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1. Introduction 

Leach et al. [1] developed a model to account for the 
variation in pickup, in the oxide, of anions from solu- 
tion during anodic oxidation of metals. The effects of 
F -  pickup upon subsequent anodic oxide growth are 
reported. The early work of Young [2] studied the 
effect on adhesion and this, together with effects on 
electrical parameters, has been the subject of more 
recent work [3 5]. 

Anodic ZrO2 is crystalline [6-8], unlike many other 
anodic oxides which are glassy. It has been shown 
that, for ZrO2 growth in a series of electrolytes, not 
only phosphorus and sulphur, but a variety of other 
electrolyte species may be incorporated and this is 
more likely from acid than from alkaline electrolytes 
[9]. Many authors have noted the effects of incorpora- 
tion on oxide properties, particularly those related to 
mechanical, electrical, chemical and structural para- 
meters. For example, the effects of incorporation 
have been seen to affect internal growth stresses [10- 
12], plasticity [13, 14], growth electric field [15, 16], 
structure/crystallinity [17, 18] and transport processes 
[19]. 

Many of these oxide properties are important in 
maintaining well defined protective barrier films. 
XPS has contributed to the information about the 
influence of anodizing conditions, of substrate surface 
and of electrolyte which lead to incorporation of for- 
eign ions in anodic oxides and their effects on oxide 
properties. 

The work presented here combines data on the 
metal transport number, tin, and diffraction measure- 
merits to elucidate the effect of F -  on the growth 
behaviour of the anodic oxides of zirconium. 

2. Experimental details 

The zirconium used was approximately 99.9 % pure 
0.1 mm sheet. The chemical etchant was a 
HF 4-HNO3 4- H20 mixture at 25 °C, the composi- 
tion being 5:45:50 vol % electropolishing was carried 
out using perchloric acid-methanol mixture (1:4) 
(kept below -30°C)  at a current density of 
0.25Acm 2 for 30S. 
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All samples were anodized in 0.044M ammonium 
hydrogen tetraborate. Small additions of fluoride to 
the electrolyte were made from a stock NH4F.HF 
solution. All anodization was carried out at 25 °C. 
The X-ray photoelectron spectroscopy (XPS) 
machine used was a Vacuum Generators ESCA with 
an aluminium anode producing A1K~ X-rays 
(hu = 1486.6 eV). Depth profiles using XPS could be 
assessed using an in situ Ar + ion etching facility 
(4 keV, 20 #A) progressively to remove quantities of 
material from the sample surface. The etching rate 
from ZrO2 was typically 2-4 nm min 1. 

c~-spectrometry has been used [20] to measure metal 
transport numbers, tm. The isotope Rn 222 of the noble 
gas radon was used as the inert marker. This emits a- 
particles (5.486 MeV) which lose energy at a predict- 
able rate on passing through matter. By measuring 
the loss of energy of the a-particles, the mass of 
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Fig. 1. Overall XP spectra of the initial oxide films on zirconium 
after (a) electropolishing and (b) chemical etching. 
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Fig. 2. F(1 s) depth profiles through the thickness of 50V anodic 
ZrO2 films growth at 6 mAcm 2. 

material above the radon layer can be determined. In 
order to determine the transport  number the total 
thickness of the oxide (dielectric constant = 21) was 
measured by capacitance measurements using a 
W a y n e - K e r r  Universal Bridge (B221); the measure- 
ments were made at a frequency of  400 Hz. A correc- 
tion of 8 nm was added to the calculated oxide 
thickness to account for the hydrated layer formed 
on the surface of  the specimen due to absorption of 
water [19]. 

3. Results and discussion 

Typical overall XP spectra of  the surface layers after 
electropolishing and chemical etching are shown in 
Fig. 1. The most  prominent  peaks are those of zirco- 
nium and oxygen but carbon is also seen. For  chemi- 
cally etched specimens, fluoride is detected. XPS has 
shown that in the residual surface film left after etch- 
ing, the concentration of F -  ions is typically 3 at %. 

Fig. 3, Transmission electron diffraction patterns produced from ZrO2 films stripped from chemically etched (a c) and electropolished (d) Zr 
surfaces. 
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Fig. 4. Metal transport number as a function of current density for a 
100 V ZrO2 film formed in borate solution in presence and absence 
of F- ions. 

The electrolyte is the mos t  impor tan t  source o f  
impuri ty  ions during the growth  of  anodic oxides. Sig- 
nificant quantifies o f  impuri ty  may  be incorporated 
during anodizat ion.  When  fluoride ions in the form 
of  a m m o n i u m  fluoride were added in sufficient con- 
centrat ion to the anodizing electrolyte (NH4HB407)  , 
the rate o f  voltage rise (d V / d O  decreased due to break- 
down of  the oxide film [21]. The anodizing rate before 
b reakdown is the same as in fluoride-free a m m o n i u m  
borate  electrolyte and the b reakdown potential 
increases with current  density. XPS and argon sput- 
tering shown in Fig. 2 prove that  fluoride anions are 
built into the oxide film. Progressive removal  o f  
ZrO 2 layers with Ar  + ion etching F( ls )  profiles were 
obtained. Compos i t ion  profiles in these measurements  
were based on estimated F (ls) peak heights. F -  pickup 
was measured quantitatively by Leach e t  al. [12]. 

The influence o f  F contamina t ion  on crystal struc- 
ture is demonst ra ted  in Fig. 3a-c .  On  chemically 
etched material, glassy oxide is formed in very thin 
anodic zirconium oxide films (Fig. 3a). The develop- 
ment  o f  microcrystals in ZrO 2 films is shown in Fig. 
3b-c .  However ,  Fig. 3d shows how, on electropol- 
ished metal, the macrocrystal l ine material  is produced 
almost  immediately. 

Figure 4 shows the affect o f  fluoride contamina t ion  
on metal t ranspor t  number,  at different applied cur- 
rent densities using c~-spectrometry. There is a real 
increase in metal t ranspor t  number,  with applied cur- 
rent density. However,  no effect o f  fluoride on metal 
t ranspor t  number  is observed at all investigated 
applied current  densities, despite the recorded evi- 
dence o f  oxide contaminat ion  with fluorides shown 

in Fig. 2 and its effect on structure demonst ra ted  in 
Fig. 3. The residual F in anodic films of  ZrO 2 
appears to p romote  amorphous  or microcrystalline, 
rather than macrocrystall ine,  oxide over the initial 
par t  o f  growth  (20 V) where [F] is highest. This corre- 
sponds with observations by Leach e t  al. [12]. The 
effects o f  contaminants  have been shown to include 
change in electrical parameters,  mechanical  properties 
as well as structure and crystallinity. Leach e t  al. 

attr ibuted these changes in variations in ionic trans- 
por t  numbers  as a result o f  film contaminat ion  with 
fluorides. 

4. Conclusion 

Evidence produced by XPS confirms previous work  
concerning contamina t ion  o f  anodic oxides both  
f rom substrates after pre- treatment  and f rom electro- 
lyte. The incorporated F -  in ZrO2 appears to p romote  
amorphous  or microcrystalline, rather than macro-  
crystalline oxides. However,  the observed change in 
structure in the presence o f  residual F -  cannot  be 
interpreted in terms of  an expected shift in the ionic 
t ranspor t  numbers.  
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