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Abstract

Dilute zirconium-based alloys and pure zirconium were irradiated at 10 K

with spallation neutrons at IPNS. Four types of alloys - Zr-Ti, Zr-Sn, Zr-Dy

and Zr-Au - each with three concentration levels, were used. Low-temperature

resistivity damage rates are enhanced by the presence of any of the four

solutes. The greatest enhancement was produced by Au while the least by Dy.

Within each alloy group, damage production also increased but at a decreasing

rate, with increasing concentration. Post-irradiation annealing experiments, up

to 400 K, showed that all four solutes suppress recovery due to interstitial

migration, indicative of interstitial trapping by the solutes. Vacancy recovery

is also suppressed by the presence of Sn, Dy or Au. The effect of Ti is to

shift this stage to lower temperature. No clear correlation between the results

with solute size was detected.

•This work 1s supported by the Canadian Fusion Fuels Technology Project and the

U.S. Department of Energy.
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1. Introduction

It is well-known that particle irradiation can generate interstitials and

vacancies. The macroscopic response of materials to irradiation is largely

governed by the behaviour of these point defects. It is therefore of fundamental

interest to determine the factors controlling defect production and recovery.

Since materials for future fusion applications will most certainly be some

complicated alloys, it is imperative to understand the roles of various solutes

in potential reactor materials.

Low-temperature irradiation damage study in zirconium was first conducted

by Neely [1] using high energy electrons. Since then, numerous investigations

were performed using electrons [2-5], neutrons [6-11] and protons [12-13],

Anand et al. [6.7] have examined the effects of Sn, Cr, Fe and Ce on the recovery

and damage production in neutron irradiated zirconium. Dworschak et al. [4]

have studied the effects of oxygen using electrons. Recently, MacEwen et al. [8]

and Guinan et al. [9] have irradiated high purity zirconium with spallation and

fission neutrons, respectively, to determine the effects of neutron spectrum.

The present study is an extension of the earlier work [8] in an attempt to

identify the roles of various solutes in defect production and recovery charac-

teristics in zirconium irradiated with spallation neutrons. It is also our aim

to determine if the atomic size of the solute is an important factor.

2. Experimental Techniques

Twelve zirconium-based dilute binary alloys were prepared by arc-melting

iodide purity (crystal bar) zirconium with appropriate amounts of the respective

high purity alloying elements. The ingots were rolled, with intermediate vacuum

annealings, into sheets about 0.15 mm thick. Specimens measuring 0.3 mm wide

and 8 cm long were cut from these sheets. Two pure zirconium samples, prepared
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by electrotransport purification [14], were also Included as standards in the

experiment. Prior to irradiation, the specimens were chemically cleaned and

annealed in vacuum at 1000 K for 2.ti. Low-temperature resistivity measurements

as a function of solute concentration (prior to Irradiation) indicate that

solute clustering might have occurred in AU-H, whereas all the other specimens

did not show any such sign. Furthermore, a resistivity value of 5 nfi-m (at 8 K ) ,

representative of the iodide purity zirconium, was obtained by extrapolating the

graphs to zero solute concentration.

The fourteen specimen wires were mounted in parallel in a plane perpen-

dicular to the beam direction to minimize the flux variation between specimens.

The two pure Zr specimens (2R1 and ZR2) were placed on the two outermost

positions (one on each edge) of the specimen assembly so that the neutron flux

gradient could be estimated experimentally. The irradiation was performed using

the Intensed-Pulsed Neutron Source (IPNS) at the Argonne National Laboratory.

The specimens were irradiated at ~ 1 0 K in a liquid helium cryostat. The average

neutron flux was ~ 1.3 x 10*6 n/m^.s and the total fluence was ~3.7 x 10^1 n/m^.

The temperature of the samples was measured by a calibrated Cu-Au -0.2% Fe

thermocouple. Periodic resistivity measurements were made usinu a conventional

four-point technique.

Post-irradiation isochronal annealings were conducted up to 400 K with a

holding time of 300 s. After each anneal, the specimens were cooled to 10 K for

measurements.

