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a b s t r a c t   

This work studies the thermal stability of the microstructure and the evolution of the defects of two high- 
heat flux Cu-0.8 wt%Y alloys fabricated following two alternative powder metallurgy routes. One batch was 
produced by direct hot isostatic pressing (HIP) consolidation of Cu-0.8 wt%Y pre-alloyed atomized powders 
while an additional ball milling processing step was introduced before HIP sintering for the second alloy. 
The stability and recovery characteristics of the vacancy type defects in these alloys in the as-produced state 
and after processing by severe equal channel angular pressing to achieve a refine microstructure have been 
investigated by positron lifetime and coincidence Doppler broadening measurements in samples subjected 
to isochronal annealing from room temperature to 900 °C. Microhardness measurements and electron 
transmission microscopy analysis have also been performed to support the results obtained from the po-
sitron annihilation spectroscopy analysis techniques. The recovery curves of the positron lifetime and S-W 
plots show a recovery stage in agreement with the recovery stage V for Cu. However, a full recovery is not 
accomplished, and a stage that reverts the previous recovery takes place after annealing above ~600 °C, that 
leads to the formation of very stable defects at temperatures up to 900 °C, identified as vacancy aggregates 
and nanocavities. The characteristic shape of the coincidence Doppler broadening indicates that the dis-
persed Y-O particles in the Cu matrix appear to be responsible for stabilizing the vacancy aggregates and 
nanocavities for temperatures above 600–700 °C. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Dispersion strengthened (DS) and precipitation hardened (PH) Cu 
alloys are primary candidate materials for heat sink applications in 
the plasma facing components (PFCs) of a near-term DEMO fusion 
reactor due to their high thermal conductivity, enhanced mechanical 
strength and irradiation resistance [1–4]. They have to be thermally 
stable and radiation, creep and fatigue resistant at elevated tem-
peratures, under the severe working conditions required for DEMO; 
such as heavy thermal loads near the upper working temperature of 
the materials, repeated stepwise changes in temperature and heavy 
high-energy particle irradiation [5]. PH CuCrZr and DS Cu-Al2O3 

(GlidCop) are presently the baseline high-heat flux (HHF) materials 
in the water-cooled PFCs designs for the near-term DEMO as there 
exists an important database that has allowed to predict their per-
formances under the ITER operation conditions [6,7]. However, PH 

CuCrZr at temperatures above 400 °C is susceptible of thermal 
softening due to over ageing and suffers irradiation embrittlement at 
temperatures below 200 °C [1,2,7,8]. Moreover, DS Cu-Al2O3 and PH 
CuCrZr exhibit significant thermal creep at temperatures above ~ 
350 °C for applied stresses above 60 MPa [8,9]. These HHF materials 
having critical limits in their working temperatures, i.e. 200 – 350 °C, 
would lower the overall efficiency of the reactor [10]. The formation 
of stable stacking faults, voids or bubbles in Cu-based materials is 
very dependent on multiple factors: alloying elements, presence of 
reinforcing particles, the irradiation temperature or the presence of 
thermal cycling, between others [3,4,11–14]. For example, stacking 
fault tetrahedra (STF) are commonly observed in pure copper, while 
the presence of dispersed particles, the irradiation at high tem-
peratures or the thermal cycling tend to suppress its forma-
tion [3,13]. 

To develop new high-strength and heat-resistant Cu alloys with a 
more favorable working temperature window, DS Cu-0.8 wt%Y alloys 
have been produced by different powder metallurgy routes and their 
microstructural, thermal and mechanical characteristics have been 
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investigated [15–17]. The results have demonstrated the feasibility of 
strengthening Cu by dispersion of Y-rich particles maintaining a high 
thermal conductivity. These alloys as heat sink materials to be joined 
to PFCs could be exposed at temperatures as high as ~900 °C during 
the joining operation changing their microstructure and degrading 
the mechanical properties. 

