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RÉSUMÉ

Les coefficients de diffusion (D) du Ti ont été mesurés dans des monocristaux nominalement
purs de Zr a (de 773 à 1124 K) parallèlement (Dpa) et perpendiculairement (D^, peu de
données) à l'axe c : les techniques aux traceurs et la spectrométrie de masse des ions
secondaires ont été utilisées pour déterminer les profils de diffusion. Les résultats démontrent
un rapport de dépendance avec la température qui suggère deux régions de comportement de
diffusion. Au-dessus de 1035 K, la région I, la diffusion se conforme aux attentes d'un
comportement intrinsèque avec les constantes normales de la loi d'Arrhénius :

Dpa = 1,7 x 10"3 exp(-2,93 ± 0,08 eV/kT) m2/s.

En dessous de 1035 K, la région II, les D sont augmentés par rapport à une extrapolation du
comportement de la région I. Les données de la région II sont associées à des effets
extrinsèques.
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ABSTRACT

Ti diffusion coefficients (D) have been measured in nominally pure a-Zr single crystals (773-1124 K)
in directions both parallel (Dpa) and perpendicular (Dpe, few data) to the c-axis: tracer techniques and
secondary ion mass spectrometry were used to determine the diffusion profiles. The results show a
temperature dependence which suggests two regions of diffusion behaviour. Above 1035 K, region I,
diffusion conforms to the expectations of intrinsic behaviour with normal Arrhenius law constants:

Dpa = 1.7 x lO"3 exp(-2.93 ± 0.08 eV/kT) m2/s.

Below 1035 K, region n, D's are enhanced with respect to an extrapolation of region I behaviour. The
region II data are associated with extrinsic effects.
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1. INTRODUCTION

A knowledge of the mass transport properties of alloys used in nuclear reactors is vital to
understanding their performance - e.g., corrosion, creep and growth - under both irradiation and non-
irradiation environments. These phenomena are controlled by the microstrucrure whose evolution is,
itself, mostly diffusion controlled.

Diffusion in a-Zr appears to be intrinsically normal for a close packed metal with "open" character
[1,2]. Open, here refers to the large free electron volume associated with the large atomic and small
ionic radius of Zr. In a simple view these properties underlie both the significant interstitial point
defect character of Zr and the influence exerted by trace levels of Fe on mass transport in a-Zr [1-3].

The near-normal diffusion properties exhibited by early measurements of Ti diffusion in a-Zr, see
reference [4], were instrumental in developing the current understanding of diffusion in a-Zr [1-4].
This work extends the earlier measurements and comments further on a previous suggestion regarding
a potential degree of interstitial character for Ti diffusion in a-Zr [1]. Both microtome
sectioning/radiotracer counting and secondary ion mass spectrometry (SIMS) have been used to
determine diffusion profiles.

2. EXPERIMENTAL

2.1 Specimens

The specimens used in this work were cut (slow-speed diamond saw) in the form of parallel sided
discs, 1-2 mm thick, from 6 mm diameter single crystal rods grown from crystal bar Zr supplied by
Teledyne Wah-Chang (Portland, Oregon). Typical chemical analyses of the single crystal material
have been given elsewhere [5]. The main impurities are oxygen and Fe. Oxygen is usually present at
about 1000 ppm (all concentration units herein are atomic). The Fe levels of the single crystals were
measured to be between 30 and 60 ppm, with estimated uncertainties of 10 ppm. The measurements
were made by inductively coupled plasma emission spectrometry.

Plane surfaces, parallel to either the basal (0001) or prism (1010) planes, for deposition of the
diffusion sources for the microtome sectioning experiments, were prepared by standard metallographic
procedures [6]. Equivalent surfaces for experiments using SIMS profile analyses were prepared by
grinding with 6 |am then 3 urn diamond paste on plate glass and polishing on a vibratory polisher (in a
slurry of water and (0.05 \im A12O3) for 3-4 days. The final treatment was a brief (120 s)
eiectropolish in 5% HC1O4 hi ethanol at -40°C. Vibratory polishing provided the fine surface finish
needed for depth gauging for the SIMS profiles: the electropolishing was done to remove traces of
A12O3.

The specimens were pre-annealed for 24-48 h, near 1100 K and under dynamic vacua, 10's to 10"7 Pa,
before being used for the diffusion experiments. The specimens were placed on a polished W sheet in
a Ta boat within a quartz tube furnace for all of the annealing procedures.

2.2 Source Deposition

The Ti diffusion sources (0.8-1.2 mm thick) for the SIMS studies were made using a commercial
("Jaralon") sputtering device. The ""Ti-sources for the microtome/radiotracer experiments were
prepared by direct deposition of neutralized (NH4OH), as-received H C l - ^ i radiotracer solution and
air drying. Some sources were also made by dropping the as-received tracer solution onto Ti foil and



allowing it to dry. The foil was heated in vacuum to 950°C to diffuse in the '"Ti. Diffusion sources
were then prepared by direct vacuum evaporation of segments of the foil onto masked-off areas of the
specimen surfaces. The foil sources were made to avoid the surface contamination associated with
"wet chemical" deposition.

