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Introduction

The solid-state reactions involving phase transfor-
mation of a single-phase matrix to a two-phase sys-
tem are important for improving the properties of
alloys. The mechanical performance of many
advanced structural materials is mainly derived from
the presence of a hardening second phase [1]. Age
hardening controlled by precipitation reactions [2—4]
and nanoparticles [5] is amongst the various
strengthening mechanisms used to improve the
mechanical properties of engineering alloys. It pro-
vides mechanical strength, wear, creep, corrosion and
fatigue resistance to the alloy. The synergistic effect of
composition and microstructure of the hardening
phase can be utilized for improving the mechanical
properties of the material. Precipitation is one of the
solid-state reactions transforming the initial phase
composition to a two-phase system of matrix and
precipitates [6]. The precipitate phase may differ in
crystal structure, composition and degree of long-
range order from the initial parent phase as well as
the resultant product matrix [7]. In general, precipi-
tation takes place through formation, migration,
mutual recombination and annihilation of point
defects like vacancies and interstitials. The role of
quenched-in vacancies, vacancy-solute complex and
solute clusters during precipitation reaction has been
investigated for a number of alloys [8-10]. These
defects mediate the course of transformation reaction
as well as influence the resultant properties of the
transformed alloy [11]. Therefore, investigation of
defects evolved during phase transformations is
essential to understand not only the mechanism of
transformation but devise better preparation
methodology of new alloys with desired properties.

Ni-based alloys have attracted wide attention due
to their excellent mechanical strength, resistance to
thermal creep and oxidation. These alloys are
strengthened mainly by ordered and coherent inter-
metallic precipitates [12-14]. Precipitation-hardened
Ni alloys have applications in high-temperature
components of gas turbine and steam generators
[15, 16]. Cr addition imparts high oxidative resistance
to these alloys. However, the solubility of Cr in Ni
decreases with the decrease in temperature, leading
to precipitation of o-Cr in the two-phase region of
Ni-Cr phase diagram [12, 17]. Depending on Cr
content and thermal treatment, Cr precipitates of
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various morphologies such as discontinuous (cellu-
lar) and continuous have been reported in high Cr
content Ni-based alloys [6, 18]. The discontinuous
precipitation (DP) involves heterogeneous precipita-
tion along the grain boundary with concurrent
growth of the precipitate being mediated by the
migration of the grain boundary, whilst continuous
precipitation involves the uniform appearance of
precipitates throughout the matrix [7, 19]. The pre-
cipitation behaviour influences the properties of alloy
in different ways. In the present study, we have
investigated the evolution of defects during thermal
treatment in high Cr content Ni—Cr alloy using
positron annihilation spectroscopy (PAS) comple-
mented with microscopic technique. Microscopic
techniques like Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM) are
well-established and sensitive techniques to probe
microstructural transformations with as fine a reso-
lution ~ 1 nm. However, the microscopic investiga-
tion is, by nature, limited to a localized region and
may not represent the bulk microstructure. On the
other hand, PAS is a powerful technique for the
identification of atomic order defects and, can pro-
vide information with just as fine a resolution as
TEM, but over a much larger volume. The sensitivity
of positrons to low-electron density regions enables
the identification of defects (vacancy, dislocation,
lattice misfits, etc.) in alloys. The ability of the tech-
nique for the investigation of embedded nanoclusters
[20, 21], Cu precipitates in Fe—Cu alloys [22, 23], age
hardening in Al-Sn alloys [24] and fine grain mate-
rials [25] is well documented. These studies have
shown the potential of the technique to investigate
subtle structural transformations during decomposi-
tion reactions in solid-solutions.

When a positron is implanted in a material, it gets
thermalized and then diffuses into the matrix. The
low-electron density regions like open-volume
defects and vacancies act as an attractive potential for
positron and trap the positron. In a defect-free
material, positron can diffuse to a longer distance (up
to a few 100 of nm) and annihilates from a delocal-
ized state with a characteristics bulk lifetime. On the
other hand, annihilation from the trapped state is
manifested as an increase in positron lifetime com-
pared to the bulk lifetime. The self-seeking ability of
positron for defects enables the identification of
defects in concentration as low as a few ppm. The
size of the defect is manifested in positron lifetime,
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whilst chemical surrounding of the defect can be
obtained from the annihilation electron momentum
distribution using positron lifetime and coincidence
Doppler broadening spectroscopy, respectively.
Therefore, PAS can provide information about
vacancy, vacancy-solute complexes and open-volume
defects which are generally formed during precipi-
tation reactions in the alloys.