However, materials produced through a powder metallurgical 
route usually have a higher number density of defects than the ob-
served for similar materials produced by traditional techniques such 
as casting. The presence of a significant concentration of light im-
purities, point defects, interstitial-vacancy complexes or voids are 
commonly observed and have a strong effect in the properties of the 
material; for example, the presence of vacancy aggregates and voids 
induce material hardening, loss of ductility and embrittle-
ment [18,19]. 

The objective of the present study is to investigate the presence 
and stability of the open volume defects in the studied DS Cu-Y al-
loys, their stability with the temperature and the interaction of these 
defects with the dispersoids, impurities and grain boundaries. 
Isochronal annealing and positron annihilation experiments have 
been accomplished in the DS-0.8Y alloy processed under different 
conditions, supported by transmission electron microscopy (TEM) 
observations in selected samples, to investigate the initial observed 
recovery up to intermediate temperatures and subsequent formation 
of voids on increasing temperature. 

2. Experimental procedure 

DS Cu-Y alloys were produced using powder with a nominal 
composition Cu-0.8 wt%Y and particle size <  120 µm produced by 
vacuum induction melting and subsequent atomization in high 
purity Ar gas. The purity of the initial raw Cu and Y materials was 
99.9% and 99.8%, respectively. The atomized powder was con-
solidated by HIP and the obtained alloy is labeled as CuY. To 
homogenize and refine the initial microstructure of the atomized 
powder, a second ingot was produced by milling the initial powder 
in a high energy planetary ball mill during 40 h at 100 rpm under an 
Ar atmosphere. In this case, the alloy resulting after HIP consolida-
tion was labeled as CuYM. The milling media were Cr-steel balls with 
a ball/powder ratio of 5:1. For both materials, the HIP consolidation 
was performed for 2 h at 1123 K and 179 MPa. Previously, the 
powder was encapsulated into a steel can that was tightly sealed 
after degassing at 573 K for 24 h in vacuum. Billets of CuY and CuYM 
with dimensions of 10 × 10 × 70 were deformed by equal channel 
angular pressing (ECAP) at 623 K via BC route, i.e. the billet is rotated 
+ 90° around its longitudinal axis between successive passes. The 
CuY billet was submitted to 8 passes and the CuYM one to 4 passes, 
and were denoted as CuYE and CuYME, respectively. Density mea-
surements were carried out in a He ultrapycnometer. The oxygen 
content was determined in an infrared absorption spectrometer. The 
microstructure of the alloys was analyzed by ultra-high-resolution 
scanning electron using a TENEO (FEI) microscope. The processing 
details and the microstructural, mechanical and thermal properties 
of these alloys have been reported elsewhere [15–17]. 

The Positron Annihilation Spectroscopy (PAS) experiments were 
performed on samples of four materials after being isochronal an-
nealed for 20 min up to 900 °C in a vacuum of <  10−5 mbar. 
Complementary experiments were also performed on samples of 
pure Cu in different conditions. Positron lifetime measurements 
were carried out in a fast-fast coincidence spectrometer with a time 
resolution of 230 ps (FWHM) using a 22Na source sealed in kapton 
sandwiched between a pair of identical samples. Positron lifetime 
spectra with a total count number >  106 were recorded and analyzed 
using the PATFIT-88 [20]. The instrumental time resolution and 
contribution of the positron source to the lifetime spectra were 
determined from measurements on reference samples of annealed 

pure Fe and Si single crystals. The source contribution was assessed 
in a component of 382 ps with an intensity of 13.6% and another very 
weak of 1.2 ns and 0.2%. 

The coincidence Doppler broadening (CDB) measurements were 
done using two HP Ge detectors in timing coincidence, placed face to 
face with the samples at the half-way point between the detectors. 
The resulting CDB spectrum was the cumulative spectrum of 24 CDB 
spectra without evidence of electronic shift, each of them with a 
count number >  106 in a 512 × 512 coincidence matrix. The cumu-
lative spectra had 1 × 107 counts in the strip centered on the matrix 
diagonal for the energy range 2moc2-1.6 keV <  E1 + E2 <  2moc2 

