 adsorption on Zr(0001) surfaces.

Reprinted with permission from Ref. [103].

N. Stojilovic et al. / Progress in Surface Science 78 (2005) 101–184 145
Fig. 39 shows TOF-ESD spectra obtained for O2 exposure of 54 L on S-segre-
gated (thin line) and cleaned (bold line) zirconium surfaces. Regardless of the pres-
ence of S, the small O(1)+ peak is detected. The time regime where the O(2)+ and
O(3)+ peaks are detected from the sulfur-segregated surface overlaps with the
O(2) 0+ feature from the clean surface. Based on these and other results, Ojima and
Ueda concluded that there are three states of oxygen atoms on zirconium and that
sulfur effects the O(3)+ state. It is believed that the O(1)+ state originates from sub-
surface oxygen sites, and that the O(3)+ state is most likely due to OH+ or H2O

+.
Note that H+ is also seen in Fig. 39, presumably attracted to the surface from the
subsurface region by oxygen adsorption as discussed in previous sections.

Wong et al. studied the stability of a mixed zirconium oxide and sulphide thin film
using XPS [105]. Interestingly, they observed that the initially formed film has an ex-
cess of O over S, even though the ratio of the reactants H2S and H2O was 50 to 1.
Heating the oxide–sulphide film to 400 �C (673 K) for 10 min does not change the



Fig. 39. A set of TOF-ESD spectra measured following a 54 L O2 exposure of a S-segregated surface and a
clean Zr surface. Reprinted with permission from Ref. [68].
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amount of sulfur present, whereas sulfur was completely removed when a plasma
treatment was applied to the sample at room temperature. They concluded that to
establish the relationship between the properties and the oxide–sulphide film struc-
ture, further studies were needed, particularly with respect to the binding of hydro-
gen in/on these films.

Phadnis et al. investigated the passivity of Zry-2 by ellipsometry, XPS, and elec-
trochemistry and evaluated the electrochemical behavior of the alloy [106]. Samples
exposed to 0.5 M H2SO4 resulted in polarization data that was sensitive to alloy heat
treatment. A shift of the Zr(3d) feature by about 4 eV in XPS indicates surface oxi-
dation, with ZrO2 as the major component. The beta-quenched alloy has a sharp
peak in the O(1s) region whereas for the alpha annealed alloy, the O(1s) peak has
a shoulder on the high-energy side suggesting incorporation of hydrogen in the film.
The presence of sulfur is evident in each film, with the peak more prominent in the
quenched alloy than in the case of the annealed material. The alloy in the quenched
condition also shows improved passivity as compared to that in the annealed
condition.

The growth of oriented anodic films on zirconium single grains in 0.5 M H2SO4

was studied by another group [107,108] using AME. Ellipsometric measurements
on single grains of polycrystalline zirconium revealed the presence of well ordered,
crystalline oxide films with a sharply-defined epitaxial relationship to the substrate
on all grain orientations except (0001). The crystal structure of the oxides was found
to depend on the grain orientation in a systematic way. Upon transition to basal
(0001)-faces and amorphous (mechanically polished) zirconium, mainly amorphous
layers are formed. This study emphasizes the strong grain dependence of passive film
growth in the Zr/ZrO2 system, with varying epitaxial relationships between the oxide
layers and their metallic substrates. The presence or role of sulfur was not explicitly
investigated in this study.
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2.5. Carbon

Carbon is attracted to the near-surface region of zirconium at lower temperatures
whereas it dissolves into the bulk at higher temperatures. This poses another potential
contamination problem involving mass transport. In an early study of 300 K adsorp-
tion of CO on polycrystalline zirconium surfaces, Foord et al. reported nearly com-
plete dissociation and surface-to-bulk diffusion during heating, with little molecular
desorption [31]. They determined diffusion coefficients for carbon and oxygen to
be DC = 3.6 · 10�16exp(�64000/RT) m2 s�1 and DO = 7.4 · 10�16exp(�50400/RT)
m2 s�1 respectively, with the activation energies given in Joules. Also, they reported
the thermal desorption of CO in a single peak near 410 K, with behavior resembling
first order desorption kinetics. With a heating rate of 170 K/s and assuming a pre-
exponential factor of 1013 s�1, they estimated the activation energy for desorption to
be about 92 kJ/mol.

Hoflund et al. studied the interaction of CO with polycrystalline zirconium using
XPS and AES from room temperature up to near the melting point of zirconium
[109]. Dissociative adsorption was observed at all temperatures. In a later study,
some of the same authors reported the room-temperature dissociation of CO on
polycrystalline zirconium [110]. Interestingly, they observed an oxide overlayer
and the presence of carbon beneath this layer. Upon exposure of zirconium to
2500 L of CO at room temperature, AES revealed a significant amount of carbon
whereas ISS showed no carbon in the top layer. Heating caused oxygen dissolution
into the bulk and converted the carbon into a carbidic form.

Lou and co-workers investigated the room-temperature chemisorption of CO on
zirconium (0001) surfaces using AES and LEED methods [111]. They observed that
about 1 L exposure to CO produced no extra LEED structures, but a (2 · 2) pattern
formed upon heating to 513 K. Heating to 573 K depleted the surface of oxygen,
producing a sharp (1 · 1) LEED pattern. After greater CO exposures the authors ob-
served only (1 · 1) patterns. Since there was no evidence for carbon forming a (2 · 2)
LEED pattern on Zr(0001), this was attributed to the presence of oxygen. It was
also suggested that attractive C–O interactions were present, as carbon seemed to in-
crease the activation energy for oxygen diffusion. This was based on the observation
that the temperature at which significant diffusion of oxygen occurred in the presence
of carbon was about 40 K greater than what had been earlier measured for the
Zr(0001)–O system [62].

Lou et al. also studied the room-temperature adsorption of C2H4 on Zr(0001)
[111]. After adsorption and heating, the remaining carbon formed two different or-
dered (1 · 1)-C LEED patterns. First, upon exposure to about 1 L of C2H4 at room
temperature, a diffuse (1 · 1) LEED pattern was observed. After brief heating to
743 K a sharp (1 · 1) pattern was observed upon cooling to room temperature.
An increase in the Zr(MNV)/Zr(MNN) ratio above 673 K possibly indicated the
desorption of hydrogen and the dissolution of carbon into the bulk.

Since zirconium becomes susceptible to SCC when exposed to methanol in service
[1], it is also relevant to investigate the methanol–zirconium system under UHV con-
ditions. Our group [112] studied the interaction of deuterated methanol (CD3OD)



Fig. 40. Integrated methanol desorption yields from Zr(0001) surfaces after CD3OD adsorption at 150 K
(solid points) and 160 K (hollow points). Reprinted with permission from Ref. [112].
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with Zr(0001) and found that a 10 K difference in adsorption temperature (150 K
versus 160 K) alters the amount of desorbing species (see Fig. 40) with no effect
on desorption temperature. Higher adsorption temperature results in lower desorp-
tion yield, and there is almost no desorption at lower exposures. Note that the axes
of Fig. 40 do not begin at zero, so the lines intended to guide the eye should not be
expected to extrapolate through the ordinate. This very high desorption temperature
(600 K) suggests strong adsorbate/adsorbent interactions. AES reveals that during
heating, carbon is left near the surface while oxygen dissolves into the bulk. Higher
annealing temperatures are needed to dissolve the carbon.

Recently we investigated the interaction of benzene (C6H6) with Zr(0001) and
also found unexpectedly high desorption temperatures, near 715 K for higher expo-
sures, as can be seen in Fig. 41 [113]. This very high desorption temperature of ben-
zene is indicative of strong interactions between benzene and zirconium. Note that
for lower exposures (1 L and below) benzene dissociates. Interestingly, AES showed
an increase of the oxygen content in the near-surface region. We proposed that
hydrogen from the dissociated layer(s) attracted subsurface oxygen, while an ex-
change of adsorbed carbon with this oxygen may have taken place.



