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RESUME

Les coefficients (D) de diffusion de l'acide fluorhydrique (Hf) ont été mesurés dans une plage
de température de 870 à 1100 K, en directions parallèle (Dpa) et perpendiculaire (Dpe) à l'axe c
de spécimens de monocristal double face de monocristaux de Zr a de haute pureté (HP) et de
pureté nominale (PN). Les profils de diffusion ont été mesurés par spectrométrie de masse
des ions secondaires. La diffusion du Hf dans le Zr a HP est caractérisée par une énergie
d'activation d'environ 3,0 eV et un facteur pré-exponentiel d'environ 10s m2/s. Le rapport
d'anisotropie Dpa/Dpe est « <l,0 pour les spécimens HP et principalement > 1,0 pour les
spécimens PN. Certaines expériences à PN sur du Zr PN indiquent que D varie en fonction
du temps et de la profondeur de diffusion.
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ABSTRACT

Hf diffusion coefficients (D) have been measured in the temperature interval 870-1100 K, in
directions parallel (Dpa) and perpendicular (Dpe) to the c-axis of double-faced, single crystal
specimens of both high-purity (HP) and nominally pure (NP) a-Zr single crystals. The
diffusion profiles were measured by secondary ion mass spectrometry. Hf diffusion in HP
a-Zr is characterised by an activation energy of about 3.0 eV and a pre-exponential factor of
about 10'5 m2/s. The anisotropy ratio, Dpa/Dpe, is ~ < 1.0 for the HP specimens and mostly
> 1.0 for the NP specimens. A dependence of D on diffusion time/depth is indicated for
some NP experiments on NP Zr.
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1. INTRODUCTION

Self- and substitution^ diffusion in oc-Zr is mostly controlled by trace Fe, which need be
present at only a few ppm [1-4] (all concentrations here are given in atomic units). This
leads to severe difficulties in trying to measure intrinsic self- and substitutional diffusion
characteristics in a-Zr, and also in evaluating diffusion anisotropy ratios and the
correspondence between diffusion coefficients, D, and trace Fe levels [1-4].

This work enlarges on a previous study of Hf diffusion anisotropy in oc-Zr [2]. It presents the
results of measurements made on double-faced, single crystals of both high-purity (HP) and
nominally pure (NP) oc-Zr. The specimens, each with a basal and prism (10Ï0), plane face,
were used to determine D(Hf) in directions both parallel (Dpil) and perpendicular (Dpe) to the
c-axis. In principle, the use of a single specimen should eliminate any influence of Fe
content variations on a given anisotropy ratio (AR = Dpa/Dpe) measurement [4].

2. EXPERIMENTAL

The specimens were cut, prepared and pre-annealed as described elsewhere [2], except that
for this work the vibratory polishing was done in a slurry of 0.05 um A12O3 in distilled water,
and the final treatment was a rapid polish with a solution of HNO3:H2O:HF in the ratio
45:45:7, by volume. The Fe concentrations of HP single crystals generally seem to be
< 1 ppm; however, the uncertainties at this level are not well known. There do not appear to
be any useful means for measuring Fe concentrations in Zr diffusion specimens at levels at,
or below, about 1 ppm. The Fe concentration of the NP material is typically about 50 ppm
[2]; see Section 3 for further comments.

The formation of the Hf diffusion source films (= 1.5 nm thick), the diffusion anneals and the
subsequent diffusion profile analysis, using secondary ion mass spectrometry (SIMS), were
done as described in ref. [2].

Following diffusion measurements at 1100.5 and 999.8 K, the HP specimens were re-ground
and polished (removal of the initial Hf diffusion profiles and SIMS pits) before further pre-
annealing and subsequent diffusion measurements at 933.6 and 872.9 K (the re-use of the
specimens was largely motivated by the difficulty of making good HP single crystals). A
similar refurbishment of the NP specimens used for the diffusion measurements at 1106.4 and
996.2 K was made prior to their use for measurements at 1104.6 and 990.1 K. This was done
to test a possible time/depth dependence of D [4].

3. RESULTS AND DISCUSSION

The diffusion profiles were, with the exceptions of data for experiments 3 and 4, well-
behaved in terms of the thin-film solution of the diffusion equation [5]:

C(X,t) = CdDt)-0 5 exp(-X2/4Dt) (1)

where C(X,t) is the concentration of diffusant at a depth X from the surface after diffusion for



a time interval, t, and Co is the amount of diffusant at the surface at time zero.