+ 1.6 keV; E1 and E2 stand for the energies of the pair of annihilating 
photons, mo the electron rest mass and c the light speed. The spectra 
were binned from 40 to 512 bins with a bin width of 2.5 × 10−3 moc to 
decrease the statistical fluctuations of the data in the high mo-
mentum region. The spectra were normalized, and the intensity at a 
given photon momentum divided by the corresponding counts in 
the CDB spectrum of a reference sample of pure Cu to highlight the 
differences between the spectra. 99.999% pure Cu annealed at 900 °C 
and Y2O3 single crystals were used as reference samples. To de-
termine the experimental error bars of CDB curves, it has been 
considered the mean deviation between independently obtained 
CDB curves for the same samples, since it is representative of the 
consistency of the measurements. The fraction of positrons annihi-
lated with low- and high-momentum electrons was also estimated 
using the S and W line shape parameters. The S parameter was 
calculated as the ratio of the count number in the energy window of 
1.946 keV centered at 511 keV (p m c0 7(10 )L

3
0 ) to the count 

total in the annihilation peak. The W parameter was calculated as 
the fraction of counts in the energy intervals 515.66 – 519.72 keV and 
502.67–506.74 keV (p m c16 32(10 )L

3
0 ). 

Samples at selected annealing temperatures have been also 
characterized by means of TEM to observe the open volume defects. 
For that purpose, the TEM images have been achieved focused and 
out of focus. Samples were examined in a Philips Tecnai F20 oper-
ated at 200 kV. Cross-sectional samples were prepared for electron 
transparency using a focused ion beam (FIB), protecting the sample 
surface through pre-deposition of a Pt layer, and milling with Ga+ 

ions close to normal incidence. 

3. Results 

3.1. General description of the microstructure 

The four studied materials present a similar fully dense micro-
structure consisting of a copper matrix of equiaxed grains reinforced 
with a dispersion micrometric and sub-micrometric particles of Y 
rich oxides located at the grain boundaries and inside the grains. The 
main differences between them are:  

i. The mean grain size of CuY and CuYM after HIP consolidation is 
micrometric, (3.1  ±  1.6) µm and (2.4  ±  1.6) µm respectively, 
while after ECAP processing a reduction of the mean grain size of 
(0.5  ±  0.2) μm for CuYE and CuYME is achieved.  

ii. As a result of the milling process prior to HIP consolidation, the 
CuYM has a more homogeneous and a finer distribution of the 
reinforcing yttrium-enriched particles than CuY. The ECAP pro-
cessing produced two materials with similar microstructure 
characterized by a refinement of the grains and reinforcing par-
ticles. The observed Y-O particles are very stable with the tem-
perature and no significant changes on their size or composition 
have been observed in all the range of the annealing tempera-
tures.  

iii. The presence of a significant number of twins in the CuYM is 
observed. However, the ECAP processing drastically reduced the 
density of twins. 
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iv. Cavities or microvoids were not observed in any of the materials 
after their production process. 

v. ECAP BC processing route is the best for achieving grain refine-
ment [21,22]. The specific geometry of the ECAP channel used in 
this work introduces a homogeneous shear strain per pass of 2.03 
that results in an equivalent strain of ε = 1.17 per pass [21,22]. 

vi. CuY and CuYM do not exhibit significant changes in their hard-
ness after the annealing treatments; however, CuYE and CuYME 
exhibit an important reduction of the hardness for temperatures 
higher than 300 °C and decrease to similar values to CuY and 
CuYM for temperatures ≥ 600 °C, respectively (see Fig. 1). 

A detailed description of the microstructure and mechanical 
properties of these materials after consolidation by HIP and different 
thermo-mechanical treatments, including ECAP, has been already 

published [15–17]. As reference, Fig. 2 presents the main char-
acteristics of the CuYM microstructure. A bright-field TEM micro-
graph showing a general view of the as-HIP material, consisting of 
equiaxed grains, is depicted in Fig. 2(a). Fig. 2(b) and the subfigures 
(b1), (b2) and (b3) correspond to a STEM image and the corre-
sponding EDS elemental maps of the Y-O reinforcing particles. The 
presence of dislocation tangles is observed in some grains, as it is 
shown in the subfigure 1(a). The elemental composition of the dif-
ferent phases present in the CuYM was established by numerous 
EDX measurements. As can be observed in the two examples shown 
in Fig. 2(c), the reinforcing particles are composed of Y and O while 
the matrix is pure Cu. 

