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Abstract

Time differential perturbed angular correlation (TDPAC) at the 482 keV state of '¥'Ta and positron lifetime
measurements were performed on homogeneously helium implanted ZrHf samples. TDPAC on the as-implanted
sample shows the association of 0.12 + 0.02 fraction of probe nuclei with stacking faults experiencing a local fcc en-
vironment. The dissociation of this defect complex from probe nuclei is observed following the annealing treatment at
423 K. TDPAC measurements lead to the conclusion that Hf impurities do not bind He-vacancy complexes or helium
bubbles in ZrHf. A recovery stage associated with helium migration is identified from the variation of the relative width
of the Lorentzian distribution of the quadrupole frequency in TDPAC measurements. This correlates well with the
variation of the helium associated positron lifetime component. The nucleation and growth stages of He bubbles in the
sample have been identified by positron lifetime measurements as a function of the annealing temperature on the ir-
radiated sample. Based on the analysis of positron lifetime measurements, helium bubble parameters such as bubble
radius and bubble concentration have been extracted in the growth stage, leading to a quantitative understanding of the

bubble growth in ZrHf. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

In recent years considerable effort has been directed
towards the study of the behaviour of helium in metals,
as helium is produced by (n, o) nuclear reactions in nu-
clear materials. Helium atoms are insoluble in metals
and are strongly attracted by vacancies. Implantation of
a-particles in metals leads to the formation of He-V
complexes and helium stabilised vacancy clusters [1,2].
In post-irradiation annealing studies re-arrangement of
He-V complexes leading to the nucleation and growth
of helium bubbles have been reported [3]. As helium
atoms are strongly bound to open volume defects an
attractive interaction between the latter and impurities
present in a sample would lead to the formation of He—
V-impurity complexes [4]. Therefore, depending upon
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the interaction of the impurity with the vacancy there
would either be an acceleration [5] or deceleration [6] of
growth of He bubbles.

The hyperfine interaction of such impurities, meaning
the interaction between the nuclear moments of impu-
rities and electromagnetic field at their sites in a sample
[7], provides a powerful method for studying defects
associated with probe nuclei. This is based on the prin-
ciple that probe nuclei associated with a defect experi-
ence unique magnetic field and/or electric field gradient
different from that of the probe nuclei which are defect
free and substitutional in the sample. The hyperfine in-
teraction induced perturbation of angular correlation of
y rays emitted in cascade by suitable radioactive probe
atoms introduced in the sample (TDPAC), has been
established as a powerful technique for studying defects
in solids [8,9]. These techniques such as TDPAC,
Mossbauer spectroscopy etc., have been extensively used
in studying the behaviour of helium in metals [10].
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Positron annihilation spectroscopy [11] is a powerful
technique for studying small vacancy clusters. As the
positron lifetime [11,12] is sensitive to open volume defects
in the sample, it is extensively used in the study of inert gas
decoration of vacancy clusters [13]. Positron lifetime
shows a sensitive dependence upon the helium to vacancy
ratio in vacancy clusters of radius <0.5 nm [13]. Thus the
defect specificity of PAS, combined with the sensitivity to
helium decoration, could be effectively used for a quanti-
tative and qualitative understanding of properties of he-
lium bubbles over a wide size range. There has been a lot of
studies on helium in metals by positron annihilation
spectroscopic techniques leading to a detailed under-
standing of nucleation and growth of bubbles [14].

Zr metal and its alloys are used for the cladding of
thermal reactor fuel materials for calendria and pressure
tubes in CANDU reactors. The presence of impurities in
Zr metal significantly alters the defect recovery stages.
The effect of various solute-defect interaction in a-Zr has
been discussed by Hood [15]. Hf is inevitably present in
dilute concentration in Zr metal. The chemical proper-
ties and ionic radii of Zr and Hf are similar and their
valences are the same. It is of technological interest to
know whether Hf impurities bind helium implantation
induced defects and thereby play any critical role in
controlling the helium bubble growth in a-Zr.