Fig. 41. C6H
þ
6 (78 amu) TPD spectra following 150 K C6H6 adsorption on Zr(0001) surfaces. Benzene

and its cracking fragments are the only species detected. Reprinted with permission from Ref. [113].
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It is relevant to compare our adsorption experiments with carbon-containing spe-
cies such as benzene and methanol to those of carbon-free adsorbates such as ammo-
nia and nitric oxide. For example, in the C6H6/Zr(0001) and CD3OD/Zr(0001)
systems only molecular desorption is detected in thermal desorption experiments
[114], unlike in the cases of NO and NH3 where water was produced. AES shows car-
bon in the near-surface region after thermal desorption whereas oxygen diffuses into
the bulk during heating. We proposed that a passivating layer of carbon is formed by
the initial decomposition of these species on zirconium (0001) surfaces. Unlike what
we observed for nitrogen-containing molecules discussed below, the desorption peak
temperatures are unaffected by a change in adsorption temperature for these two car-
bon-containing systems. Carbon in the subsurface region seems to play a key role in
the kinetics observed for these organic molecules.

After improvements to our UHV system, the adsorption of benzene on Zr(0001)
and the effects of 500 eV electron bombardment were also investigated in our labo-
ratory using a capillary-array molecular beam doser [115]. Two desorption peaks
were resolved above 700 K in TPD experiments, and we found that electron bom-
bardment does not effect the amount of desorbing benzene significantly but instead
alters the TPD profiles and desorption peak temperatures. The TPD profiles depend
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both on benzene exposure and electron bombardment. We propose that exposure to
electrons effects the geometry of adsorbed molecules, favoring one adsorption state
over the other. Also, we detected the production of C2H2 and C4H4 species for lower
benzene exposures and found electron bombardment does not affect this trend either.
AES showed that the C(KLL) feature exhibits line-shape changes with respect to
benzene exposure and annealing temperature as shown in Figs. 42 and 43. Our re-
sults indicate that benzene dissociates on Zr(0001) for lower exposures, forming a
carbonized surface upon which additional benzene adsorbs and remains stable to
unexpectedly high temperatures.

Fig. 42 shows derivative-mode AES from cleaned Zr and surfaces exposed to ben-
zene. Note that carbon and oxygen are present in the near-surface region prior to
Fig. 42. Auger electron spectra of cleaned and benzene-dosed zirconium surfaces. Spectra were taken near
150 K. Reprinted with permission from Ref. [115].



Fig. 43. Auger electron spectra of Zr(0001) after cleaning, exposure to benzene, and annealing. Stepwise
annealing is performed in 100 K steps from 150 to 850 K and the spectra are collected after cooling to
approximately 150 K. Reprinted with permission from Ref. [115].
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experiments, which can only be removed by high-temperature annealing. However,
this annealing also changes the Zr(MNV)/Zr(MNN) ratio possibly reflecting segre-
gation of sulfur from the bulk. After exposure the intensity of the zirconium Auger
features is reduced due to attenuation caused by benzene chemisorption. The
C(KLL) Auger feature is larger after annealing than immediately after exposure indi-
cating more carbon atoms in the near-surface area after desorption when only car-
bidic carbon remains, as can be seen in Fig. 43. This is also a result of oxygen
dissolution into the bulk. Note that the C(KLL) feature indicates that the carbon
changes from graphitic to carbidic form, based on the line shapes. No LEED pat-
terns other than (1 · 1) were observed in our experiments.

We also compared the effects of electron bombardment on benzene and cyclohex-
ane adsorbed on Zr(0001) [116]. Fig. 44a shows benzene TPD spectra obtained after
benzene adsorption at 150 K for various exposures. Comparison to Fig. 44b shows
that when no electron bombardment is applied, the beta desorption state dominates
below about 15.0 · 1014 molecules/cm2. For higher exposures, the alpha desorption
state is more pronounced. On the other hand, electron bombardment effects benzene



Fig. 44. (a) Desorption of benzene following benzene adsorption on Zr(0001) at 150 K. (b) Desorption of
benzene following benzene adsorption on Zr(0001) at 150 K and electron bombardment (500 eV,
2.0 · 1017 electrons/cm2). Reprinted with permission from Ref. [116].
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desorption profiles in such a way that the beta-state dominates regardless of expo-
sure, and the alpha-state temperature shifts upward. We interpret this as an indica-
tion of geometric rearrangements of the adsorbed benzene rings (flat versus tilted)
induced by electron bombardment. The labeling scheme in this figure should not
be confused with the alpha-Zr and beta-Zr nomenclature used throughout this text.

In this same study and in a later one [117], we investigated the effects of electron
bombardment on cyclohexane (C6H12) desorption profiles under similar conditions.
For higher exposures we observed an exceptionally strong interaction of cyclohexane
with zirconium, with molecular desorption at about 700 K. Similar to we observed in
the C6H6/Zr(0001) system, electron bombardment does not effect the amount of
desorbing cyclohexane notably but instead changes desorption profiles. It is interest-
ing to note that 500 eV electron bombardment of C6H12/Zr(0001) results in small
quantities of H2 desorption, but this is not observed from the C6H6/Zr(0001)
system.

Several more studies of the role of carbon on Zr surfaces should be mentioned
here. Watanabe et al. [118] studied the decomposition of methane on Zr–Ni alloys
(Zr7Ni10, ZrNi, Zr2Ni and Zr4Ni) and pure zirconium in the 573–823 K temperature
range. They reported that the Zr4Ni alloy removed over 99% of the methane at
673 K and was the most suitable getter for methane decomposition. They found a
low activation energy for decomposition (49 kJ/mol) and suggested that dissolution
of carbon into the bulk does not control the decomposition rate of methane. The
decomposition rate increased with zirconium content within the alloys except for
the case of pure Zr, which showed a lower value than Zr4Ni.

Sergeev et al. [119] investigated how heat treatment effects the carbon distribution
in Zr and Zr–2.5Nb. They used XRD and AES to determine that annealing these
materials in 10�2–10�3 Pa vacuum at 1173–1473 K is accompanied by the formation
of a zirconium oxycarbide surface layer. Moreover, using 14C isotopes they observed
that this oxycarbide forms as a result of impurity carbon diffusion from the bulk to
the surface of these samples. Segregation of carbon along grain boundaries and sub-
grains is a result of the presence of oxygen on these boundaries. Finally, another
group investigated the oxidation kinetics and structure of the oxide films formed
on Zircaloys in CO and CO2 mixtures [120,121], but the role of carbon was not
explicitly addressed.

2.6. Nitrogen

Nitrogen-containing species and their role on the surface chemistry of Zr has been
a major thrust of the work in our group. This has been driven by the fact that the
corrosion resistance of zirconium in nitric acid is exceptional [122–124], and that
nitrogen implantation improves the stability of Zr in corrosive environments
[125,126]. For example, Kim et al. studied the corrosion behavior of nitrogen-
implanted Zry-4 [125]. The improvement of the corrosion resistance of the alloy
was confirmed by an increase in the pitting potential from 235 mV to 685 mV
SCE after implantation with 1018 ions/cm2, and a decrease in the passive current
density with increasing nitrogen dose. More precisely, the improvement in corrosion
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resistance originates from the formation of ZrN and ZrO2 during implantation. Cor-
rosion resistance strongly depends on sample temperature and the best resistance to
localized corrosion of nitrogen-implanted alloys was observed to be at about 566 K.

In a related study, Miyagawa et al. investigated the surface properties of zirco-
nium films implanted with 50 keV nitrogen ions at room temperature and at
873 K [126]. Doses ranged from 1 · 1016 N+/cm2 to 1 · 1018 N+/cm2. They moni-
tored implanted nitrogen, nanohardness and chemical state as a function of depth
by combining Ar-ion sputtering and XPS with ultra-low-load indentation. Fig. 45
shows the development of the N(1s) and Zr(3d) XPS features as a function of sput-
tering time. The formation of ZrN is evident after implantation of nitrogen. Glanc-
ing-angle XRD revealed stronger peak intensities for ZrN(111) at higher
implantation temperatures. An increase in hardness after about 1 · 1017 N+/cm2

both at room temperature and 873 K was assigned to point defects and interstitial
hardening, whereas an increase at about 1 · 1018 N+/cm2 at 873 K was assigned to
the formation of ZrN.