In the present paper, we demonstrate the sensi-
tivity of the positron technique towards the identifi-
cation of defects evolved during thermal treatment in
Ni—Cr alloy. The positrons are primarily trapped in
quenched-in vacancies and the interface of Cr pre-
cipitate and the matrix during thermal treatment. The
results suggest that trapping at the precipitate inter-
face increases with ageing, and with subsequent
ageing vacancy-like defects are evolved within the Cr
precipitates. The momentum distribution of annihi-
lation electrons at the trapping sites indicates that
defects are not specific to Ni and Cr which surround
the trapping site in nearly equal fractions except for
vacancy-like defects. Therefore, we could not esti-
mate the fraction of annihilation from quenched-in
vacancies and interfaces at each stage of the precipi-
tation. We have estimated positron-specific trapping
coefficient for the interfaces under the assumption of
positron trapping at the surface of precipitates and
approximated the number density of precipitates.

Materials and methods

A cold-rolled (70% reduction) sample of Ni—Cr alloy
(42 wt% Cr or, 44.6 at%Cr) is solutionized at 1200 °C,
followed by water quenching, to attain a single-phase

(namely, v-phase) gamma-quenched (GQ)
microstructure. The single-phase microstructure
sample is referred as gamma-quenched (GQ)

throughout the manuscript. Different specimens of
size ~ 15 x 15 mm are prepared from the GQ sam-
ple and subjected to ageing at 650 °C and 800 °C for
different time periods (0.25-24 h). In order to freeze
the microstructure following the thermal treatment,
the samples are water quenched. For microstructural
observations, the surfaces of the heat-treated samples
are subjected to metallographic polishing and etch-
ing. For polishing, first, the samples are mounted in
Condufast ® conducting mounting resin using a
Struers ® CitoPress mounting press. These mounted
samples of 25 mm diameter are then polished using
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progressively finer grades of SiC polishing papers
(FEPA P# 500 to FEPA P# 2400) using water for
cooling and lubrication. This is followed by fine
polishing using diamond suspensions with particle
sizes of 3and 1 pm. A final polishing has been carried
out using colloidal silica suspension with a particle
size of ~ 40 nm. The samples are then subjected to
electro-etching with a saturated (10% by weight)
solution of chromic acid at 6 V for 10-15s. After
thorough cleaning and drying, the samples are
investigated using a Carl Zeiss Auriga Cross
Beam®Field Emission Gun Scanning Electron
Microscope (FESEM).

Positron lifetime (PL) measurements are carried
out using fast—fast coincidence system employing
two BaF, detectors in a 90° configuration with respect
to each other. The *Na positron source with an
activity of ~ 20 pCi and sealed in ~ 8 pm poly-
imide film is used for PL measurements. The source
is sandwiched between two identical specimens of
the sample. The time resolution of the spectrometer is
245 ps. The source contribution arising from positron
annihilation in positron source and encapsulating foil
is obtained using Si wafer as reference and corrected
for the difference in back-scattering fraction in Ni-
based samples. PL measurements are performed at
room temperature and spectrum with at least 2 x 10°
counts is acquired for each measurement. The PL
spectra are analysed using PALSfit [26]. All the
spectra could be fitted with two lifetime components
with 4% < 1.02.

Coincidence Doppler broadening (CDB) measure-
ments are carried out using two high purity Germa-
nium (HPGe) detectors with an energy resolution
of ~ 1.2 at 514 keV, located at 180° relative to each
other at a distance of ~ 8 cm apart. The coincident
count rate is ~ 400 per s for 20 uCi **Na positron
source (similar to that used in lifetime measure-
ments) and at least 107 counts are recorded for each
Doppler broadening spectrum. The annihilation
electron momentum distribution is obtained by
selecting the coincidence events where the sum of
annihilation y-ray energies detected is in the range
2moc® + 2.4 keV, where m.c® is electron rest mass
energy. The details of the analysis are reported else-
where [27]. The annihilation electron momentum
distribution of annealed Ni and Cr is also measured
to compare the momentum distribution of all the
samples. The shape of the annihilation electron
momentum distribution curve, represented as the
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ratio with respect to the momentum distribution of a
reference, exhibits information about elemental pro-
files at the annihilation site.