The sample ZrHf being hcp and non-magnetic, the
hyperfine interaction as experienced by Hf impurities
would essentially be between the nuclear quadrupole
moment of the Hf nuclei at the isomeric state of interest
and electric field gradient (EFG) at their sites in the
sample. The change of microscopic structure of the lat-
tice due to a defect produces changes in the local elec-
tron density distribution which can result in changes in
EFG at Hf impurities in o-Zr matrix. The EFG at a
probe atom due to the presence of a defect in the sample
varies inversely as the cube of the distance between
them. Therefore the defects which are trapped by probe
nuclei alone are visible in the experiment. The mea-
surement of hyperfine interaction parameters of probe
nuclei such as the asymmetry of the charge distribution
at their sites and various fractions of probe nuclei ex-
periencing unique EFGs would lead to an identification
of defects simultaneously occurring in the sample. This
is possible when the hyperfine interaction parameters are
correlated with the mode of defect production, and
other experimental results such as resistivity recovery
studies etc. A study of the variation of the fractions of
probe nuclei with isochronal annealing treatment of the
sample would lead to an understanding of the mobility
of defects and their clustering.

TDPAC and positron lifetime measurements could
be used as complimentary techniques in studying defects
in materials. By the former only defects that are trapped
by (associated with) probe atoms could be detected,
which is determined by the nature of the interaction

(attractive or repulsive) between the defect and impurity.
The stability of the probe-defect complex is dictated by
its binding energy. Open volume defects present in a
sample, irrespective of their association with impurities
could be detected by positron lifetime measurements. By
means of TDPAC, the defects that are trapped by probe
atoms are flagged by unique hyperfine interaction pa-
rameters. The defects associated with probe atoms can
be identified unambiguously based on the correlation of
the variation of hyperfine interaction parameters with
annealing temperature with the results from other
measurements such as resistivity and positron annihila-
tion spectroscopy. Based on the commonalities and
complementarities of TDPAC and positron lifetime
techniques [16], combined measurements were done to
address the problem of helium in ZrHf.

The present work is aimed at studying the following
by TDPAC and positron lifetime measurements in o-
implanted ZrHf sample: (1) to identify defects if any are
trapped by (associated with) Hf impurities in the sample
by TDPAC and their evolution with isochronal an-
nealing treatment; (2) to study the helium implantation
induced defects in the sample by positron lifetime mea-
surements; (3) to find out the nucleation and growth
stages of He bubbles in ZrHf and also to find out the
variation of bubble parameters such as radii and con-
centration with annealing temperature by positron life-
time measurements.

2. Experimental details

An alloy of Zr with 1 wt% Hf, each of 99.8% purity,
has been prepared by arc melting in a helium atmo-
sphere and homogenised by prolonged annealing. ZrHf
samples of 340 pm thickness were annealed at 1073 K at
a pressure of 1.33 x 1078 Pa for 3 h to obtain defect free
reference samples. TDPAC measurement on the refer-
ence sample indicates that all probe nuclei experience a
quadrupole frequency of 310 £4 MHz with an asym-
metry parameter 0.07 £0.02. The fitted R(¢) spectrum
and its Fourier transform are shown in Fig. 1. As the
values of hyperfine interaction parameters coincides
with that experienced by '¥!'Ta probe nuclei occupying
defect free and substitutional sites in hcp Zr matrix [17],
we infer that all the probe atoms are defect free and
substitutional in Zr matrix.

These samples were homogeneously implanted with
40 MeV oa-particles to a dose of 100 appm using a cy-
clotron at VECC, Calcutta. The temperature of the
sample during irradiation was 323 +20 K. The o-par-
ticle beam passes through a rotating degrader wheel
mounted with Al foils of different thicknesses. This
continuously degrades the beam energy resulting in a
homogeneous helium distribution over the sample
thickness [3]. The helium implanted and reference ZrHf
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Fig. 1. (a) The experimental time dependent anisotropy spectra
at room temperature in the reference o-ZrHf sample. The
continuous curve is the one calculated using the fitted values of
the parameters. (b) The Fourier transform of the above spectra.

samples meant for TDPAC measurements were thermal
neutron irradiated at the CIRCUS reactor at Bhabha
Atomic Research Centre, Bombay, to a fluence of
2 x 102n/m?, to produce "!'Ta probe nuclei in the
samples by the reaction '*°Hf (n,y) $'Hf —P ¥Ta,