Foord et al. studied the adsorption of NO and N2 on polycrystalline zirconium at
300 K and found almost complete dissociation [31]. They reported that nitrogen
most likely forms an underlayer and that heating resulted mostly in diffusion of dis-
sociated fragments. These authors obtained a diffusion coefficient for surface-to-bulk
Fig. 45. N(1s) and Zr(3d) spectra measured by XPS with Ar sputtering for Zr implanted with 50 keV
nitrogen at 1 · 1018 ions/cm2. There are no differences between spectra for samples implanted at room
temperature versus those at 500 �C (773 K). Reprinted with permission from Ref. [126].
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diffusion of nitrogen to be DN = 2.2 · 10�16exp(�57000/RT) m2 s�1 (activation en-
ergy in Joules). The initial sticking probabilities relative to oxygen for N2 and NO
were 0.1 and 1.0, respectively. Saturation exposure for N2 was about 80 L whereas
for NO it was about 20 L.

Hoflund et al. investigated the interaction of N2 and N2O with polycrystalline zir-
conium using AES and XPS over a wide temperature range [109], distinguishing be-
tween two states of ‘‘clean’’ zirconium. State 1 represents a situation when the
sample has not been subjected to prolonged heating above the transition temperature
(1135 K), whereas state 2 is present on samples that have been annealed. These two
states exhibit very different valence electronic structure, as can be inferred from the
difference in the (MVV) AES transitions. State 1 has greater MVV peak intensity
than state 2. It was reported that materials in state 1 adsorb N2 much more readily
than those in state 2, implying that valence electrons involved in the MVV transition
participate in chemisorption.

Nitrogen adsorption on polycrystalline zirconium at room temperature was also
studied using AES and EELS by Kurahashi et al. [127]. Fig. 46 shows the ratio of
the N(KLL) and Zr(M45N1N23) peak-to-peak Auger intensities versus nitrogen
exposure, and indicates saturation of the near-surface region with nitrogen at about
10 L of N2 exposure. Fig. 47 shows how the zirconium Auger features change as a
function of N2 exposure. The spectrum on the top of the figure represents ZrN. In
this study, AES and EELS spectra agree well with the electronic structure calculated
for the Zr(0001)-(1 · 1)–N system where a monolayer of atomic nitrogen occupies
the interstitial octahedral sites beneath the zirconium (0001) surface.

Wong and Mitchell employed a multiple-scattering analysis of LEED intensities
to investigate the Zr(0001)-(1 · 1)–N surface structure [128]. It was suggested that
nitrogen atoms reside in the octahedral sites between the first and the second zirco-
nium layers. Based on LEED experiments, an interlayer spacing, dZr–N, of 0.13 nm
and a Zr–N bond distance of 0.227 nm were determined for the single underlayer
model. These results agree with what Shih et al. reported for the Ti(0001)-(1 · 1)–N
Fig. 46. Relative peak-to-peak intensity of the nitrogen KLL and zirconium M45N1N23 Auger peaks as a
function of nitrogen exposure. Reprinted with permission from Ref. [127].



Fig. 47. Change in the AES spectrum of zirconium with nitrogen exposure. The AES spectrum of ZrN
and a calculated spectrum are shown at the top. Reprinted with permission from Ref. [127].
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structure where nitrogen atoms also occupied octahedral sites between the top two
layers [129]. Wong and Mitchell also used AES and reported that nitrogen diffusion
occurs at a slower rate than oxygen, similar to what Foord et al. reported [31].

A theoretical study of nitrogen adsorption on Zr(0001) surfaces using first-prin-
ciples total-energy and force calculations has also been formulated [130]. It predicted
that nitrogen atoms occupy subsurface octahedral (O) sites rather than surface sites.
Fig. 48 shows (a) nitrogen, and (b) oxygen binding energies, expressed in eV, calcu-
lated for different octahedral and tetrahedral (T) sites as a function of the distance
from the surface. It is evident from the figure that subsurface O-sites are energetically
more favorable than overlayer or T-sites. Based on this, Yamamoto et al. concluded
that they could exclude surface or subsurface T-sites from consideration. Fig. 48a
also shows an increase in binding energy of about 1.4 eV when nitrogen goes from
the overlayer to underlayer O-sites.

They believe that the increase in binding energy could be due to an increased num-
ber of bonding neighbors of the nitrogen atom. Also, a slight increase in binding en-
ergy can be seen in going from the O(12) to the O(23) sites, and after nitrogen
penetration of two zirconium layers the binding energy is almost the same as that
in bulk ZrN. The subsurface nitrogen adsorption (absorption) is consistent with
the experimental results obtained using LEED by Wong and Mitchell [128]. Yamam-
oto et al. [130] pointed out in this study that subsurface sites are not the most favor-
able sites for all adsorbates. For example, they found that hydrogen binds more



Fig. 48. (a) Binding energy of nitrogen calculated for the various octahedral (circle) and tetrahedral
(triangle) sites. (b) Binding energies of oxygen at various sites for the Zr(0001)-(1 · 1)–O adsorption
system. The results are shown as a function of the distance from the surface (top Zr layer). Reprinted with
permission from Ref. [130].
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strongly to zirconium surface sites than to subsurface sites, even though hydrogen is
smaller than nitrogen or oxygen.

Our group has studied the role of N and its influence on the desorption of water
from Zr(0001) surfaces [131,132]. For example, TPD experiments revealed that
heating NH3/Zr(0001) resulted in the desorption of both ammonia and water. Sur-
prisingly, desorption yields and profiles were found to strongly depend on adsorp-
tion temperature. We proposed that the production of water in TPD most likely
involved an exchange of oxygen from beneath the surface with N, with the hydrogen
from dissociated ammonia participating to form water during heating.

With the ultimate goal of modifying the surface chemistry of zirconium we inves-
tigated effects of low-energy electron bombardment on the NH3/Zr(0001) system at
about 155 K [133]. Even though no effect was observed on the thermal production of
water and ammonia at high temperatures, electron-induced desorption of molecular
hydrogen is detected in TPD near 310 K. Fig. 49 shows hydrogen TPD spectra



Fig. 49. Hydrogen TPD spectra following 155 K ammonia adsorption on Zr(0001) and electron
bombardment. The production of Hþ

2 depends on the fluence of 485 eV electrons. We have verified that
data such as these do not depend sensitively on ammonia exposure, and for this data set the ammonia
exposures are kept at 	40 L. Reprinted with permission from Ref. [133].
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(2 amu) following NH3 adsorption at 155 K and 485 eV electron bombardment. The
figure shows how changes in electron fluence effect hydrogen desorption. Note that
below 3 · 1016 electrons/cm2 no desorption of hydrogen is notable. In these measure-
ments the ammonia exposure was kept at about 40 L. However, we verified that
these results do not depend significantly on ammonia exposure. Similar results were
observed following ammonia adsorption at 180 K (not shown).

We also calculated the integrated areas below these 310 K hydrogen peaks and
extracted cross-sections for the electron-stimulated production of species responsible
for this hydrogen desorption. Fig. 50 shows integrated TPD areas of these hydrogen
peaks versus electron fluence for 155 and 180 K ammonia adsorption temperatures.
Based on exponential fits we determined that both cross-section values fall in the
1–5 · 10�18 cm2 range. We therefore demonstrated that electron bombardment
could be used to selectively modify the low-temperature surface chemistry of Zr
without significantly effecting high-temperature desorption profiles. As discussed
above, electron bombardment showed significant effects on the high-temperature



Fig. 50. Integrated TPD yields from the low-temperature hydrogen state as a function of electron fluence
for two different ammonia adsorption temperatures. The exponential fits yield cross-sections in the 1–
5 · 10�18 cm2 range. Reprinted with permission from Ref. [133].
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desorption profiles of benzene from Zr(0001). However, the desorption of benzene
is proposed to be molecular after higher exposures whereas the desorption of water
or ammonia is believed to result from a recombination of species from the subsur-
face. It is therefore not surprising that electron irradiation does not significantly af-
fect the latter cases.