2.3 Annealing

In all experiments the specimens were annealed under dynamic vacuum. The temperature control was
to within ± 1.0 K and the absolute temperatures, measured with calibrated thermocouples, known to
± 2.0 K.

2.4 Sectioning and Counting

Because of the small sample dimensions, associated with cutting specifically oriented specimens from
a 6 mm diameter rod, typically the plane surfaces for diffusion source deposition were 15 to 25 mm2,
the specimen sides were not trimmed down to eliminate surface diffusion contributions. The
sectioning was done with a Jung microtome, the microtomed sections were weighed and dissolved in
0.15 mL of a solution of H ^ H N C ^ H F in the ratio 50:45:5, by volume, and made up for scintillation
counting by the addition of 4 mL H2O and 15 mL of "Scintiverse-H". The 'fi-44 activity was
measured by both liquid scintillation counting and gamma counting, using a Ge(Li) detector. The
gamma counting was done in a limited number of cases, to check the results of the scintillation
counting. No significant differences were noted.

2.5 SIMS Analysis

The SIMS profiles were measured with a CAMECA 4F ion microscope. The sputtering beam was O2
+

and the beam energy usually 10 keV. The sputtered area was about 100 \im wide; the area used for
profile analysis was 8-50 pm wide: the sputtering rates were typically 0.2-0.5 nm/s. Several profiles
were measured on each specimen: the profiles were found to be reproducible.

Analysis of the SIMS data was done using a normalised Ti concentration from the ratio of the "
counts and a depth scale based on the measured pit depth (= 1.0 urn) at the end of profiling.
Typically, there were more than 200 data for each diffusion plot before the Ti signal dropped to a
background level, corresponding to the residual Ti in the specimen, = 30 ppm.

3. RESULTS AND DISCUSSION

AU of the diffusion coefficients from this work are given in Table 1. With the exception of high
surface activities (experiments 1-4) the tracer diffusion profiles showed the normal Gaussian behaviour
expected for the thin-film source conditions [7]:

C(X,t) = [cyCTcDt)05] expt-X^Dt) (1)

where C(X,t) is the Ti concentration at a depth, X (from the origin), after diffusion for a time, t, and
Co is the initial amount of Ti at the surface. Sample tracer diffusion profiles are shown in Figure 1.

The SIMS profiles (experiments °-23, Table 1) displayed near-surface (= 35 nm) anomalies in the
distributions of Ti and Zr. These; are attributed to effects of the surface oxide and the time (depth)



needed to establish a dynamic compositional equilibrium between the sputter beam and the specimen
[8]. In addition, two of the low temperature experiments (22 and 23) showed a slowly decreasing
slope, at deep penetration - see Figure 2: the D values in Table 1 are calculated from the slopes of the
mid-range of these profiles. Attempts to measure diffusion coefficients at temperatures below 770 K
were not successful.

The diffusion coefficients from this work are shown, in Arrhenius form, in Figure 3, where they are
compared with previous self-diffusion results [9,10]. The uncertainties in D's from the tracer
experiments are associated with the slopes of the least-squares-fitted LnC vs X2 plots. The main
uncertainties in D's from the SIMS analyses are associated with the pit-depth measurements for the
X-scale calibration.

The results of this work, see Figure 3, suggest a division into two regions. Above 1035 K (region I)
the data exhibit normal Arrhenius behaviour. At lower temperatures (region II) the data are not only
enhanced with respect to an extrapolation of region 1 behaviour, but they have a less well-defined
temperature dependence. The discussion will consider the results in terms of these two regions of
behaviour, following their numerical sequence.

3.1 Region I

The high temperature Dpa data are characterised by

Dpa = 1.7 x 10"3 exp(-2.93 + 0.08 eV/kT) m2/s (2)

The values of both the pre-exponential factor (D^ and activation energy (hD) are normal in terms of
the usual expectations for substitutional diffusion in a metal with a melting temperature of 2125 K
[1,2]. The results for Dpe and the associated anisotropy ratios (AR = Dpa/Dpe) are not consistent. It is
not known why. (Dpa and Dpe refer, respectively, to diffusion coefficients measured parallel and
perpendicular to the c-axis.)

The normal hD and Do factors for D^ suggest that Ti diffusion in a-Zr represents bulk diffusion via a
vacancy mechanism. However, the possibility of an interstitial component has also to be considered.
Two factors are relevant here: they concern the atomic size effect/diffusion property correlations for a-
Zr [1,2] and the results of recent measurements of diffusion in the Zr(Nb) system [11].