The TDPAC of the 133-482 KeV y — y cascade of
181Ta was measured by a three detector twin fast—slow
coincidence setup having Nal(T1) detectors. One of the
detectors was gated for the START (133 keV) y-ray,
with respect to which the other two detectors were fixed
at 90° and 180° for the detection of the STOP (482 keV)
v-ray. The time delayed coincidence spectra were ob-
tained in the form of count rate as a function of the time
elapsed after the emission of first y-ray. The two time
spectra W(90°,7) and W(180°,¢) were recorded simul-
taneously. The prompt time resolution of the setup
measured with a ®Co source was 2.2 ns FWHM when
gated for the above cascade of '¥!Ta.

From the delayed coincidence spectra W(90°,¢) and
W(180°,¢), the normalised anisotropy function R(¢) was
calculated as

[W(180°,¢) — W(90°,1)] 1
(W (180°, 1) + 2W(90°, 1))’ (m)
where 4, is effective anisotropy coefficient and G,(¢) is
the perturbation factor. W(90°,¢) and W (180°,¢) are the
coincidence count rates at 90° and 180°, respectively
between the START and STOP detectors.

Therefore the R(¢) spectra were least squares fitted to
the following function [7]:

R(t) :Asz(t) =2x

R(l) = Asz(l)
3
=As|fo +flzam exp [_5kM(’7)th] cos [km(n)wQﬂ ’
m=0

(2)

where ko = 0,k,(n) + k(1) = ks(1), 32> o aw(n) = 1 and
fo+fi=1

The spin value of the isomeric state of '®!Ta being
1 =5/2 we have

vo = eQV../h = 10wy /3m, (3)

where ¥, is the principal component of the electric field
gradient (EFG) tensor. When the EFG is not axially
symmetric, the asymmetry parameter § = (Vix — ¥},)/ V.,
where |V..| > |V,,| > |V, is extracted from the fit of R()
data to Eq. (2). The values of &,, depend on 5. Therefore
the EFG tensor is completely determined by the fre-
quency v and the asymmetry parameter 5. The expo-
nential factor in the sum accounts for the possible
existence of a quadrupole frequency distribution which
is assumed to be correctly described by a Lorentzian
shape with a relative width 6. A non-vanishing value of &
implies either a significant concentration of defects and/
or impurities in the material under study, or with a
disordered arrangement of atoms in the probe sur-
roundings.

The positron lifetime measurements were carried out
using fast-fast coincidence spectrometer with a time
resolution (FWHM) of 220 ps. Lifetime spectra were
analysed in terms of two components using POSI-
TRONFIT [18] to obtain the resolved lifetimes and their
intensities:

I(t) =1 exp(—t/t)) + L, exp(—t/12), (4)

where 7, and 7, are the characteristic lifetimes and /; and
I, the corresponding intensities. Here 7; + I, = 100%.

Positron lifetime and TDPAC measurements were
done in the as-implanted state of the respective ZrHf
samples. Further measurements were carried out on the
respective samples following isochronal annealing
treatments of the samples from 323 K to 1373 K for a
step duration of 30 min.

3. Results and discussion

TDPAC measurements on the reference sample in-
dicate that all probe nuclei experience a quadrupole
frequency of 310 £4 MHz with the other parameters
viz., relative width of Lorentzian distribution and the
asymmetry parameter being J; = 0.08+0.03 and
n; = 0.08 £0.02, respectively. The data analysed time
dependent anisotropy spectrum and its Fourier trans-
form are shown in Fig. 1. As the quadrupole frequency
and other hyperfine interaction parameters match with
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that of probe nuclei occupying defect free and substi-
tutional sites in hcp Zr as reported in the literature [17],
it is inferred that all probe nuclei occupy defect free and
substitutional sites in the Zr matrix.