The adsorption of nitric oxide on Zr(0001) at low temperatures (170 and 180 K)
has also been investigated in our laboratories using TPD, AES, and LEED methods
[134]. It was found that pre-existing subsurface oxygen and hydrogen are involved in
surface reactions at high temperatures resulting in the formation and subsequent
desorption of water and ammonia in TPD. Adsorption of NO shifts the Zr(MNV)
Auger peak by about 2 eV reflecting a change in the oxidation state of zirconium
to +1. LEED experiments showed only a (1 · 1) superstructure after annealing
which was assigned to residual nitrogen probably just beneath the surface.

We have previously summarized some of our studies regarding the effects of sub-
surface species on zirconium (0001) surface chemistry [135]. Our view is that the ex-
change of surface species with subsurface impurities plays an important role in
desorption kinetics that exhibit strong adsorption temperature dependence. When
Zr(0001) is exposed to oxygen-free molecules like ammonia, the desorption of water
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takes place. On the other hand, when Zr(0001) is exposed to hydrogen-free mole-
cules like nitric oxide, the desorption of water also takes place in TPD. Hydrogen
and oxygen are always present in the near-surface region, which is not surprising
based on the gettering characteristics of zirconium.

A phenomenological model introduced to account for these findings is depicted in
Fig. 51. The figure shows how the adsorption temperature could affect the exchange
of surface molecules with subsurface impurities. For simplicity, only two energy bar-
riers are shown, representing zirconium surface E(sr) and subsurface region E(sb)
species. Dissociative adsorption at two adsorption temperatures will be assumed.
Namely, at lower adsorption temperature (the top of Fig. 51) adsorbed molecules
mostly diffuse from the surface into the subsurface region. On the other hand, after
adsorption at higher temperature (the bottom of Fig. 51) diffusion from the subsur-
face into the surface region takes place as well. More adsorbates reside in the surface
Fig. 51. Conceptual diagram of how the subsurface region can act as a sink or source of species with
respect to the surface. Reprinted with permission from Ref. [135].
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region at higher adsorption temperatures, thus this picture accounts for the smaller
yields of desorbing species that we observe after adsorption at lower temperatures.
This appears to contradict a simple sticking coefficient model but in the temperature
range (well below room temperature) that we were studying, the difference in sticking
coefficient is most likely insignificant. In our model the zirconium substrate acts as a
‘‘sink’’ that is more effective at lower (150–180 K) temperatures.

The fact that lower adsorption temperatures results in water desorption at higher
temperatures can be rationalized in the following manner. At lower temperatures
adsorbates penetrate more deeply into the substrate so that in subsequent heating
it takes more time for dissolved atoms to return to the surface and participate in sur-
face reactions leading to desorption. This implies that species beneath the surface
(subsurface species) are directly involved in the desorption process. Relatively broad
desorption features together with relatively high desorption temperatures support
this model.

2.7. Other adsorbate systems

From an applied standpoint, the effects of adsorbates on Zircaloy oxidation in air
and steam have been studied by measuring the weight gain of samples [136]. The ef-
fects of LiOH for instance depend on surface condition, temperature, and type of
atmosphere, effecting only samples with chemically etched (pickled) surfaces. LiOH
was found to enhance oxidation at low temperatures and retard oxidation at high
temperatures. NaCl enhances oxidation, but non-uniform surface stresses and
embrittlement of the oxide by Cl also occur. The effects of fluorides varied. NaF
was found to be most harmful with KF following next. On the other hand, LiF
did not affect the oxidation of the Zircaloys. The dissolution of fluoride into the
oxide appears to be involved in the process.

In a related study, Oskarsson et al. [137] studied the oxidation of Zry-2 and Zry-4
in an autoclave in water and in lithiated water (70 ppm). Their goal was to determine
the effects of alloy composition and lithium on Zr oxidation kinetics using cross-sec-
tional TEM and EIS. They found that the oxidation rate correlates with the density of
cracks in the oxide layer and the morphology of oxide grains. Lithium hydroxide is
added to the primary water of PWRs to control the pH and thus the corrosion of
structural materials. The corrosion rate of zirconium alloys increases with increasing
pH. On the other hand, the effect in LiOH solutions is much stronger than in solutions
of NaOH or KOH. Hence, Li rather than hydroxide ions are presumed to be the main
cause of the accelerated corrosion rate. However, corrosion tests in Li salts show no
effect on the oxidation rate, so synergistic effects must be at work in these systems.

Lithium ions are probably strongly bound to the negatively charged oxide surface,
and Li+ ions become incorporated into the oxide by a dissolution–precipitation reac-
tion. For lithium to have an effect on the diffusion of hydrogen and oxygen through
the oxide layer, it must be incorporated in the oxide. The rate controlling process in
Zircaloy oxidation is the transport of oxygen across the inner oxide layer, which
most likely proceeds by grain boundary diffusion. The smaller size of Li versus Na
and K ions makes it easier for Li to enter the grain boundaries of the oxide and reach
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the metal–oxide interface. The inner part of the oxide, which may act as a barrier for
the oxidation process, is thin for samples exposed to lithiated water. The density of
cracks in the oxide layer correlates with the oxidation rate.

Kim and Kwon [138] developed a model to understand the crystallization and
degradation behavior of zirconium oxide during corrosion of zirconium alloys. They
demonstrated that pH is a main factor governing the crystallization of zirconia, lead-
ing to 35% tetragonal and 65% monoclinic zirconia at pH values between 7 and 10,
and 100% monoclinic zirconia at pH > 12. The tetragonal zirconia was degraded due
to the tetragonal-monoclinic transformation, which was accelerated by LiOH but
not by LiNO3 or KOH. These authors suggest that the corrosion of zirconium alloys
is governed by the tetragonal-monoclinic transformation, the rate of which is deter-
mined by the concentration of OH ions and oxygen vacancies. The enhanced corro-
sion of zirconium alloys in LiOH solution is a result of an increased concentration of
oxygen vacancies by the substitutional solution of Li into the zirconia. Relatively lit-
tle enhancement of corrosion in KOH or NaOH seems to confirm that the solution
of metallic cations into the oxide film is a key mechanism.

Using galvanostatic and capacitance methods, El-Mahdy et al. investigated the ef-
fect of halide ions (F�, Cl�, Br�, I�) on the formation and dissolution behavior of
zirconium oxide [139]. They found that increases in temperature and F� concentra-
tion limit the growth of the oxide film and raise the average rate of zirconium oxide
dissolution. Chloride ions induce a localized attack on zirconium during oxide for-
mation and partly dissolve the oxide. The Br� ion has a significant influence on oxide
film formation and dissolution, whereas I� ions have little effect on these two pro-
cesses. It was also reported that oxide films formed under high voltage had more de-
fects than ones formed at lower voltage.

It is relevant here to discuss one study involving molecular adsorption on defected
zirconium oxide films. Ordered epitaxial ZrO2 films were grown on Pt(111), and the
effect of surface defects on the adsorption characteristics of H2O, ethanol, diethyl
ether, and their fluorinated analogs were studied [140]. Defects were produced by
Ar+ sputtering and characterized via loss of oxygen using ISS. These defects could
be removed by sample annealing in H2O or O2. New adsorption sites were identified
where H2O binds dissociatively, producing H2 upon heating above 400 K. Addition-
ally, diethyl ether binds more strongly on these defective surface sites. However, the
presence of surface defects did not affect the perfluorinated ether. Coadsorption
experiments using D2O indicated strong interactions with alcohols and weakening
of the D2O surface bond. Adsorbed D2O also resulted in weakening of the ether-
surface bond.