3. Results it Discussion

The damage rate results are summarized In Table I. The order of the

specimens listed 1n this table is the same as the arrangement of the specimens

in the irradiation holder. Since ZR1 and ZR2 were nearly identical (as evident
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from their resistivity ratios), the difference in their measured damage rates

(2.453 versus 2.288) must be attributed to a combination of the uncertainties In

the determination of their geometrical factors and the neutron flux gradient. ;

Assuming that ZR1 and ZR2 were Identical, and using the former as reference, one

could estimate the contribution of the geometrical factor uncertainty to the

difference of the two damage rates using the resistivity values of the two

samples measured at 10 K. The rentalning difference can then be assigned to the

flux gradient. Assuming that the gradient was constant across the holder, one

arrives at the corrected damage rates listed in the last column of Table I.

During this particular irradiation, the fluctuation in the sample temper-

ature was unusually large (about 1.5 K). This resulted In relatively large

scatter in the curves of damage rate versus damage, even after correcting for

temperature fluctuation using the thermocouple readings. Consequently, no

attempt was made to extrapolate the curves to obtain saturation resistivity (Ap»)

and only the average damage rates were used in the analysis. Figure 1 shows the

damage and the damage rate curves for AU-L and AU-H, the general shapes of which

are representative of all the specimens.

The dependence of average damage rate on solute content is shown in

fig.2. It is obvious that the presence of any of the four solutes enhances

damage production. Furthermore, within each alloy group, damage production also

increased, but at a decreasing rate, with increasing solute content. The

enhancement was found to be highest in Zr-Au, followed by Zr-Sn and Zr-Ti, and

lowest 1n Zr-Dy. It is conceivable that part of the increase in damage produc-

tion can be attributed to factors such as deviation from the Matthiessen's rule,

change 1n the specific point defect resistivity as a result of the solute

additions, and transmutation effect. However, because of the lack of detailed

knowledge of these factors and the magnitude of the solute enhancement observed
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(e.g. 1n AU-H, damage Increases by ~ 2 1 % ) , 1t Is reasonable to assume that these

contributions are small compared to the actual enhancement of the damage

efficiency by solute. One of the objectives of this study is to examine the

effects, if any, of atomic size on damage production. Of the four binary

systems studied, the volume size factors for Zr-Ti and Zr-Dy only have been

experimentally determined [15]. Therefore, to be consistent when comparing the

four systems, size differences calculated from the atomic volumes of the pure

elements will be used (see Table I). Dy is oversized and has the largest size

misfit (by 35%) in Zr whereas Ti is undersized (by 24%) in Zr. But these two

solutes have the least effect amongst the four (see fig.l) in terms of damage

production. Au is an undersized solute (by 27%), almost identical to Ti in

terms of size difference in Zr, and yet its effect on damage is obviously the

largest. Finally, Sn has the smallest size difference, but its effect is still

clearly significant. Therefore, there appears to be no clear correlation

between damage production and atomic size factor, at least within the concentra-

tion range considered.

The effects of Sn on neutron damage in zirconium have been investigated

by Anand et al. [7]. At 4.6 K, they found that the presence of Sn enhanced

damage production in Zr, as determined by the initial damage rates, with up to

2.3 at% Sn. Their study shows that at Sn concentrations of 150 and 7700 at ppm,

defect production is enhanced by 2 and 21%, respectively, compared to pure

zirconium. These figures are in very good agreement with our results of 3.4%

for 323 at. ppm Sn and 19% for 5610 at. ppm Sn.

As shown In Table I, the oxygen contents in all the alloys are higher

than that In the pure standards. This is most certainly due to oxygen contamin-

ation during the melting process. However, there is no correlation between

damage production and annealing and oxygen content [4].
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The annealing data of all the specimens are given 1n figs.3a to 3d.

Results from the two pure standards are Included In each graph. The accuracy of

the annealing results Is very high, as evident from the data of the two standards

which are practically indistinguishable, although -these two specimens are located

at opposite edges of the holder. In the two pure specimens, there 1s a very

pronounced peak at ~ 105 K and a smaller one at ~ 245 K. Between the two, there

appears to be some continuous annealing just above background. The low tempera-

ture peak (105 K) Is most certainly due to the long-range migration of free

1nterst1t1tals. The position cf this peak Is In good agreement with earlier

studies [8], The fine structures at lower temperature are characteristic of

neutron Irradiation and are the result of close-pair recombination. The high

temperature peak at 245 K is now established as being the free migration of

vacancies [16] and the sub-stages between 150 and 200 K are possibly consequences

of interstitial clustering.