TDPAC measurements done on the helium im-
planted o-ZrHF samples have indicated the following
hyperfine interaction parameters as experienced by
probe atoms viz., fi = 0.88 £ 0.02, vo; = 310 =4 MHz,
01 =0.14£0.03 and 5, =0.10+0.02. Above results
indicate that the fraction f; of probe nuclei occupies
substitutional sites in hcp Zr matrix as mentioned above
[17]. A low value of asymmetry parameter # in the above
case implies an almost axially symmetric charge envi-
ronment of probe nuclei. R(¢) spectra of the as-im-
planted sample indicates zero-offset (cf. Fig. 2(a)). Data
analysis indicates that 0.12 fraction of probe nuclei is
exposed to a zero quadrupole frequency. This configu-
ration which removes the characteristic EFG of the hcp
lattice must have cubic symmetry. This is possible by
changing the hcp stacking sequence ABAB to ABCAB,
thus generating a local fcc lattice with vanishing EFG
and hence zero quadrupole frequency. A similar result in
proton irradiated Cd has been reported by Witthuhn
et al. using '"'Cd TDPAC measurements [19]. The probe
associated defect cannot be a vacancy cluster, as the
configuration of vacancy clusters bound to Hf impurity
in a hep matrix is not cubic. There is no significant in-
crease in the value of the asymmetry parameter in the o-
implanted sample as compared to that of the reference
sample, implying almost an axially charge symmetric
environment of the probe nuclei in the latter.
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Fig. 2. The TDPAC spectra and their Fourier transform helium
implanted o-ZrHf sample subjected to following annealing
treatments. (a) as-implanted (b) 7, =523 K (c) 7,=873 K (d)
T,=973 K and (e) 7, =1123 K.

The measurement following the annealing treatment
of the sample at 423 K indicates the disappearance of the
zero-offset meaning the absence of the fraction f; ap-
pearing in Eq. (2). This implies the dissociation of the
cubic symmetric defect complex from the probe nuclei.
Further measurements following the isochronal anneal-
ing treatments of the sample did not lead to the ap-
pearance of any new quadrupole frequency. This is due
to the non-trapping of helium implantation induced
defects such as vacancy clusters and helium decorated
vacancy complexes by probe nuclei. The non-trapping of
vacancy type defects by Hf atoms is understandable
considering the fact that both Hf and Zr are tetravalent
with almost the same atomic radii. This observation is
consistent with the earlier reported TDPAC measure-
ments in quenched ZrHf [20].

The variation of the relative width of the Lorentzian
distribution J; in the helium implanted ZrHf with
isochronal annealing temperature is shown if Fig. 3.
This variation could be divided into three stages: In the
annealing interval 300-500 K, the value of
01(0.14 &+ 0.04) remains nearly the same. In the anneal-
ing interval 500-950 K, ¢, increases to a maximum
around 850 K. Beyond 950 K, the ¢, tends to decrease
before levelling off. The striking feature seen in J; be-
tween 500 and 800 K for the helium implanted sample,
which is attributed to the recovery stage due to helium
migration, is absent in the case of quenched ZrHf [20].
The above variation of ¢; with annealing temperature in

0.5
04 | .

03} i { .

0.2%{{}! }{! _

H
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Fig. 3. The variation of , with annealing temperature of the
sample.
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helium implanted sample is understood based on the
correlation of positron lifetime results as discussed
subsequently.

The Fourier transform of the time dependent ani-
sotropy spectra (Fig. 2) in the sample shows that the
ratio of the intensities of the transition frequencies cor-
responding to vy, is different from 3:2:1. This is due to
texturing of the sample arising out of prior thermo-
mechanical treatment. The location of the sample with
its areal surface, lying perpendicular to the axis con-
necting START and STOP detectors which are at 180°
with respect to each other, during the measurements is
referred to as geometry I. The sample while located with
its surface lying collinear to the above detectors during
the measurements is referred to as geometry I1. In Fig. 2
the R(¢) spectra corresponding to the as-implanted
sample and isochronal annealing treatments at 423 K
are due to the TDPAC measurements in geometry I and
the remaining in geometry II.