Representative profiles are shown in Figures I and 2, and the evaluated D's are listed in
Table I and shown in Figure 3. The data for experiments 3 and 4 exhibit decreasing slopes
of log C vs X2 with increasing depth - see Figure I. It is not known why. The results for
these experiments (Table I) were deduced from nearly linear segments of the profiles near to
the surface. The uncertainty in the D values (Table I) is associated with the profile depth
calibration. The HP and NP results will be considered in sequence.

In Figure 3, the HP data from this work are compared with the results of a previous
investigation of Hf diffusion in polycrystalline high-purity Zr, HPX [2]. The present
high-temperature (T > 999.8 K) HP D's tend to be lower than the corresponding, previous
HPX data. In the usual Arrhenius equation, D = Do exp(-hD/kT), the effective activation
energy, hD ~ 3.0 eV is similar for both data sets; appropriate frequency factors lie in the
range Do = 0.5-2.6 x 1O-5 m2/s.

The activation energy, associated frequency factor and the AR values describing Hf diffusion
in HP oc-Zr (excepting the refurbished HP data - see Table I) are all in reasonable accord
with expectations for normal vacancy self-diffusion in cc-Zr [6]. The broad similarities
between the chemical and physical properties of Zr and Hf have led to the assumption that Hf
diffusion in oc-Zr is likely to be fairly representative of oc-Zr self-diffusion [2]. A comparison
of the HP Hf diffusion data with a recent oc-Zr HP single crystal self-diffusion result [4]
indicates that near 1130 K the Hf diffusivities may be an order of magnitude lower than the
corresponding a-Zr self-diffusion coefficients. More data are required to establish this point.

The data for the refurbished HP specimens (Table I and Figure 3) indicate the dominance of
extrinsic diffusion and, thereby, Fe contamination between the first and second sets of
measurements. The Fe levels needed to account for the enhanced Hf diffusivities are below
measurable limits, see below.

The absolute D's, their temperature dependencies and AR ratios (Figure 3 and Table 2), for
the present NP specimens are very similar to those determined earlier for Hf diffusion in NP
cc-Zr [2]. This suggests that there were similar Fe concentrations in the specimens used in the
two investigations, and also control of the diffusivities and AR ratios by the same
thermodynamic factors. In principle, the absolute D's will be controlled, to first order, by the
Fe in solid solution [2], and the relative D's (AR) by the Do and hD parameters describing the
temperature dependencies of Dpa and Dpe.

On average, the AR values for extrinsic diffusion accord, qualitatively, with the anisotropy of
Fe (and other fast diffiisors). The result suggests that the coupling of a vacancy with an
Fe-atom enhances the relative diffusivity of the vacancy along the c-axis. AR values for oc-Zr
self-diffusion indicate similar trends, but show an additional complication in terms of an
apparent depth, or time, dependence of the AR value for NP a-Zr [4].



The experiments 15-18, Table 1, were made to try to determine whether significant diffusion
anneal time/depth effects could be measured for Hf diffusion in oc-Zr. On average, the longer
anneal times led to diffusivities that were about 50% higher than the corresponding short
anneal time values, experiments 9-12, Table 1; however, the change in associated AR values
observed in the parallel self-diffusion experiments [4] is not evident. The latter point may not
be significant in view of the larger uncertainties in the D values in this work compared to the
data of ref. [4].

It has been suggested that observed anneal time/depth effects may be due to Fe, or other
active impurity atom, fluxes to, or from, the specimen surfaces during the diffusion anneals
[4]. Specific experiments are needed to try to determine this; for example, a deliberate
coupling of Fe fluxes with evolving substitutional diffusion profiles.

If it is assumed that extrinsic D's at a common temperature are proportional to the solid-
solution Fe levels [3], the Fe concentrations shown in Table 2 can be derived. In Table 2 the
first-row diffusivity comes from a linear extrapolation of the high-temperature (> 990 K) D
values for NP cc-Zr from this work and from ref. [2]: above 990 K the Fe should be in solid
solution [7]. The D values in the second and third rows are from this work, see Table 1 and
Figure 3, and D in the fourth row comes from ref. [2] - see the fitted solid line in Figure 3.
The last thiee Fe concentrations, rows two to four, are based on the corresponding D's and on
an assumed proportionality between D and the Fe concentration in solid solution. The Fe
level in brackets, row two, is the intrinsic TSS for Fe [7]; the agreement between the row two
Fe levels supports the proportionality assumption. The Fe concentrations in rows three and
four indicate the extremely low Fe levels that may induce extrinsic diffusion behaviour. This
emphasizes one of the difficulties of attempting to measure intrinsic diffusion at these
temperatures. Application of similar logic to the Hf D's measured at ~ 1000 K, see Figure 3,
suggests that the Fe concentration of the HPSX used here was < 0.05 ppm.

