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The measurements of cold rolled nickel alloys with 1 at.% of Ge, Zn, In,
Zr, Pb and additionally Ti and Sb by positron lifetime and Doppler broad-
ening techniques have been done. Monovacancies were a dominating type of
defects in the alloys. The authors of the present paper connect the differ-
ences between the annihilation parameters of the investigated samples with
the existence of the vacancy-impurity atom pairs. A direct proportionality
between the vacancy lifetime and the product of vacancy-impurity binding
energy and atomic radius of impurity atom has been found.

PACS numbers: 78.70.Bj, 78.30.Er

1. Introduction

Results of positron annihilation studies of dilute binary alloys (primary solid
solutions) rarely show distinct differences with respect to those for pure metal (sol-
vent). The measurable differences occur only when the presence of the admixture
causes the changes in the defect or the electronic structure of solvent metal, the
first of these two factors seems to play a dominating role. Several papers devoted
to the positron annihilation studies of the vacancy-impurity (v-i) interaction in
nickel have been already published yielding, among others, the detailed exami-
nation of the defect structure of alloys [1], calculations of the vacancy-impurity
binding energy (EB), e.g. [1-3], or an attempt to elaborate the vacancy-impurity
interaction theory [4], though the last task was connected with some difficulties.
Nevertheless, the subject remains to be not fully exhausted and every new attempt
of approaching it may bring some new valuable information.

The main purpose of the present study was to investigate the v-i interac-
tion in a series of nickel-based alloys (primary solid solutions) containing 1 at.%
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of Ge, Zn, In, Zr or Pb by two positron annihilation methods: positron lifetime
and Doppler broadening measurements. Additionally, the potentialities of a newly
constructed, modified apparatus for Doppler broadening measurements [5] were
examined.

2. Experimental

The investigated alloys were produced by induction of 4N purity nickel with
1 at.% addition of pure Zn, Ge, Zr, In, and Pb. After melting the ingots were
cut into flat, 2 mm thick pieces and submitted to long-lasting homogenisation
tempering at 1000°C followed by slow cooling to the room temperature. Then the
homogeneity and chemical composition of the alloys were checked by laser and
electron beam microanalyses. The slices of the alloys were cold rolled in 0.1 mm
steps to get finally 1 mm thick plates, from which the square samples with the
area of 1 cm? were cut.

A modernised version of spectrometer based on two HPGe detectors was
used in Doppler broadening measurements to get differential spectra (the relation
between the number of counts and energy difference of two registered annihila-
tion photons). The differential spectra are analogous to those, which come from
conventional, one-detector Doppler devices but they are symmetrical, a peak to
background ratio is higher and the relative apparatus resolution can be better by
the factor of v/2. The differential spectrum as a one of the two-dimensional Doppler
broadening result presentation was used, e.g. by Lynn et al. [6]. In our experimen-
tal setup, the peak to background ratio was about 5 x 10, and the relative energy
resolution improved by the factor of 1.3 caused a decrease in the FWHM value
to about 2 keV. As a source of positrons ??Na was used. The average number of
counts per spectrum was 4.8 x 10°.

Positron annihilation lifetime measurements were performed at room tem-
perature. The Ortec commercial system with 240 ps time resolution was used. The
positron source (?2Na) of the activity of 10 uCi was placed between two identi-
cal thin Hostaphan foils (0.8 mg-cm~2 each) and then sandwiched between the
investigated samples. The average amount of counts per spectrum was 1 x 107.
The analysis of positron lifetime curves was performed using POSITRONFIT pro-
gram [7] including source correction with contribution to be equal 4%. In the
second series, for all the samples mentioned above and additionally for NiTi and
NiSb, the lifetime measurements using another fast—slow coincidence device with
2ZNa source of activity 2.5 pCi have been done. The time resolution of the device
was determined as 300 ps and the value of counts per spectrum was about 2 x 10°.

3. Results and discussion

The investigations of the vacancies in metallic materials requires their pres-
ence in the amount exceeding the lower threshold for their detection by positron
annihilation methods (& 10! ppm [8]), but in the studies of the v-i interaction the
existence of detectable amount of vacancy-impurity atom pairs is important too.



Studying of Nickel Alloys with 1 at. % . .. 331

Severe cold rolling of the samples with 50% reduction in thickness guarantees not
only the exceeding of the lower threshold of the sensitivity of annihilation tech-
nique but allows for expecting that the vacancy channel of annihilation will be
dominant. In similar studies [9] of NiGe alloys the saturation of the annihilation in
vacancies was achieved after the reduction of the sample thickness by 25%. There-
fore the observed differences in the annihilation parameters with respect to those
for pure nickel indicate the presence of the v-1 pairs and contain information on
the v-1 interaction in a given alloy.