Finally, one UHV-based study of the interaction of phosphorus-containing mol-
ecules with zirconium surfaces was conducted by Mitchell and co-workers [111].
These authors studied the room-temperature chemisorption of PH3 on Zr(0001)
using LEED and AES in the 1–10 L range. After adsorption, only diffuse (1 · 1)
LEED patterns appeared. They reported that heating PH3/Zr(0001) might yield a
weakly ordered (3 · 3)-P superstructure. The temperature at which surface ordering
occurs happens to overlap with that at which a loss of surface P occurs by dissolution
into the subsurface region.
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2.8. Alloying element studies

Impurities, alloying elements, grain boundaries, and other defects in zirconium al-
loys can have significant influences on the metal�s surface properties. The effects on
oxidation and hydrogen ingress are of particular interest; these processes can have
detrimental effects on materials. The alloying or impurity elements most often dis-
cussed include iron, niobium, chromium, vanadium, nickel, tin, and silicon. These
can be dissolved in the bulk, concentrated on the surface, or in the form of precip-
itates. Precipitates are often composed of a combination of zirconium and impurity
or alloying elements, possibly with their own crystal structure. In this section we will
discuss studies of several different alloys and pure forms of zirconium, with an
emphasis on the role of the alloying elements.

Baek and Jeong analyzed the oxide layers formed on Zry-4 in steam after heat
treatment [141], particularly paying attention to the oxidation of iron and chromium
within Zr(Fe,Cr)2 precipitates. From SEM data they confirmed that the zirconium
matrix oxidizes first followed by oxidation of the precipitates. In the process of oxi-
dation of the matrix the precipitates were incorporated within the oxide to become
gradually oxidized within the oxide film themselves. Iron and chromium showed dif-
ferent oxidation rates, with iron having a much higher rate. The authors proposed
that the corrosion rate of the alloy might be governed primarily by the oxidation
of these precipitates.

Vittoz et al. [142] investigated the surface properties of oxides on Zry-4 and Zr–
Nb alloys and discussed the influence of the alloy composition on the interaction at
the interface using AES, XPS, and wetting experiments. They found that ZrO2 on
the surface of Zry-4 has some tin in the oxide layer, whereas the surface of Zr–Nb
alloys presents an oxide layer composed of both zirconium and niobium oxides.
Using angle-resolved analysis it was observed that the surface is enriched in niobium
oxide, presumably Nb2O5 and it was proposed that Nb segregated during oxidation.
Tin on the other hand was found to be uniformly distributed within the oxide layer,
and XPS showed that it was is in oxidized form, probably as Sn4+. Most impor-
tantly, the Sn4+/Zr4+ ratio corresponded to the nominal bulk ratio, so that no pref-
erential segregation occurred.

Wetting measurements indicated that Li adsorption is easier at the Zr–Nb sur-
faces than on Zry-4, which was confirmed by AES. For the Zry-4 samples the contact
angle as a function of the pH was characteristic of amphoteric behavior. For both
alloys an increase in wettability is observed over the whole pH range for samples
aged in PWR coolant, which results in Li and B adsorption. The main result of this
work is the correlation between the presence of an anodic niobium oxide at the
surface and a more pronounced level of both lithium and boron adsorption, which
may, in the future, help us understand the effect of lithium on zirconium oxide
degradation.

The Zr–2.5Nb alloy is important in CANDU applications. This alloy contains
about 10% by volume of beta phase Zr–20Nb, with the remainder being alpha phase
Zr–1Nb. Zhang and Norton [143] measured the surface concentrations of oxygen,
niobium, and zirconium of bcc phase Zr–20Nb alloy samples. AES was used to



Fig. 52. Changes of concentration of Zr, Nb and O on the surface of a beta-Zr–20Nb alloy during heating
at a linear rate of 1 K/s. Reprinted with permission from Ref. [143].
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determine the zirconium and niobium surface concentrations, while 3000 eV Cs+

SIMS was used for the oxygen quantification. Fig. 52 shows how these three concen-
trations change while the sample is heated at 1 K/s. Between 473 and 573 K, oxygen
segregated to the surface. Interestingly, the authors observed that the AES signal
intensities of Zr and Nb did not change significantly. They suggest that neither Zr
nor Nb migrate in this temperature range and that oxygen likely occupies interstitial
sites in the matrix. Note that Fig. 52 shows the concentrations of the three elements,
not absolute amounts. When oxygen segregated to the surface while Zr and Nb
essentially remained stationary, the concentrations of Zr and Nb decreased because
of the increased number of total atoms present at the surface. After heating, AES
depth profiles indicated that most of the oxygen was in the region of the first few
atomic layers.

Since oxygen segregation to the surface was the most significant process in the
473–573 K range, the authors performed measurements of diffusion coefficients.
Fig. 53 shows several time-resolved static SIMS experiments where the sample was
heated and held at a particular temperature. As one might expect, higher tempera-
tures lead to faster segregation of oxygen to the surface. Using these concentration
profiles, diffusion coefficients were calculated, the details of which can be found in
Zhang and Norton�s paper [143] and from references therein.

Cox and Sheikh [144] investigated the migration of alloying elements from precip-
itate particles into the oxide of Zry-2. The oxidation of these precipitates was delayed
compared to the oxidation of the zirconium matrix; they were present in the oxide as



Fig. 53. The changes of surface concentration of oxygen during isothermal annealing experiments at
different temperatures. Reprinted with permission from Ref. [143].
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metallic particles up to a distance of about 100 nm from the metal/oxide interface.
The oxides were made with steam at three different temperatures, until just after
the transition to linear kinetics. Iron, Cr, Ni, and Si were monitored as a function
of oxidizing temperature, with a particular emphasis on Fe. Tin was the only element
in solution; Fe, Cr, Ni are essentially insoluble at low temperatures and were there-
fore present as precipitates.

When the Zry-2 was oxidized at 400 �C (673 K), iron stayed close to its original
precipitate and formed small particles. Although iron migrated at this temperature,
it likely moved too slowly and was therefore oxidized as small particles at the precip-
itates� surface. With oxidation at 500 �C (773 K), only a few small iron oxide parti-
cles formed but instead the iron diffused out of the precipitate. For 600 �C (873 K)
oxide growth, iron exhibited significant diffusion out of the precipitates, whose
boundaries became blurred.

Zhang et al. [145] investigated the segregation of iron onto a zirconium surface in
the form of a single crystal whose orientation was 5–10� off from the ð10�10Þ plane.
This particular surface, referred to as the prism plane, is of interest because it is the
approximate orientation of the zirconium surface exposed after cold rolling. The
iron content was nominally 50 ppm. Time- and temperature-resolved AES showed
that iron had a maximum surface concentration of 30% at about 850 K while heat-
ing. Some iron stayed at the surface after heating followed by cooling and it did not
desorb according to mass spectrometer measurements. The segregation energy of
iron was found to be 0.15 eV in the 960–1030 K temperature range. The precipitates
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covered less than 3% of the surface during the experiments, so their contribution to
the overall surface concentration was small.

Zhang et al. [146] also studied the segregation of iron to the ð10�10Þ surface of a
zirconium sample containing 0.06% iron. This amount of iron was chosen because it
is the amount found in some common industrial alloys. Data from SEM, LEED, and
time- and temperature-resolved AES were used. Precipitates covered about 5–17% of
the surface, and were mainly composed of Zr3Fe. The surface concentration of iron
reached 30%, while 75% of the iron was found to be in the first layer. The surface
oxidized at a 1 L exposure to oxygen, which is similar to the behavior of pure zirco-
nium. In contrast, the iron in the sample oxidized at an oxygen exposure of about
10 L, whereas for a pure polycrystalline iron sample there was only a small amount
of oxidation at 10 times this exposure. Therefore, iron oxidized more readily when
present on the zirconium surface than in its native form. The activation energy for
iron diffusion was found to be 1.96 eV.

Kubo and Uno [147] used electrical characteristics and weight gain to study the
oxidation of zirconium samples with differing iron contents. Oxidation of zirconium
in 400 �C (673 K) steam was compared to anodic oxidation. This comparison was
made because anodic oxidation produces a relatively crack- and pore-free oxide,
whereas steam produces an oxide rich in defects. Electrical resistivity measurements
reflect the presence of cracks and pores because they act as short circuits for electrons
and oxygen ions. The results suggest that the oxide structure was a single layer for
anodic oxidation and a dual layer for steam oxidation. The dual layer oxide involved
low- and high-resistivity components, suggesting that there is a protective, high-resis-
tivity layer along with a non-protective, crack and pore rich layer. It was inferred
that a sample with relatively large iron content (around 1000 ppm) had better corro-
sion resistance with respect to samples containing less iron. One reason could be that
iron atoms, which are smaller than zirconium, stabilize the tetragonal phase of zir-
conium oxide.