Results and discussion
Microstructure evolution

The microstructure of the Ni 42 wt% Cr alloy during
thermal ageing indicates that precipitation is initiated
at grain boundaries and subsequently, colonies of
precipitates (namely, discontinuous precipitation
(DP) cell) grow towards the interior of the grains.
Figure 1 represents the microstructure of the matrix
after thermal ageing at 650 °C for 24 h and 800 °C for
6 h indicating the extent of matrix transformation at
the two temperatures. At 650 °C, precipitates local-
ized primarily near the grain boundaries are seen at
24 h ageing, whilst colonies of precipitates occupying
a larger volume of the grain are observed even at 6 h
of ageing at 800 °C. The average grain size of the
single-phase GQ is about 100-200 um, which remains
invariant during the studied ageing treatment. The
evolution of microstructure with thermal ageing at
650 °C and 800 °C is shown in Figs. 2 and 3, respec-
tively, indicating slower precipitation kinetics at
650 °C than 800 °C. At 650 °C, though precipitation is
initiated at 1 h ageing, precipitates are mainly local-
ized near the grain boundary region even after 24 h
of ageing and could be identified at higher magnifi-
cations. On the other hand, at 800 °C, within 4 h of
ageing, precipitates occupy a large fraction of the
grain volume. The growth behaviour of precipitates
shows that DP is the dominant microstructural fea-
ture at these temperatures similar to that reported in
an earlier publication from this laboratory [18]. The
precipitation reaction is initiated at the grain

Figure 1 SEM micrographs (a)
6509C, 24 h
-

of the microstructure of Ni—Cr
alloy aged for a 24 h at 650 °C
and, b 6 h at 800 °C,
representing extent of matrix
transformation during thermal
ageing at 650 °C and 800 °C.
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boundaries and subsequently, precipitates grow
towards the interior of the grains occupying a large
fraction of the grain volume. The microstructural
analyses show that at 800 °C, after 1 h ageing ~ 8%
of the phase transformation has taken place, which
increases to ~ 100% at 24 h ageing. In the same time
duration (1-24 h), at 650 °C ageing, the transformed
fraction has a modest increase from ~ 3 to ~ 8%.
The transformed phase fraction in a micrograph is
calculated by manually identifying the total area
occupied by the DP cells in that micrograph and
dividing it by the total area of the micrograph. The
average area fraction calculated over a number of
micrographs from different areas of the same sample
is considered. The result indicates that complete
phase transformation is achieved at 24 h ageing at
800 °C and no more Cr can precipitate out from the
matrix. The fraction of phase transformation esti-
mated from microscopic measurements is shown in
Table 1.

Figure 4a is a representative image (sample aged
for 6 h at 800 °C) indicating lamellar-like morphol-
ogy of the precipitates and different DP cells with a
specific orientation of precipitates occupying a sig-
nificant fraction of the grain volume. The energy
dispersive X-ray (EDX) mapping of a section of DP
cell (Fig. 4b) shows that Cr precipitates (seen as Cr
enrichment in the EDX map) are present only within
the DP cell, in conjunction with corresponding local
Ni enrichment in the interlamellar region. The
microstructure indicates that a DP cell comprises
alternate regions of Ni and Cr enrichment. There is
no Cr enrichment in the surrounding untransformed
matrix, indicating that Cr precipitates are not homo-
geneously distributed in the matrix. The detailed
analyses of chemical composition and orientation
relationship of the precipitate phase using

(b)
800°C, 6 h.
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® (©)

Figure 2 SEM micrographs representing the evolution of precipitates for Ni—Cr alloy aged at 650 °C fora 1 hb 6 h ¢ 24 h.

(a)

Figure 3 SEM micrographs representing the evolution of precipitates for Ni—Cr alloy aged at 800 °C for a 15 min b 4 h and ¢ 24 h.