4. SUMMARY

Measurements of Hf diffusion coefficients, and their anisotropy ratios, in high-purity ct-Zr are
in accord with the expectations of intrinsic self-diffusion behaviour in hep metals.
Measurements on nominally pure Zr show characteristics associated with extrinsic,
Fe-controlled, diffusion: there is a relative enhancement of diffusion along the c-axis. Casual
Fe contamination and the limitations of trace level Fe analysis combine to restrict the
quantitative analysis of the data.
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Table 1. Hf diffusion coefficients in oc-Zr.

#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Type

HP1

HP1

HP2

HP2

HP1*

HP1*

HP2*

HP2*

NP1

NP1

NP2

NP2

NP3

NP3

NP1*

NP1*

NP2*

NP2*

dir

pa

pe

pa

pe

pa

pe

pa

pe

pa

pe

pa

pe

pa

pe

pa

pe

pa

pe

T(K)

1100.5

1100.5

999.8

999.8

933.6

933.6

872.9

872.9

1106.4

1106.4

996.2

996.2

866.2

866.2

1104.6

1104.6

990.1

990.1

t(s)

6.31xlO4

6.3 lxl O4

6.76xlOs

6.76xlO5

2.07xl06

2.07xl06

2.07xl06

2.07xl06

1.20xl03

1.20xl03

4.20X103

4.2xlO3

1.20xl03

1.20xl03

5.10xl05

5.10xl05

1.04xl06

1.04xl06

D(m2/s)

4.02X10"20

1.54xlO"19

2.25xlO-21

3.68xlO"21

2.49xlO-21

2.33xlO"21

2.20xl0"21

1.51xlO"21

4.36xlO-18

3.78xlO-18

1.53xlO'18

1.09xl0"18

1.29xlO-20

1.46X10"20

6.24xlO"18

6.09xl0-18

2.24X10"18

1.93xlO-18

ÔD
%

16

16

18

17

18

19

19

19

9

17

12

18

16

16

14

13

14

14

AR

0.26

0.61

1.07

1.46

1.15

1.4

0.88

1.03

1.16

* Refurbished specimens- see text.

In the column "dir", pa and pe refer to diffusion measurements made either parallel or
perpendicular to the c-axis.



Table 2. Relative Hf diffusivities (Table 1 and Figure 3) and the corresponding required
solid solution Fe in a-Zr at 870 K: see text for further details.

D(m7s)

3.0xl0-19

1.5X10"20

1.8xlO"21

2.3xlO-23

spec

Extr

NP

HP2*

HPX

Fe(ppm)

50.0

2.5 (3)

0.30

0.004

In the specimen (spec) column, "extr" refers to a D value extrapolated from high-temperature
data - see text.
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Figure 1. Hf diffusion profiles for diffusion in HP a-Zr at 1100.5 K, o (1); 999.8 K, * (3);
and 933.6 K, x (4). The numbers in brackets correspond to the experiment
identification numbers in Table 1.
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Figure 2. Hf diffusion profiles for diffusion in NP oc-Zr at 1106.4 K, o (9); 996.2 K * (12);
1104.6 K, x (15); and 990.1 K, + (18): the latter two experiments correspond to
diffusion in the refurbished specimens used for the former two experiments - see
Figure 1 caption and text. The X2 scaling for experiments 9 and 12 is to be
multiplied by 0.004.
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Figure 3. An Arrhenius plot representation of D(Hf) from this work and from ref. [2]. The
open and full circles represent Dpa and Dpe for NP specimens, and the open and full
squares, Dpa and Dpe for HP specimens, all from this work - see Table 1. The full
line represents a fit to the high-purity polycrystalline data from ref. [2], and the
broken line is a fit to the combined high-temperature (T > 930 K) NP data from
this work and from ref. [2].
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