Positron lifetime measurement on the reference ZrHf
(un-implanted) sample indicates a single component
with lifetime of 168 + 2 ps which matches with that of
o-Zr (165 ps) as reported earlier [21,22]. Positron life-
time measurements on the helium implanted sample in-
dicate that 0.88 (/;) fraction of positrons annihilates
with a lifetime 7, of 225 + 2 ps and the remaining with a
lifetime (7,) of 480 + 20 ps. As the lifetime of a positron
at a monovacancy is reported to be 250 + 5 ps [22] it is
understandable that the observed lifetime of 225 + 2 ps
corresponds to He decorated vacancy in o-Zr [23].
Doppler broadening measurements on electron irradi-
ated o-Zr [3] reveal that the onset of monovacancy mi-
gration occurs in the sample at 250 K. The formation of
He-V complexes and vacancy clusters identified with 1,
and 1, in the as-implanted sample is consistent with the
above reported result.

The variation of resolved positron lifetime parame-
ters with annealing temperature is shown in Fig. 4.
Based on the variation of positron lifetime parameters
with annealing temperature it is observed that the re-
covery of the defects in the He implanted sample occurs
in three stages.

(1) In the annealing interval 300-523 K the values of
71,7, and I, remain constant. This indicates the thermal
stability of the He-V complexes and vacancy clusters.

(ii)) For annealing interval between 523 and 673 K
there occurs a sharp decrease in the values of 7; and 1,
with annealing temperature. The value of 7, decreases
from 220 to 120 ps, while 7, decreases from 480 to 260
ps- The value of I, reaches a maximum value at 673 K.
The variation of intensity of the first component /; (i.e.
100 — L) is opposite to that of ,. The decrease in 1
between 500 and 700 K is understood to be due to the
dissociation of He—V complexes. The dissociation of the
He atoms from the He-V complexes and subsequent
helium migration results in helium decoration of the

60

Zr-Hf-He

150 L

T

100 L 1 " 1 . 1 . 1
400 600 800 1000
Annealing temperature (K)

Fig. 4. Variation of resolved lifetime parameters with annealing
temperature in helium implanted o-ZrHf sample.

vacancy clusters which is in accordance with the ob-
served decrease in 1, to 260 ps. The temperature at
which 1, exhibits a minimum and /, shows a maximum,
is the onset of bubble nucleation. At this temperature
the observed lifetime of 7; = 120 ps is attributed to the
bulkstate behaviour in accordance with the two state
trapping model [12].

(iif) For annealing treatments above 673 K the value
of I, decreases while 1, increases from an initial value of
260 ps. This indicates the growth of helium bubbles at
the cost of the bubble concentration. The behaviour of I,
at higher annealing temperature suggests that helium
retention in bubbles is stable upto 1050 K.

Comparsion of TDPAC results as shown in Fig. 3
and positron lifetime results in Fig. 4 shows the fol-
lowing salient features for the helium implanted ZrHf.

(1) The constant behaviour of the resolved positron
lifetime parameters 1;, 7, and I, in the annealing interval
300-500 K imply the stability of He-V complexes and
vacancy clusters. The small vacancy clusters occupy the
next nearest neighbouring environment sites of Hf im-
purities which is in accordance with the observed nearly
constant behaviour of the relative width of the Lo-
rentzian distribution of quadrupole frequency, J;.

(2) A decrease in 7; and 7, accompanied by an in-
crease in I, between 500 and 800 K indicate dissociation
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of He from He-V complexes and subsequent migration
and decoration of vacancy clusters. These helium deco-
rated defects provide a more non-unique next nearest
neighbour environment at Hf sites resulting in the ob-
served increase in 0; in the same annealing interval.

(3) Beyond 800 K, bubble growth is seen in the be-
haviour of positron lifetime parameters, where 7, in-
creases towards saturation accompanied by a decrease in
the intensity /,. Since most of the vacancies and helium
have been absorbed by the bubbles during growth, this
leads to the restoration of nearly defect free environment
of Hf site. The latter is in accordance with the observed
sharp decrease in ¢, in this annealing region as deduced
by TDPAC. TDPAC measurements on the reference
sample (un-implanted sample) subjected to the above
annealing treatments did not show any variation in the
hyperfine interaction parameters as experienced by
probe nuclei. The maximum value of ¢; occurring in the
helium implanted sample around 870 K is consistent
with the results based on nuclear reaction analysis, re-
ported by Lewis et al. [24], who observed a significant
broadening of helium profile in the same temperature
range. The above discussions point to the merit of
combining TDPAC and positron lifetime spectroscopy
for the study of helium effects in metals.