Table 1 The fraction of phase
transformation obtained from Ageing time (h) Phase transformation (%) T = 650 °C ~ Phase transformation (%) T = 800 °C

microscopic analysis during

3 8
ageing at 650 °C and 800 °C 3 48
indicating volume fraction of 5 61
Cr segregated from the matrix 2 g 100

(@) 7

No Cr enrichment in matrix

[Ni enrichment |

|Cr enrichment |

Figure 4 a Image representing the lamellar morphology of the precipitates. b Energy dispersive X-ray (EDX) map of a section of a DP
cell showing elemental distribution of Ni and Cr.
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transmission electron microscopy have been reported
in a previous publication [18].

Positron annihilation measurements

Positron lifetimes obtained from the decomposition
of a PL spectrum represent different positron anni-
hilation sites/positron states in a material. The mea-
sured positron lifetimes in well-annealed Ni and Cr
are 104 and 115 ps, respectively, which are in good
agreement with the previous reports [28]. The posi-
tron lifetimes in GQ and 70% cold-rolled alloy have
also been measured and shown in Table 2. The cold-
rolled sample shows a single positron lifetime ca.
7 ~ 168 ps which corresponds to dislocations in Ni-
based alloys [28]. In contrast, the single-phase GQ
sample, shows two positron lifetime components viz.
71 ~ 106 ps and 1, =243 ps with corresponding
intensities 86.04 and 13.88%, respectively. The longer
lifetime (t») is seen to be in the range of positron
lifetimes in large vacancy clusters in Ni-based alloys.
The reported positron lifetimes in various kinds of
defects in Ni (very few are available for Cr) are
shown in Table 3 [29, 30]. The decomposition of the
lifetime spectrum into two distinct lifetimes indicates
the presence of point defects in the GQ phase. The
measured mean positron lifetime in the GQ phase is
Tavg = 125 ps which is higher than that in a defect-
free Ni or Cr. Therefore, we attribute the shorter
positron lifetime component (r;) to free positron
annihilation and the second component (1) to be
from positrons trapped at defects. The bulk positron
lifetime in the defect-free GQ phase will be different
than that of pure defect-free Ni or Cr and can be
obtained under the consideration of the standard
trapping model (STM). According to STM, in case of
positron trapping in a defect, the free positron life-
time gets reduced from the bulk value and the second
component represents positron lifetime in the defect
[31, 32]. Consequently, the annihilation rates for the
two positron states are expressed as follows:

M= +kq (1)
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Jo = A (2)

where 1, A, Aq represent the reduced-bulk, bulk
and trapped positron annihilation rates, respectively,
and k; is the positron trapping rate in the defect,
defined as: k; = uyqC, where 4 is the positron specific
trapping coefficient that depends on the type of the
defect and C is the defect concentration. Subse-
quently, the positron lifetime in the bulk is given by

T1T2

™= 11l + 1214 ®)

Using Eq. 3, the positron lifetime in the bulk GQ
phase is estimated to be ~ 115 ps. The GQ sample is
prepared by high-temperature solutionization treat-
ment followed by water quenching to obtain the
single-phase microstructure. During the heat treat-
ment, thermal vacancies generated at a particular
temperature can be retained in the matrix due to their
incomplete recovery during quenching and/or pres-
ence of solute atoms which can stabilize vacancies by
forming vacancy-solute complexes. The equilibrium
atomic concentration of thermal vacancies formed at
1200 °C in Ni-Cr alloy is ~ 3.93 x 1077 assuming
the reported value of vacancy formation energy in Ni
as ~ 1.77 eV [33]. Considering the presence of
vacancy clusters (based on measured positron life-
time) and corresponding positron specific trapping
coefficient (u =iu; where p; =15 x 10"s™ is
positron specific trapping coefficient for Ni mono-
vacancy [31, 34] and i is the number of vacancies in
the cluster), the trapped positron intensity (I) would
be ~ 7%. In addition, grain boundaries can also trap
positrons. The contribution from open-volume
defects present at the grain boundaries is less than
1%, considering the average grain size of 150 pm and
positron diffusion length in single crystal defect-free
Ni to be ~ 0.25 um [30] (the maximum diffusion
length that can be observed in a metal). Even when
the positron diffusion length ~ 0.1 pm (typical for
metals) is considered, the contribution from grain
boundaries would be negligible. It may be noted that