Due to the very small differences between the annihilation spectra for inves-
tigated alloys, the presentation of the results of Doppler broadening measurements
as ratio curves was chosen for the best visualisation of their dissimilarity (Fig. 1).
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Fig. 1. The left sides of the ratio curves normalized to the equal number of counts for
each of the spectra. The ranges of W and S parameters are also presented.

The ratio curves were obtained by normalisation of the raw spectra to the
equal number of counts per spectrum followed by dividing the spectrum for a given
alloy by the spectrum for the reference sample — pure, cold rolled nickel. As it
follows from Fig. 1, in the whole range of the large energy differences, the location
of data points for investigated alloys exhibits a remarkable regularity. The points
representing the results for Niln alloy are always located at the top and those
for other alloys below, in the sequence NiZr, NiPb, NiGe, and NiZn. Therefore, it
can be expected that the W and S parameters, averaging the measurement result
presented in Fig. 1, reflect this characteristic situation. The results of the W and
S parameters determination are presented in Table I.

As expected, the values of the W parameter for investigated alloys decrease in
the sequence Niln, NiZr, NiPb, NiGe, NiZn. A strictly opposite trend in the values
of S parameter is observed. These regularities are clearly seen on the S = f(W)
diagram (Fig. 2) showing a linearity well known from other annihilation studies of
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TABLE 1
The values of .S and W parameters.

Ni Niln NiZr NiPb | NiGe NiZn
S 1 0.5862 | 0.5990 | 0.6027 | 0.6057 | 0.6102 0.6127
W | 0.2816 | 0.2695 | 0.2663 | 0.2634 | 0.2588 0.2573

defects in solids. It should be noted that the commonly accepted explanation of the
linearity of the S = f(W) plot [10] concerns the sample in which concentration of
only one type of defects is changed, e.g. by tempering, and the number of defects
is kept within the limits of the sensitivity of positron annihilation techniques. For
the investigated Ni-alloys these assumptions are not fulfilled, but the observed
linearity of the S = f(W) plot seems not to be fortuitous.
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Fig. 2. S = f(W) diagram for pure Ni and for the alloys.

Assuming that the increased value of W parameter is connected with an
increased contribution of positron annihilations with d electrons of impurity atoms,
we can interpret almost all of the presented results connecting them with the
number of the outermost valence electrons shielding d electrons of impurity atoms.
But a high deviation from the rule for NiZn suggests that the kind of defects,
likewise the number of defect-impurity pair, is of a great importance too. Apart
from that, a low value of the W parameter could not be caused by the lack of
tendency of annihilations with deep bound electrons but by a high probability
of annihilations with outermost, low-momentum electrons. In such situation the
increase in S parameter and this way decrease in W parameter can be observed.
It looks as if the recalling of lifetime results to lighten the question of a kind of
defects would do an important step towards.
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The lifetime spectra (after correction for source contribution) were fitted
with a sum of two exponentials. The first component was always dominant. In
relation to the whole series of measurements the average intensity of the first com-
ponent equals 85% and taking into account the range of lifetimes (163-184 ps) it
seems that it can be regarded as the vacancy component. The average lifetime for
the second component equals to 306 ps and we think it corresponds to vacancy
aggregates (clusters), grain boundaries or other defects formed during the proce-
dure of the sample preparation. The intensity of this component amounts up to
15% in average. In fact the lifetime values of the second component range from
~250 ps to ~400 ps and the relative intensities range over almost 35%. The con-
straint (306 ps) analysis is excluded due to chi-square behaviour (a too big value)
and it states that the spectra are lacking in the possible remainder of the source
component. Table I presents the results of lifetime measurements.

TABLE 11

Average lifetime (7,), first component lifetime () and the intensity
of the first component (I7) for investigated alloys.

Ni | NiGe | NiZn | NiT1i | Niln | NiSb | NiZr | NiPb
71 [ps] 163 168 171 172 179 180 181 184
Ololewlelwle | @] w
I [%] | 89.2 | 76.7 | 64.5 98 79.8 95 95.7 | 80.6
(0.1) | (03) | (0.4) | (0.5) | (0.7) | (0.8) | (0.3) | (0.3)
Tav [Ps] | 177.5 | 198.3 | 204.7 | 174.6 | 196.2 | 185.2 | 191.1 | 209.8
(1.2) | (1.0) | (3.9) | (5.6) | (6.3) | (4.7) | (6.7) | (4.7)

*Standard deviations of measured quantities are given in round brackets.