4. Extraction of helium bubble parameters from positron
lifetime results

The helium bubble parameters such as helium atom
density (ny.) inside the bubble, bubble radius (R},) and
bubble concentration (Cy) have been determined from
an analysis of experimental positron lifetime results
based on the procedure reported earlier [3]. We briefly
summarise below the analysis scheme used. Based on the
positron surface state model [25], the most stable posi-
tron state is at the surface of the bubble of radii > 0.5
nm. Considering the gas—metal interface, positrons will
be annihilating with electrons associated with both the
metal and helium. As these two annihilation processes
are independent the total annihilation rate can be writ-
ten as

jvbubble = ;LHe + ;vmetal- (5)

Ametal 18 characteristic of the annihilation rate for
clean metal surface. This is almost same for most of the
metals having a value of ~ 2ns™'. Jy. depends on the
helium atom density ny.. The relationship connecting
bubble lifetime 7, and helium atom density ny. is given

by [25]
75 = 500 — 23.511.(10%m ™). (6)

Although the above equation was originally pro-
posed for the Al-He system it can be applied as a first
approximation for most metal-He systems [13,25].

Using 1, in the above equation, ny. can be determined.
On the basis of two state trapping model [11], the
trapping rate, Ky, into the bubbles can be deduced from
the measured lifetime parameters as

Kb = 12(/11 - )»2), (7)

where A; and A, are experimental annihilation rates in
the bulk and bubble, respectively and 7, is the intensity
of the bubble lifetime component. The trapping rate Ky
can be related to bubble concentration, C, as

Kb = Hbclh (8)

where y, is the specific trapping rate of positrons to the
bubble. The size dependence of g, is taken into account
by using a semi-empirical relation for yu,, given by [3]

1 1] 9
My = [ ARy + m} . ©)
where the constants are given by
A=9.07x10%nm's™! and B=3.3 x 10"nm~2s7!. If
the total gas concentration, Cy., implanted into the
sample is known and all the gas is assumed to be con-
tained in spherical bubbles, then the helium inventory
equation can be written as
CHe _ 4TERI3)}’lHer .
3

The above assumption that all the input helium is con-
tained in the bubbles is justified because of the fact that
samples of thickness greater than 100pum are used for
PAS and helium loss from the bubble to the sample
surface is expected to be negligible.

Using the Egs. (7)-(10), an equation for R, can be
written as

(10)

C
2 _ . He ) =
BR + AR, 3AB(4T[IZ(A,1 — )»2)71He) 0. (11)

With ny. known from Eq. (6) and with the known value
of Cye, the above equation is solved for Ry,. Once Ry, is
known, the bubble concentration C, can be obtained
using Eq. (10).

The variation of R, and C,, as deduced from the
above discussed analysis scheme are shown in Fig. 5(a)
and (b). R, increases from a value of 4 nm at 700 K to 15
nm at 1000 K, while C, decreases by an order of mag-
nitude in the same annealing interval. This establishes
quantitatively the helium bubble growth.

5. Conclusions

TDPAC measurements on the helium implanted
ZrHf indicate the formation of stacking fault kind of
defects, which is consistent with the low value of the
stacking fault energy reported in literature for hcp
metals in general. These defects dissociate above 423 K.
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Fig. 5. Variation of (a) bubble radius and (b) bubble concen-
tration with annealing temperature in the helium implanted o-
ZrHf as deduced from the positron lifetime results.

A good correlation of a recovery stage above 500 K
associated with helium migration is seen from the vari-
ation of the relative width of the Lorentzian distribution
of the quadrupole frequency as experienced by the Hf
probe atom in comparison to the variation of the posi-
tron lifetime in the helium implanted ZrHf. Nucleation
and growth of helium bubbles have been identified from
positron lifetime results. The onset of growth of He
bubbles occurs at 673 K. Helium bubble parameters in
the growth stage have been extracted from an analysis of
the results of positron lifetime measurements. Since Hf
impurities do not bind vacancy type defects in Zr, it
seems unlikely that Hf mediated He-vacancy interac-
tions influence the bubble formation. The present study
points to the merit of combining TDPAC and positron

lifetime spectroscopy for the study of helium effects in
metals.
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