Table 2 Positron lifetime in
GQ and cold-rolled Ni-Cr

alloy at room temperature

Sample 71 (ps) 72 (ps) I (%) L (%)
Gamma quenched (GQ) 106.2 £ 0.8 243.0 £ 5.7 86.04 + 0.91 13.88 + 0.91
70% Cold-roll 167.7 £ 0.3 - ~ 100% -

96 h aged (at 650 °C) 106.0 + 1.8 228.7 £ 7.8 80.83 £+ 2.02 19.17 £ 2.02
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Table 3 Positron lifetime in bulk and various types of defects in Ni as reported in the literature

Ref [28] Ref [31] Ref [30]
Bulk 108 ps V7 loop 200 ps Strained (single crystal) 220 ps
Monovacancy 177/180 ps V19 loop 293 ps H, charged (single crystal) 219 ps
SFT (V3-V28) 180-130 ps Strained + H, charged (single crystal) 280 ps
Strained (polycrystalline) 218 ps
H, charged (polycrystalline) 255 ps
Strained + H, charged (polycrystalline) 308 ps
The lifetime values are in ps
since positrons are randomly implanted in a material, 017]] A Ageing T 650°C
this estimate is an approximate value. @ Ageing T =800°C
Neglecting the small contribution from grain 016
boundaries, we may attribute the second component 0.15 +
to be from vacancy clusters. The alloy contains high 044 +
Cr content with low solubility of Cr in Ni which 3 % i é
reduces drastically with the decreasing temperature. 2 0131 ﬁ 1 %
Therefore, there is a fair possibility of stabilization of <0424
vacancies in the GQ sample due to the formation of 0114
the vacancy-Cr solute complex. It is well known that 010
vacancies mediate the migration of solute atoms and '
0.09

thereby promote the segregation of solute atoms. We
conjecture that the stabilization of vacancies in the
GQ sample helps in promoting the Cr precipitation
during subsequent thermal treatment. The presence
of a significant number of vacancy defects (vacancy
clusters and/or,vacancy-Cr complex) in the GQ
phase, revealed from positron measurements is an
important observation, as these defects in the GQ
sample cannot be observed by microscopy technique.

PL spectra of alloys aged at 650 °C and 800 °C
could be fitted to two lifetime components similar to
the GQ sample with 1; ~ 103-108 ps and
T, ~ 246-210 ps (ageing from 0.25 to 24 h). The
variation of mean positron lifetime (t,.s) during
ageing is shown in Fig. 5. The mean positron lifetime
over the whole ageing period is seen to be greater
than 125 ps which is higher than the bulk positron
lifetime in the GQ phase (i.e. 115 ps). This signifies
the presence of positron trapping sites (or, defects) in
aged samples. Therefore, the second lifetime com-
ponent is attributed to positron annihilation from
trapped states in the alloy. As one can see, there is no
significant change in mean positron lifetime on age-
ing at 650 °C over the whole ageing period whereas,
on ageing at 800 °C, the mean lifetime shows an
increase at 12 h and reaches to ~ 150 ps for 24 h

@ Springer
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Figure 5 The average positron lifetimes (7,,,) for Ni-Cr alloy
aged at 650 °C and 800 °C.

ageing. The increase of mean lifetime indicates a
significant increase in positron trapping for ageing
periods longer than 12 h at 800 °C.

The variation of positron lifetimes (71, 72) and
trapped positron intensity (I5) at different ageing time
is shown in Fig. 6. At both the temperatures, 1; is
nearly invariant during the ageing treatment whereas
7, and I, show significant change on ageing at 800 °C
as compared to 650 °C. The change in 1, and I, is
representative of the evolution of defects during the
thermal ageing of the alloy. On ageing at 650 °C,
there is only a marginal variation in 1, and I, over the
entire ageing period. Therefore, it is difficult to access
the evolution of defects from positron measurements
in the samples aged at 650 °C. Due to slower pre-
cipitation kinetics as seen from microscopic mea-
surements, the microstructural changes in the matrix
are not substantial and, therefore, the positron data
do not show significant variations for ageing at
650 °C. Even for 96 h ageing at this temperature, no
significant change in 1, and I, (Table 2) is observed.
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Figure 6 Positron lifetimes (t; and t,) and intensity (I,) for Ni—
Craged at 650 °C and 800 °C for different ageing times. The solid
line for 650 °C ageing treatment is an eye guide.