Atomic size effect/diffusion correlations for a-Zr [1,2] suggest that, relative to Zr, the smaller Ti atom
will have higher diffusivities and a higher probability of an interstitial diffusion component. The
second factor, above, relates to the probability of Nb diffusion in a-Zr being controlled by an
interstitial mechanism. This is implied from diffusion measurements in the dilute cc-Zr(Nb) system
[11]. Nb and Ti have both similar atomic radii and high diffusivities in a-Zr [1,11].

We are currently preparing to measure diffusion in dilute, low-Fe, a-Zr(Ti) alloys with a view to
assessing the possibility that Ti diffusion in a-Zr may be influenced by an interstitial mechanism.



3.2 Region II

The relatively enhanced diffusivities of Ti in region II, compared to extrapolated region I values, may
be associated with the well-established influence of residual Fe on "substitutional" diffusion in a-Zr
[1,3]. This is suggested fay parallels between the Ti data and the representations of Fe-enhanced self-
diffusion [9,10], shown in Figure 3. At lower temperatures, less than about 900 K, it was expected
that the rapid loss of "active Fe" from solution [9,10,12] would have led to a return to intrinsic
characteristics. This seems not to be the case. Possibly the lowest temperature data are being
influenced by extrinsic effects associated with impurity segregation to the surface. Our current work
suggests "dynamic specimen chemistry" effects on diffusion in cc-Zr, while related work [13] indicates
thermally-activated segregation of trace elements other than Fe (e.g., Ni, P and S) to oc-Zr single
crystal surfaces.

The erratic AR values for diffusion in region II may reflect variations in Fe concentrations: on average
they are suggestive of an AR value of about unity.

4. SUMMARY

The temperature dependence of Ti diffusion in a-Zr has been measured over the temperature interval
773-1124 K. Two regions of diffusion behaviour have been suggested. Region I, at temperatures
above 1035 K, was identified with intrinsic diffusion with normal hD and Do parameters. Region II,
below 1035 K, was identified with extrinsic (Fe-enhanced) diffusion. The possibility of a significant
interstitial component associated with Ti diffusion in a-Zr was discussed.
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TABLE 1: Ti Diffusion Coefficients

EXPERIMENT
#

1

2

3

4

5

6*

7

8*

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

t
(s)

2.5 x 105

2.5 x 105

2.03 x 10s

5.84 x 10s

5.84 x 10s

2.59 x 105

6.71 x 10s

4.47 x 105

180

180

702

702

3.78 x 103

3.78 x 103

9.0 x 103

9.0 x 103

8.64 x 104

8.64 x 104

1.21 x 106

1.21 x 106

9.50 x 105

9.50 x 10s

2.25 x 106

2.25 x 106

T
(K)

1124.0

1124.0

1122.4

1102.0

1102.0

1073.2

1062.0

1037.0

1044.6

1044.6

1005.2

1005.2

950.0

950.0

908.8

908.8

876.8

876.8

835.4

835.4

803

803

773.1

773.1

Dir

Pa

Pe

Pa

Pa

Pe

Pa

Pa

Pa

Pa

Pe

Pa

Pe

Pa

Pe

Pa

Pe

Pa

Pe

Pa

Pe

Pa

Pe

Pa

Pe

D
m7s)

1.2 x 10-16

7.1 x 10'17

1.1 x 10"16

7.4 x lu"17

8.7 x 10-"

2.8 x ÎO"17

2.0 x 10'17

9.2 x lu'18

1.2 x 10"17

7.3 x 10"18

6.9 x 10"18

2.7 x 10"18

1.5 x lu"18

1.9 x 10"18

3.0 x ÎO"19

3.9 x lu'19

3.7 x lu'20

1.7 x 10"20

1.0 x lu'20

8.2 x 10"21

2.8 x ÎO"21

3.9 x lu"21

5.8 x 10-22

4.6 x 10-22

+ ÔD
(%)

17

4

10

4

2

10

10

10

15+

15+

15+

15+

15+

15+

15+

15+

. 15+

15+

30

17

18

18

19

21

AR

1.7

0.8

1.6

2.6

0.79

0.77

2.2

1.2

0.72

1.3

* The^Ti diffusion sources for experiments 6 and Swere made by metallic toil evaporation - see
section 2.2.

+ The X-scale pit depth errors for experiments 9-18 are not known. A typical uncertainty has been
assumed; this gives the associated SD values in the table.
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Figure 1: Diffusion profiles for '"Ti diffusion in a-Zr, experiments 4 and 5 in Table 1. The open and
full circles correspond, respectively, to diffusion parallel and perpendicular to the c-axis.
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Figure 2: SIMS diffusion profiles for Ti diffusion in a-Zr, experiments 21 and 22 in Table 1. The
open and full circles correspond, respectively, to diffusion parallel and perpendicular to the
c-axis.
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Figure 3: Arrhenius plot representation of the present results for Ti diffusion in a-Zr: the full symbols
represent Dpa and the open symbols, D^. The full lines represent previous a-Zr self-
diffusion data for Zr containing, nominally, 30 and 160 ppm Fe, [9,10].
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