It is worth noting that all the samples consist in 99% of nickel and the
annihilation of positrons from defect state dominates (lack of the 108 ps compo-
nent). Therefore if we observe small differences in measured lifetimes they should
be connected with different (for each of the alloy) defects and with coexistence
of defects and impurity atoms in the nearest surrounding. The high value of the
first component lifetime in the case of Pb or Zr could mean that the majority of
positrons annihilates in unbound vacancies, like in pure nickel but a small part of
them annihilates from vacancies bounded with Pb or Zr atoms. Such Ni vacancy
should has the size depending on the impurity atom attached. One can also assume
an impurity atom bounded with vacancies existing in a bigger number with not
necessarily much bigger dimensions. Considering that both the dimensions and
the amount of the v-1 pairs affect the registered positron lifetime, and taking into
account that the first lifetime component does not represent only the v-1 pairs
because of a strong representation of the unbound vacancies (like in pure nickel),
the evaluation of the effect of dimensions and population of the v-1 pairs on the
value of the first lifetime component seems to be impossible.
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Let us assume hypothetically that the first lifetime component data con-
tain information only about dimensions of vacancies existing near impurity atoms.
Then the correlation between the first lifetime component and the impurity atom
radius would be expected. Impurity atoms deformed their surrounding, including
vacancies, on the basis of lattice relaxation mechanisms. No such correlation has
been found.

If the lifetime data contained only information about the number of v-i
pairs with only slightly different vacancy dimensions for all the samples then the
correlation between the first lifetime component and the number of v-1 pairs would
be expected. The establishing of such a correlation is more difficult because of
the lack of direct information about the number of v-1 pairs but with a certain
probability it is possible to check the existence of such correlation by an indirect
way. Namely there is a magnitude — the vacancy-impurity binding energy EB,
which is, by some way, proportional to the number of v-i pairs. No correlation
between the first lifetime component and E2 has been found too.

Therefore, the combination of dimension factor represented by the atomic
radius of impurity atom with the v-i population factor represented by EB with the
relation to the first component lifetime suggests itself to be proven. The results of
an attempt to find such a correlation is presented in Fig. 3.

190

185

T, [ps]

180 -

175 -

170 -

165 -

160

T
0 5 10 15 20 25 30 35

E2 'R, [eV-pm]

Fig. 3. First lifetime component versus product of the EZ and atomic radius of the
impurity.

A direct proportionality between the 71 and the EBR; product has been
found. This way the assumption about influence of dimensions and population of
v-1 pairs on the annihilation characteristics seems to be confirmed.

The procedure leading to revealing the above correlation is not free of limita-
tions. The assumption of proportionality between EB and the number of v-i pairs
in the sample requires some discussion. In fact, the method of E® calculation
(Gdrecki [1]), is based on the simple but useful models of the thermodynamics of
vacancies in dilute binary alloys developed by Lomer [11] and Schapink [12]. These
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models describe the v-1 interaction with the assumptions that in the vicinity of va-
cancy there is no other vacancy and only one impurity atom. In our samples both
the configurations can exist but their influence on the annihilation characteristics
does not seem to be dominant because of a low concentration of the impurity in
the alloys investigated. Apart from that, the authors did not assume the direct
proportionality between EB and the number of v-i pairs but we think that there
must be some relation between both the mentioned magnitudes. We also believe
that the use of EB is comfortable, because this energy reflects the valence fitting
of alloy and matrix atoms, vacancy charge, dimension disproportion of atoms and
other aspects deciding about attractiveness of v-i pairs in the alloy [13].

The second aspect of data analysis requiring a further discussion is based on
the assumption that as a result of matrix relaxation in the vicinity of impurity atom
the dimension of the surrounding defect changes too. The basis of this assumption
lies on the intuitively well understandable deformation of the surrounding in the
vicinity of a larger atom in the matrix. A simple geometrical analysis confirms
that a vacancy existing in the vicinity of a bigger impurity atom must be bigger
too.

The data on the atomic radii and the phase diagrams used for the calculation
of the v-i binding energies are taken from [14-18] and references therein.

4. Conclusions

Through complementary information obtained from positron annihilation
lifetime and Doppler broadening measurements as well as from the models of the
thermodynamics of vacancies in dilute binary alloys we can state that for Ni alloys
containing 1 at.% of Zn, Ge, Zr, In, Pb, Ti or Sb

e there is a direct correlation between the first lifetime component and the

product of vacancy-impurity binding energy and atomic radius of impurity
atom,

e the Doppler broadening measurements confirm applicability of the newly
constructed modernised version of Doppler apparatus in the field of demand-
ing experiments with subtle differences between the measured spectra,

o still exist some questions and doubts concerning the problem of the inter-
pretation of the lifetime spectra measured for the mentioned alloys, so the
problem, in which way the positron annihilates in these systems, needs to be
further studied,

e as a next step of our studies it will be looked at the pure alloying elements.
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