On the other hand, at 800 °C ageing, 1, is seen to
decrease with the corresponding I, showing an
increasing trend when aged from 15 min to 24 h. The
T, decreases from 240 to 210 ps and I, is seen to
increase to 44% at the highest ageing. The I, increases
by ~ 22% during ageing from 15 min to 24 h. The
positron trapping at thermal vacancies and grain
boundaries, as seen in the GQ sample, cannot account
for the increase in I, in aged samples. This is because
the equilibrium atomic concentration of thermal
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vacancies at 800 °C is lower than that at 1200 °C and,
therefore, would not increase with thermal ageing
treatment. For grain boundaries, the microscopic
measurements have shown that there is no grain
shrinkage or growth during thermal ageing at these
temperatures. Hence, the contribution from grain
boundaries will not be responsible for the observed
increase in I,. Therefore, we may infer that the change
in I, manifests phase transformation of the matrix
due to thermal ageing.

In this regard, it is worth mentioning that the sol-
ubility of Cr in Ni drops sharply with decreasing
temperature and Cr can easily precipitate out from
Ni-Cr alloy. For the present alloy, the microscopy
measurements have shown precipitation of Cr on
ageing at 650 °C and 800 °C. The matrix transfor-
mation due to precipitation is always associated with
coevolution of defects and secondary phase. Positron
trapping at defects as well as secondary phase (i.e.
precipitates) can, therefore, manifest microstructural
changes during the phase transformation. In the
present alloy, Cr precipitates in the Ni matrix are not
an efficient site for positron trapping due to lower
positron affinity of Cr (—2.62eV) than Ni
(— 4.46 eV) [35]. It is well known that positron trap-
ping in a defect-free embedded precipitate/nan-
ocluster is possible when the positron affinity of the
precipitate is higher than the matrix [35, 36]. The
positron trapping in Cr precipitates would be
favoured only when precipitates are associated with
defects. However, the interface between Cr precipi-
tate and matrix can trap positrons due to the presence
of open-volume defects at the interface. The presence
of open-volume defects at the interface and positron
trapping therein has also been observed by many
researchers [22, 24, 31]. Therefore, we ascribe the
change in 15 and I, to the coevolution of defects and
Cr precipitates during thermally ageing.

It is well known that vacancies mediate migration
of solute atoms in the alloys and subsequently solute
separation. At the early stage of phase segregation,
solute atoms form complex with the vacancies
forming a vacancy-solute complex which acts as
nucleation site for clustering of solute atoms. Subse-
quently, these clusters grow into precipitates under
thermodynamic and kinetic constraints. At 800 °C,
the initial increase in I, (up to 4 h) can be ascribed to
the increase in the number of nucleation sites (or,
vacancy-solute complex) with a concomitant decrease
in its size as indicated from the decrease in 7,. It is
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interesting to note that 1, and I, at 800 °C and 650 °C
for ageing up to 4 h are nearly similar. This clearly
indicates a contribution from vacancy and/or,
vacancy-solute complexes whose concentration
would be nearly identical during the early stages of
the thermal treatment at 650 °C and 800 °C as these
vacancies are being stabilized during gamma-
quenching treatment. The I, increases sharply
beyond 4 h ageing at 800 °C unlike at 650 °C where
there is no significant change in I,. Most of the phe-
nomenological models used to explain phase sepa-
ration in solid solutions assume vacancies to be at
equilibrium [37]. Therefore, the sharp increase in I,
beyond 4 h cannot account for an increase in the
number of vacancy-like defects. Henceforth, we
envisage that the interface between precipitate and
matrix is a potential positron trapping site for sam-
ples aged for longer durations (> 4 h) and responsi-
ble for a sharp increase in I,. This is reasonable as
precipitates occupy a large volume fraction of grains
at these ageing times as revealed from microscopy
and there is a high probability that positrons may get
trapped at these interfaces. The trapping of positrons
at the incoherent interface of a-precipitate (i.e. Cr
precipitate) in high Cr content Ni alloy during ther-
mal ageing has been earlier reported by Druzhkov
et al. [38] using Angular correlation of annihilation
radiation (ACAR) measurements. The 1, values
indicate that the size of open-volume defects at these
interfaces is in the range of size of vacancy clusters.
The decrease in 1, can be attributed to an increase
in the coherency at the interface as precipitates grow
in size with time. During DP reaction, the precipitates
grow in a manner to reduce incoherency at the
interface which shows that open-volume size would
tend to decrease when precipitates grow due to the
tendency to reduce lattice mismatch [39, 40]. There-
fore, we may infer that vacancy-like defects/
vacancy-solute complexes and precipitate’s interface
are the predominant positron trapping sites in the
studied alloy under thermal ageing. The former
predominates during the initial stages of phase sep-
aration whilst later contributes towards positron
trapping with subsequent ageing.