Lin and Woo [148] investigated the oxidation of beta-Zr in Zr–Nb alloys. The
samples used were taken from standard pressure tubes before they had their normal
oxidation heat treatment at 673 K. The final state of beta Nb is an amorphous oxide.
Before this, it seemed to be a metallic suboxide, as determined from EDS and low
energy EELS measurements. Specifically, a single plasmon peak in EELS was sug-
gestive of a metallic character before the transition to an amorphous state. A double
peak shape was associated with the amorphous oxide by comparison to spectra of
Nb2O5 powders.

Pecheur [149] studied the oxidation of beta-Nb and Zr(Fe,V)2 precipitates in
oxide films using TEM methods. As was the case in other similar studies, the oxida-
tion of the precipitates was delayed compared to the oxidation of zirconium. Zry-4,
alloy 4 (0.5% Sn, 0.6% Fe, 0.3% V, not to be confused with Zry-4) and alloy 5 (1%
Nb) were studied. Foils a few microns thick were prepared in cross-section from oxi-
dized zirconium, where the oxidation had passed the transition to linear kinetics. No
Fe, Cr, V, or Nb atoms were dissolved in the inner part of the oxide. The authors
therefore concluded that there was no chemical effect of the precipitates on the rest
of the oxide. However, the authors suggest that the presence of metallic precipitates
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within the oxide can have an effect on hydrogen transport. Iron dissolved out of
Zr(Fe,Cr)2 and Zr(Fe,V)2 when the precipitates eventually oxidized. This agrees
nicely with the similar work by Cox and Sheikh [144] mentioned earlier.

Li et al. [150] studied a thin film of zirconium deposited on top of niobium which
was supported on a gold substrate. The thickness of the Zr and Nb layers was ex-
pected to be on the order of tens of angstroms. Data from XPS were used to study
the effects of heating and plasma treating with O2 and H2. Based on the relatively
minor effects of these treatments as compared to other similar work, the authors sug-
gest that the zirconium–niobium interface may be relatively inert.

Some of the same authors also studied a bimetallic film of iron on zirconium [151].
Effects of exposure to oxygen were studied by angle-dependent XPS and stepwise
annealing. Heating to 150 �C (423 K) helped transfer oxygen from FeO to oxidized
zirconium. At 220 �C (493 K), some of the iron and oxygen migrated below the sur-
face, as inferred from changes in XPS spectra. One interesting observation is that the
zirconium layer oxidizes before the iron is completely oxidized. This is similar to the
oxidation of iron-containing precipitates in alloys discussed above, and the authors
suggest that oxygen is drawn away from iron and into zirconium [151].

Zou et al. [152] studied an unusual phenomenon called thermal etching. Two Zr
samples were used, one having high purity and the other being nominally pure. The
iron contents were approximately 1 and 50 ppm, respectively. In the case of the nom-
inally pure sample, the etch pits may have been associated with dislocations that
intersected the surface. Iron had a connection to the phenomenon in that it seemed
to segregate to dislocations. Oxygen also played an important role. Surface diffusion
was believed to be responsible for the observed etching. Fig. 54 shows what happens
to the zirconium surfaces due to annealing in vacuum.

2.9. Modeling

Because XPS is a popular surface science tool, the development of a quantitative
model for the zirconium spectrum would be a useful advance. Lyapin and Graat
[153] modeled the Zr(3d) spectrum semi-empirically, using a combination of physi-
cally realistic functions. The overall model was based on several aspects of a real
XPS experiment, including the core level main peak as well as intrinsic and extrinsic
energy losses. In particular, the authors note that there is an intrinsic plasmon loss-
feature which, if neglected when removing the background, can distort information
extracted from the spectrum. Additionally, loss of resolution due to the energy
spread of the X-ray source and other experimental factors were included. Figs. 55
and 56 show experimental and modeling data for zirconium and monoclinic ZrO2,
respectively, at three different detection angles. Clearly, there is excellent agreement
between the measured and calculated spectra.

The diffusion of oxygen in zirconium has long been an important topic, as is clear
from the previous sections. An alternative to the conventional continuum diffusion
equation has been formulated by Li et al. [154], which models diffusion as a discrete
hopping process. The energy barrier for oxygen hopping from the surface to the bulk
was considered independently from the energy barrier for hopping between different



Fig. 54. (a) SEM micrograph of the ð10�10Þ surface of a Zr single crystal after 96 h of annealing at 820 �C
showing parallel etch lines; (b) SEM micrograph of a high-index surface (	8� from ð10�10Þ) showing well-
developed and undeveloped areas of etching. Reprinted with permission from Ref. [152].
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bulk layers. This allowed for different surface effects, in the sense that the surface
could be attractive or repulsive to oxygen. Time-resolved AES was used to measure
diffusion of oxygen from the surface into the bulk, and the modeling was explicitly
designed to predict Auger intensities.

Zirconium samples with the (0001) or ð10�10Þ crystal planes we prepared, and ex-
posed to oxygen at a dose of 0.6 L. Two techniques were used to monitor the diffu-
sion. One technique involved heating the sample rapidly (>65 K/s), holding at a
selected temperature, and monitoring the AES signal as a function of time.
Fig. 57 shows the results of such an experiment for the two crystal planes. Note that
some of these experiments were performed at 573 K, a temperature relevant to nu-
clear reactor operation. The other method to monitor diffusion was to heat the sam-
ple slowly and linearly with respect to time (1 K/s), monitoring the AES signal.
Fig. 58 shows that although there is a difference between the two diffusion methods,
the AES data are quite similar. Fig. 59 illustrates these (0001) and ð10�10Þ crystal
planes in the hcp zirconium structure.

The authors warn that their above-mentioned model should only be used for low
doses of oxygen, as it ignores effects of saturation or lateral interaction [154]. For
extensive oxidation, Garcia and Kovacs [155] developed a model for oxygen diffu-
sion where zirconium is oxidized successively deeper into the bulk. The model and
referenced experimental data consider time scales of over 1 year. Before transition



Fig. 55. The experimental and calculated Zr(3d) spectra for pure zirconium at detection angles of 28� (a),
58� (b) and 78� (c) with respect to the surface normal. Reprinted with permission from Ref. [153].
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to linear kinetics, the crystallization and re-crystallization process is rate controlling.
Impurities originally on the zirconium surface capable of forming oxides can have a
large effect on the oxidation kinetics in this regime.

The diffusion of oxygen into Zry-4 at 400 �C (673 K) under steam has been mod-
eled by Garcia and Beranger [156]. The concept emphasized is that over time, regions
of so-called �isolated porosity� and �interconnected porosity� form and propagate.
The top oxide layer eventually becomes one of interconnected porosity, thus letting
oxygen through and loosing its protective properties. The mechanism for such a phe-
nomenon is not well understood. One possible cause is the large amount of stress in-
duced by the expansion of the oxide (by a factor of 1.56) as compared to the metal.
Another mechanism might be the behavior of oxide grains during oxidation.

In a related study, Parise et al. [157] modeled the mechanical behavior of zirco-
nium alloys during oxidation. They concluded that the volume expansion is highly
anisotropic, with most of the expansion occurring normal to the oxide–metal inter-
face. In addition, as mentioned earlier, the growth of oxides on zirconium exhibits
both linear and non-linear kinetics depending on the stage of oxidation. Zhdanov
and Norton [158] proposed a model for a connection between the formation of
cracks or pores in the oxide layer and the transition from parabolic to linear kinetics.