From the annealing results, it is evident that the presence of any of the

four solutes suppresses stage I (105 K) recovery. The degree of suppression

also depends on solute concentration in a direct manner. Since this stage is

due to defect recombination resulting from interstitial motion, reduction of

this stage implies that the foreign atoms all serve as interstitial traps,

regardless of whether the solute is oversized or undersized. This suggests that

the effectiveness of the solute atoms as traps for interstitials does not depend

on the sign of the strain field generated by the solute. Rather, it appears

that any lattice misfit is adequate to trap interstitials. At a solute

concentration of ~5000 at. ppm, the suppression effect of Sn is small compared

to Au, T1 and especially Dy, suggesting further that an Important factor for a

solute atom to trap interstitials may be the absolute magnitude of the misfit

generated by the solute. These findings are in accord with earlier studies
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Involving copper alloys £17,18]. Figure 3 also shows that the addition of Au or

T1 has reduced the peak temperature of stage I whereas the effect of adding Dy

or Sn 1s the opposite. It is interesting to note that Au and Ti are undersized

whereas Dy and Sn are oversized. It is conceivable that the activation energy

for Interstitial migration could be influenced by solutes in a manner governed

by the sign of the size factor.

The main high temperature peak at 245 K is also suppressed by the addition

of Sn, Au or Dy. The most probable factor is the trapping of vacancies by these

foreign atoms. This means that these three types of so Jute an act as traps for

both interstitials and vacancies. The manner with which the 245 K peak is

suppressed suggests that this peak may be comprised of two smaller peaks: one

at ~25G K and the other at ~ 220 K. If this is correct, then in the Zr-Au

system, the 250 K peak is suppressed by the Au atoms leaving the 220 K peak to

be the dominant one. In Zr-Sn, on the other hand, the 220 K is suppressed more

relative to the 250 K peak. The situation with Zr-Ti is more complicated. The

peak temperature in this system decreases with increasing Ti. Since the absolute

magnitude (or height) of this peak remains unchanged, the shift in temperature

cannot be explained in terms of a preferential suppression of one peak relative

to the other. This is identical to earlier results in Zr-Nb using electrons [5],

4. Conclusions

(1) The presence of Ti, Sn, Dy or Au, at levels below ~5000 at.ppm, enhances

damage production in zirconium at 10 K when irradiated with spallation

neutrons. The effect is largest in Zr-Au, followed by Zr-Sn, Zr-Ti and

Zr-Dy.

(2) All four solutes suppress stage I recovery, Indicating Interstitial

trapping.
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(3) The addition of Sn, Oy or Au also suppresses vacancy recovery. The

effect of T1 Is to lower the peak temperature without any significant

suppression.

(4) No clear correlation of damage production and recovery with solute size

can be identified. .
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Figure Captions

Fig.l Damage (a) and damage rate (b) curves for two zirconium-gold alloys.

Fig.2 Corrected damage rates for Zr-Ti, Zr-Sn, Zr-Dy and Zr-Au as a function of

solute concentration.

Fig.3 Post-irradiation annealing results for the four alloy systems.



Table I. Specimen characterization and damage results.

SPECIMEN
CODE

ZR1

AU-L
AU-M
AU-H

DY-L
DY-M
DY-H

TI-L
TI-M
TI-H

SN-L
SN-M
SN-H

ZR2

VOLUME SIZE*
FACTOR
(%)

-27

+35
(+27)

-24
(-22)

+18

SOLUTE
(at.ppm)

Pure

255)
917 >Au
4352 J

128)
999 >Dy
5063)

40)
952 } Ti
5903)

323)
1352 > Sn
5610)

Pure

OXYGEN
CONTENT
(wt.ppm)

20

170
90
110

410
310
300

120
130
140

130
100
130

20

RESISTIVITY
AT 8 K
(nft-m)

0.8117

15.76
34.81
46.74

8.710
9.663
25.10

5.411
7.271
16.07

12.14
31.05
131.1

0.7982

RESISTIVITY
RATIO

531

27.7
13.5
10.6

49
44.1
18

78.1
60
28

35
14.4
4.23

528

DAMAGE RATE
(10-30 fi.^)

2.453

2.577
2.790
2.940

2.453
2.474
2.523

2.455
2.479
2.600

2.440
2.580
2.792

2.288

CORRECTED**
DAMAGE RATE
(10-30 fi.;§)

2.453

2.588
2.812
2.975

2.492
2.523
2.584

2.524
2.558
•2.694

2.538
2.693
2.926

2.453

•Calculated using atomic volumes of pure elements.
determined (ref.[153).

**See text for method of correction.

The values in parentheses are experimentally
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