In order to investigate the characteristics of the
defects/positron trapping sites, the momentum dis-
tribution of annihilation electrons around the trap-
ping site is measured using CDB which is sensitive to
the chemical surrounding of the defects. The CDB
curves for aged samples plotted as the ratio with
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respect to pure Ni are shown in Fig. 7. The ratio
curve for pure Cr is shown as a reference. The ratio
curves for all the aged alloys show the characteristic
feature of Cr indicating that positrons are trapped at
sites decorated with Cr atoms. However, the ampli-
tude of the curves indicates that only 50% of the
neighboring atoms at the trapping sites are of Cr.
There is no significant change in the ratio curves for
all the aged alloys except the alloy aged for 24 h at
800 °C. The ratio curve for this sample shifts more
towards Cr reference indicating an enhancement in
the number of Cr atoms surrounding the trapping
site. In addition, there is a significant increase in the
low momentum region for this sample. The
enhancement in the low momentum region signifies
that more positrons are trapped in vacancies. At 24 h
ageing at 800 °C, nearly complete phase transforma-
tion, i.e. Cr segregation has taken place; therefore,
vacancies with Cr atoms surrounding would be pri-
marily located within the Cr precipitates. Thus, we
may conclude that for the highest ageing treatment
studied (24 h at 800 °C) positrons are trapped in the
Cr precipitates. It is worth mentioning here that Cr
has a lower positron affinity than Ni and therefore,
positrons will trap in Cr precipitates when defects are
present. This shows that vacancy-like defects are
evolved in Cr precipitates only at longer ageing. On
the other hand, for all other aged samples, positrons
are trapped at sites with nearly 50% surrounding Cr
atoms. Since the studied alloy is a solid-solution of
the nearly equal atomic composition of Ni and Cr, the
thermally generated vacancies would not be specific
to either Ni or Cr. Also, the annihilation from the
vacancy-solute complex with only a few Cr atoms
would not be reflected as a remarkable feature in the
momentum distribution curve. Similar characteristics
of momentum distribution have been suggested for
vacancy-solute complexes in a number of Fe-based
alloys where momentum distribution curves do not
show remarkable features due to only a fewer num-
ber of solute atoms in the vacancy-solute complex
[41]. In the same way, the interface of Cr precipitate
and matrix is likely to have a nearly equal contribu-
tion from Ni and Cr. Thus, in the present alloy, it is
very difficult to segregate the contributions of
vacancies and the precipitate’s interface at different
stages of precipitation due to nearly similar charac-
teristics of the momentum distribution of the 2.
However, based on PL measurements in conjunction
with microscopy results, we may state that vacancy
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Figure 7 Momentum distribution curve (obtained from CDB) for Ni—Cr alloy aged at 650 °C and 800 °C. The curves are plotted as ratio

with respect to pure Ni.

cluster/vacancy-solute complex are predominant
positron trapping sites during the initial stage of
phase separation whilst precipitate’s interfaces pre-
dominate during the later stage of phase segregation.
The results also reveal that there is a possibility of the
presence of defects within Cr precipitates once the
complete phase transformation has taken place. For
the studied alloy, we must admit that due to low
sensitivity of positron towards Cr precipitate in Ni
matrix lead to reduced positron response (i.e. trap-
ping) in comparison to the case of Cu precipitates in
Fe—Cu alloy as studied by He et al. [22] where posi-
trons are predominantly confined in Cu precipitates.