Fig. 56. The experimental and calculated Zr(3d) spectra for pure zirconium oxide at detection angles of
28� (a), 58� (b) and 78� (c) with respect to the surface normal. Reprinted with permission from Ref. [153].
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Relaxation of the surface of zirconium has been studied extensively both experi-
mentally and theoretically. In a classic letter to the editor published in 1979, Moore
et al. [159] determined that there was a contraction of the top layer of Zr(0001)
using LEED. Specifically, LEED intensities were recorded as a function of electron
energy and fitted to calculated intensities. Several theoretical and experimental stud-
ies were subsequently performed, and there was a consistent disagreement between
measured and calculated values for the surface relaxation.

Feibelman [160] proposed a qualitative chemical explanation for this relaxa-
tion that explains the behavior of other elements, in particular the expansion
of Be(0001). He also used first principles calculations to predict a relaxation of
Zr(0001) by 6.3%. However, Cho and Terakura [161] calculated a contraction of
Zr(0001) at a level of 6.1%. In another paper by Feibelman [162], possible explana-
tions for such discrepancies between models themselves and with respect to experi-
ments were proposed. These are contamination (hydrogen, in particular), defects,
and systematic error in the local density approximation used in some models.

Li et al. [163] modeled deuterium adsorption on Zr(0001), including the influence
of diffusion of the deuterium into the crystal. They assumed in their model that the



Fig. 57. The decrease of the O(KLL) intensity due to the dissolution of oxygen at selected temperatures.
The dots are the experimental data while the curves are results from modeling. (a) Zrð10�10Þ, (b) Zr(0001).
Reprinted with permission from Ref. [154].
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subsurface was in quasi-equilibrium with the adsorbed outer layer, and that little
deuterium was located in the subsurface region. They also assumed that there was
no hydride formation. Their results disagree with some NRA measurements indicat-
ing that these assumptions may not be true. Possibly, the potential wells in the sub-
surface region may be deeper than those in the bulk.

However, modeling has been successful for some predictions regarding Zr sur-
faces. One might expect, for example, a higher frequency for phonons on a relaxed
surface due to a higher force constant between the surface and second layer. Indeed,
Yamamoto et al. [164] modeled the longitudinal phonon in the Zrh0001i direction
and found it to be localized near the second atomic layer and of a higher frequency
than the bulk phonon. The adsorption of oxygen on zirconium has also been com-
prehensively modeled by Jomard et al. [57]. First principles total-energy calculations
have shown that octahedral sites between the second and third atomic layers of



Fig. 58. AES data for the dissolution of oxygen during a linear temperature ramp. Reprinted with
permission from Ref. [154].

Fig. 59. Sketch of atomic and interstitial sites in a hexagonal close packed structure. Reprinted with
permission from Ref. [154].

172 N. Stojilovic et al. / Progress in Surface Science 78 (2005) 101–184



N. Stojilovic et al. / Progress in Surface Science 78 (2005) 101–184 173
zirconium are the energetically favored positions for oxygen, for coverages of 0.5–
1.0 ML. In a separate molecular dynamics calculation, the authors showed that
the energy barrier for oxygen entering Zr can be affected by oxygen atoms that
had previously entered the Zr. The mechanism has to do with the displacement of
the zirconium atoms as a result of the initial oxygen atom absorption.

Finally, the sputtering of atoms from a Zr(0001) surface using ions with ener-
gies in the keV range has been simulated using molecular dynamics by Li and
Watts [165]. Their model predicts the six-spot pattern formed by sputtered atoms
that has been observed experimentally. Ejection probabilities were calculated for
atoms both close to and far from the primary target atom. Interestingly, specific
atoms far away (not nearest or second nearest neighbors) from the target atom
sometimes had a high probability of ejection. Additionally, lighter incident ions
tended to have a higher probability for ejecting atoms that are farther away
from the impact location. The target atom generally had a low probability for
ejection.
3. Outlook for the future

3.1. Biomedical applications

Since the oxide layer that forms on zirconium and its alloys exhibits excellent wear
behavior as well as corrosion resistance, these materials may be compatible for use in
biomedical applications. Here, we briefly discuss some of the directions in which re-
search in this field is heading. Presently, stabilized (tetragonal phase) zirconia ceram-
ics are used in THR ball heads and other bio-applications as discussed in a review
article by Piconi and Maccauro [166]. The excellent wear characteristics of these
materials may extend to the monoclinic phase of the oxide grown directly on Zr alloy
surfaces. For example, it has been observed that the polyethylene wear rate against
oxidized Zr–2.5Nb was 89% less than for cobalt–chromium alloys (common in TKR
applications). In addition, the oxidized Zr alloy produced 44% fewer submicrometer
polyethylene wear particles as compared to Co–Cr alloy [167].

The same study reports that the oxidized zirconium alloy is more resistant to
scratching than the Co–Cr alloy and that under clean conditions, femoral compo-
nents using Zr–2.5Nb reduced the wear rate by more than six times. The use of oxi-
dized Zr alloys for TKR and THR surgeries may therefore increase the lifetime of
the ultra high molecular weight polyethylene components (used as cartilage), thereby
reducing the potential for debris-induced osteolysis and component loosening. In a
related study by some of the same authors [168], it was proposed that the greater
lubricity and resistance to roughening of oxidized zirconium alloys likely explain
the reduction in UHMWPE wear. Based on superior wear performance against
UHMWPE with respect to traditional articulating materials such as Co–Cr–Mo al-
loys, Benezra et al. developed an oxidized Zr–2.5Nb articular bearing surface for the
femoral component in total joint arthroplasty [169]. It has also been shown that the
coefficient of friction of bovine articular cartilage rubbed against oxidized zirconium
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alloys was lower than with cobalt–chromium alloy control surfaces, and there was a
trend toward less wear with the Zr-based materials [170].

In some cases biomedical implants may fail as a result of bacterial adhesion to
their surfaces, either before or after insertion into the patient. For this reason, clin-
ical use of artificial implants whose surfaces resist bacterial adhesion is essential.
Bacterial adhesion onto zirconium surfaces has been and is currently being
investigated in our laboratories [171,172]. We use XPS, FTIR, viable counting and
statistical ANOVA methods to monitor the resistance of Zry-2 and Zr705 surfaces
to bio-adhesion. Our work includes stationary and shaken broth cultures, differently
prepared surfaces, and comparisons of clinical to laboratory strains of bacteria. We
have found that oxidized zirconium alloys, in some cases, are more resistant to bac-
terial growth than stainless steel surfaces. We are now comparing this to growth on
Co–Cr and Ti–Al alloys currently used in TKR and THR applications, which com-
plements our work on the surface analysis of wear debris taken from TKR patients
[173,174].

There are other potential roles that Zr-based materials might play in the biomedi-
cal arena. Uchida et al. [175] investigated the apatite-forming ability of NaOH-trea-
ted zirconium metal in SBF, and found that the Zr-OH group of the zirconia gel
induces apatite nucleation. Data from SEM showed no structural changes on the
surface of the zirconium after immersion in 1–15 M NaOH aqueous solutions. These
authors proposed that the oxide layer that forms on the surface reacts with the
NaOH solution and that zirconium forms a Na-free zirconia hydrogel layer. Zirco-
nium hydroxide has also been considered as a material for concentrating human
enteric viruses [176].

Since zirconium offers superior corrosion resistance over most other alloy systems
across a wide range of environments, one might presume that it will also be better in
biological environments. However, dissemination of metallic particles originating
from orthopedic or odontological implants throughout a body deserves serious
attention. Olmedo et al. [177] studied the dissemination of zirconium in the body
of rats and detected intracellular aggregates of zirconium particles in peritoneum,
liver, lung and spleen. This study reports that zirconium dissemination is active
throughout the body and particles easily target vital organs. However, these depos-
its, according to the authors, do not seem to trigger short-term granulomatous reac-
tions. Therefore, the potential ramifications of using Zr-based materials for
prosthetics [167–170] and dental [178–180] applications must be further investigated
in laboratory and clinical settings.