The positron annihilation in the studied alloy
indicates that observed defects are not effective
positron traps. Only less than 50% of the positrons
are annihilating from the trapped state in the alloy.
Even at 24 h ageing (at 800 °C) when ~ 100% phase
transformation is achieved and precipitates occupy a
large fraction of the grain volume, saturation trap-
ping is not observed. This indicates that the positron
trapping rate for defects in the alloy is small. Based
on our results and observations, we have estimated
the positron specific trapping rate for the interfaces in
order to estimate the number density of precipitates
in the alloy. In earlier reports, the growth behaviour
of precipitates has shown an increase in interlamellar
distance (distance between the precipitates) during
ageing due to coalescence [18]. Due to an increase in
interlamellar distance and thereby reduction in the
number density of precipitates and hence the inter-
faces, saturation trapping is not achieved even at the
longest ageing period studied. As mentioned

previously that positron trapping at precipitate’s
interfaces increases with ageing, we may estimate
positron specific trapping coefficient (ug) for inter-
faces. The positron trapping at the interfaces is lim-
ited by diffusion of positron to these interfaces [24].
Assuming the trapping at the surface of a precipitate,
U can be expressed as [20, 42] py = 4nrD,., where r is
the effective radius of the positron trapping site and
D, is the positron diffusion coefficient. The trapping
at the interface is expected when the diffusion length
of the positron is of the order of the mean distance
between the precipitates. We have independently
evaluated interlamellar distance from microscopic
measurements, and it varies from 200 to 450 nm at
2 h ageing for different temperatures [18]. Assuming
positron diffusion length (L;) to be ~ 200 nm (for
ageing at 800 °C) and 1, ~ 115 ps, the calculated D

=266 cm’s' using the following relation:
L = /D1, As for r, the size of lattice misfits (open-
volume defect) at the interface can be considered to
be of the order of a few A. Considering r = 4 Ao, the
estimated 1z is ~ 1.33 x 10 °cm?® s™! which is of the
order estimated for large voids [31]. We may assume
that at 800 °C ageing for 6 h, interfaces are the pre-
dominant trapping sites as precipitates have occu-
pied a substantial volume of the grains. The number
density of precipitates at 6 h ageing can be approxi-
mated as ~ 10" em™>. It is to be noted that the
estimated number density is just an approximation as
positron is not trapped within the precipitates. The
number density of precipitates formed via DP is
generally difficult to estimate as precipitation is not
homogeneously distributed in the matrix. A rigorous
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scanning and statistics are required to obtain the
exact estimation. In this regard, the estimated num-
ber density from positron annihilation is a good
approximation to quantify DP transformations.

Conclusions

We have investigated the evolution of defects during
thermal treatment in high Cr content Ni-Cr (42 wt%
Cr) alloy using positron annihilation spectroscopy
complemented with microscopic techniques. Thermal
treatment at 650 °C and 800 °C resulted in phase
transformation of the matrix through precipitation of
Cr via discontinuous precipitation reaction. The
kinetics of precipitation is seen to be faster at 800 °C
than 650 °C wherein, in the former case precipitates
occupy a large volume of the grains within 24 h of
ageing. The defects evolved during the thermal
treatment of the alloy are primarily thermal vacan-
cies, interface between precipitate and matrix and
vacancy-like defects. The results show that thermally
generated vacancies during solutionization treatment
are stabilized in gamma-quenched sample by form-
ing the vacancy-Cr solute complexes, which acts as
nucleation sites for Cr aggregation. In the aged alloys,
vacancy-defect (vacancy clusters and/or vacancy-Cr
solute complex) and the interface between Cr pre-
cipitate and matrix are the trapping sites for posi-
trons. During the initial stage of ageing, positrons are
trapped mainly at vacancy-like defects whilst pre-
cipitate’s interfaces predominate with subsequent
ageing. Coincidence Doppler broadening results
indicate that vacancy defects not specific to Ni or Cr
atoms and surround the trapping site in nearly equal
proportions, thereby, giving a similar response as
due to positron trapping at the precipitate’s interface.
Therefore, unambiguous identification of defect type
at each stage of precipitation is difficult in the present
alloy. Considering positron trapping at the surface of
precipitates, we calculated positron specific trapping
coefficient for the interfaces and estimated the num-
ber density of precipitates. The number density
obtained from the positron annihilation technique
can be a good approximation to quantify and probe
DP transformations in alloys.
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