3.2. Nanolithographic patterning

As we have seen, the major use of zirconium has historically been by the nuclear
community, and there has been a strong research focus on understanding Zr oxida-
tion mechanisms. It is therefore interesting that the growth of thin zirconium oxide
films, and the study of the interface between zirconium oxide and silicon, are now
important research areas for microelectronics applications [181–183]. For the past
several years, we have studied the growth of oxide features on zirconium surfaces



Fig. 60. Schematic depicting the SPM oxidation arrangement. The figure is not intended to be to scale, but
indicates the salient features of the system. Reprinted with permission from Ref. [188].
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under high electric field conditions by scanned probe oxidation methods [184–189].
Our understanding of SPM oxidation is schematized in Fig. 60, where the water
meniscus formed from the ambient environment controls the shape of the region that
will be oxidized. The initial charge injection produces a maximum charge density
that determines the volume of oxide produced. Fig. 60 depicts a nitrided zirconium
thin film on a silicon substrate—which is the system to be discussed here.

Fig. 61 shows oxide features grown for different times by applying 70 V between
an AFM tip and a 200 nm thick ZrN film. The figure also demonstrates the effect of
selective chemical etching of the oxide by HF. The AFM images and cross-sections
of the features demonstrate that the oxidation process is well controlled, with sym-
metric and smooth oxide growth above and below the air/ZrN interface. The large
oxide features have a fairly high aspect ratio (height/width) of about 0.2. When the
feature heights are approximately equal to the film thickness, the oxidation front
reaches the ZrN/Si interface, as revealed by the flat-bottom etch pits shown in the
bottom panel of Fig. 61. Once the oxide reaches the silicon interface, it only grows
laterally within the ZrN film, but the height of the features above the films continues
to increase as discussed below.

To demonstrate just how unique the SPM oxidation process is for the nitrided Zr
systems, Fig. 62 compares the time dependence of oxide feature heights formed on
pure silicon, a metallic zirconium thin film and a film of zirconium nitride (sputtered
with a 6 sccm nitrogen flow rate). The gamma values from the rate constant show
that silicon is subdiffusive (gamma < 1) while the ZrN system exhibits super-diffusive
(gamma > 1) behavior. The oxide feature height self-limits on silicon whereas heights
of several hundred nanometers can be reached in a controllable way on nitrided Zr.
This growth can be sustained for long times until the zirconium oxide features split



Fig. 61. (Top) An array of oxide features grown on a ZrN thin film. The applied voltage was 70 V, and the
oxidation times vary from left to right in the sequence 7, 10, 20, 30, 50, 80 and 120 s. (Bottom) The same
region after selective etching of the oxides with HF. Reprinted with permission from Ref. [188].

Fig. 62. Comparison of the time dependence of the height of oxide features formed on silicon, zirconium
and nitrided Zr. In the time dependent rate constant, gamma = 1, gamma < 1 and gamma > 1 correspond
to Brownian-, sub- and super-diffusion, respectively. Note that the oxide feature height self-limits on
silicon and Zr, but not on ZrN. Reprinted with permission from reference [189].
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open revealing that they are actually hollow. Field emission SEM images (as shown
in Fig. 63) clearly show a volcano-like oxide shell and the inside surface of the top of
the shell that was broken off. The schematic inset indicates the structure of one such
hollow feature. This SPM oxidation behavior is dramatically different than what has
been observed in any other materials system.

We attribute this fast and sustainable growth partially to plastic flow during SPM
oxide formation and delamination from the Si substrate. These oxide features grow
in the presence of very strong electric fields, in addition to large local mechanical
stresses. It is our view that these conditions induce plastic flow of the dynami-
cally-forming oxide as it delaminates and forms the hollow shells that we observe.
Nitrogen incorporated into the films also contributes to the fast and sustainable
oxide growth. In our model of the process, the liberated nitrogen then reacts either
with hydrogen or with other nitrogen atoms and escapes as ammonia or N2. The
Fig. 63. Field emission SEM images of a hollow oxide shell and the inverted top of the feature that
cracked open after 2.5 h of oxidation. The inset AFM cross-sections demonstrate the structure of the
hollow feature. Reprinted with permission from reference [188].
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formation of ammonia could suppress the buildup of space charge (protons) and
allow for continued oxide growth. Although nitrogen evolution may also occur
for the Zr nitrides, we cannot explain our very large feature heights without intro-
ducing additional mechanisms. These are that mass transport of subsurface oxygen
into the reaction zone, in combination with water from the meniscus, provides oxy-
gen at a significantly higher rate than is available in other material systems.

The enhanced zirconium oxide growth that we observe in these SPM oxidation
studies can be compared to the early experiences of the nuclear community concern-
ing nitrided zirconiummaterials. Transient rapid oxidation kinetics were observed for
materials pre-oxidized in air before insertion into oxygen-rich environments. These
enhanced oxide growth kinetics were attributed to a ZrN layer present at the metal–
oxide interface. Our data indicate that rapid yet sustainable oxidation of nitrided
zirconium is possible with SPM methods, and that we can fabricate structures at
length scales ranging from nanometers to micrometers. The larger feature heights
are orders of magnitude higher than have been reported on any other substrate.

We have recently scaled-up this single-tip oxidation approach to a macroscopi-
cally large stamping technique for nitrided zirconium films. Nano-imprint schemes
are being used for new applications outside the microelectronics field such as
opto-electronics and biomedical templating. A stamp with many protrusions is used,
and a small amount of alcohol acts as a compliant dielectric that adjusts to varying
gaps between the stamp and the substrate. By applying an electrical potential differ-
ence, patterns can be transferred from the stamp to the substrate simultaneously—a
process referred to as parallel writing. An example of this process is shown in the
SPM images of Fig. 64. A portion of the original photolithographically-formed
PdAu/Si stamp appears in Fig. 64a, where the patterned features are in negative re-
lief, i.e. wells. The stamped oxide pattern formed on the surface of a zirconium ni-
tride film is shown in Fig. 64b. Here the raised oxide features appear bright in the
image and correspond to the upper plane. Consistent with local oxidation being
responsible for the observed patterns, etching studies using dilute HF show that zir-
conium oxide can be removed with good selectivity relative to zirconium nitride. This
etching causes the SPM images to appear reversed, as shown in Fig. 64c.

We also have AES data which indicates that the nitrogen is replaced by oxygen
during the oxidation process. Cross-sectional analyses of the AFM images indicate
that the height/depth reversal after etching is about 70 nm. Secondary ion mass spec-
trometry depth profiling also confirms that the oxide-patterned regions continue be-
low the surface. We find that the total oxide thickness in the patterned regions is
roughly twice the apparent oxide height, in good agreement with the height-to-depth
ratios obtained from our single-tip SPM oxidation studies of ZrN films.

These new results enable promising applications for patterned zirconium-based
films as templates for directed cell growth studies. The ability to produce oxide pat-
terns on nitrided zirconium surfaces with a stamp will allow us to fabricate large-area
bio-templates. There is also potential impact of our nano-imprinting technology in
the biomedical field. As discussed in the previous section, Zr–2.5Nb is now an ortho-
pedic material and we need to understand the mechanisms of adhesion of biological
species to zirconium surfaces and the role of the surface oxide.



Fig. 64. Scanning probe topographic images of (a) a portion of the stamp, (b) oxide features patterned on
a zirconium nitride thin film and (c) features as they appear after etching in dilute HF. A schematic of the
sequence is depicted on the right. Reprinted with permission from reference [187].
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4. Summary

Zirconium alloys are used in chemical and nuclear engineering applications be-
cause of their corrosion resistance and low neutron absorption cross-sections. In this
article, we provided an overview of some fundamental studies of relevant model Zr
systems as well as some applied surface analysis efforts. It is clear that surface–sub-
surface exchange plays a role in this surface chemistry, although this is not necessar-
ily unique to zirconium (see Refs. [190–197] for examples of other metal systems).
However, there are strong temperature-effects in the zirconium system, adsorbate
interactions are complicated and synergistic, and the behavior of impurities and
alloying elements are a challenge to understand. This paper attempts to consolidate
what is known about Zr surfaces, highlight the interesting behavior of this class of
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materials, and enable advances in the use of zirconium for biomedical, nanolitho-
graphic, and other possible applications.
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