3.2. Positron lifetime measurements 

The lifetime spectra are characterized by a single lifetime value, τ, 
the evolution of which with annealing temperature is summarized in  
Fig. 3. Neither of the measured lifetime spectra could be consistently 
fitted to a sum of two or more lifetime components even if a long- 
lived lifetime value is constrained to any of the expected positron 
lifetime for defects in Cu (see Table 1). The unmilled CuY in the as-HIP 
condition exhibits a pronounced recovery stage of the measured 
mean positron lifetime starting at ≈ 200 °C and finishing at ≅ 600 °C, 
with a reduction of the measured positron lifetime from a value of 
172 ps to a minimum of 133 ps (see Fig. 3(a)). This recovery is followed 
by a stage that reverts it that finishes after annealing at T ≥ 700 °C, 
reaching a value of 157 ps that remains constant up to the maximum 
annealing temperature of 900 °C. As shown in Fig. 3(a), the mean 
lifetime values obtained for the isochronal annealing process of the 
CuYM exhibits a similar behavior with the curve, shifted to higher 
values. The initial τ value before recovering at 200 °C is roughly 
180 ps, decreasing to a minimum of 168 ps at 600 °C to increase to a 
steady value of ≈ 178 ps for temperatures higher than 700 °C. 

Fig. 1. Microhardness measurements obtained at RT as a function of the isochronal 
annealing temperature. 

Fig. 2. Main characteristics of the microstructure of the CuYM. (a) BF-TEM image showing a general view of the equiaxed grain microstructure of CuYM. The sub-figure (a) reveals 
the presence of dislocations tangles. (b) STEM image and EDS elemental maps of the marked region showing the Y-O reinforcing particles: (b1) HAADF-STEM image, (b2) O-K and 
(b3) Y-K. (c) EDX measurements at the points indicated by arrows in (b) revealed that the reinforcing particles are composed of Y and O, and the matrix is pure Cu. White arrow 
points to numerous nanometric Y-rich particles present in the Cu matrix. 
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For both materials, the evolution of the values with the annealing 
temperature after ECAP processing is shown in Fig. 3(b) and presents 
a similar overall shape to the observed for the unprocessed materials 
CuY and CuYM with a lower variation range of τ. The CuYE initiates 
the recovery at higher temperature than the CuY, at ≈ 350 °C, and 
also finishes at a higher temperature, ≈ 700 °C. After a short process 
where the recovery is reverted, the value of τ increases to a constant 
value of ≈ 162 ps for temperatures ≥ 800 °C, similar to the observed 
one for CuY at high temperatures. 

The samples of the CuYM material in the as-HIP or ECAP pro-
cessed states have very similar values in all the temperature range of 
the isochronal annealing treatments (see Fig. 3). The only significant 
differences are higher values of τ for all the annealing temperatures 
and a lower slope at the state after reverting the recovery on in-
creasing temperature. 

3.3. CDB measurements 

The ratio CDB curves of the materials and their evolution with 
isochronal annealing are shown in Fig. 4 and Fig. 5 for selected an-
nealing temperatures. 

As reference, the ratio CBD curves of a high purity samples of 
Y2O3 (using 99.99% purity nanopowder compacted before and after 
vacuum sintering at 1400 °C) and a well annealed elemental Y 
(99.98% purity at 1000 °C) are also depicted in Fig. 6. Both reference 
CDB curves present the higher values at low momentum, p 0L of all 
measured CDB spectra and a characteristic structure at the inter-
mediate momentum region, p m c5 30(10 ),L

3
0 showing the 

Y2O3 distinctive peaks that are clear revealed in CDBY2O3/CDBY 

normalized spectrum (see Fig. 6). Its characteristic shape provides 

the characteristic signature of positron annihilation with Y in copper 
or oxygen anions in Y2O3. The trapping and subsequent annihilation 
of positrons with this Y-O oxides or Y aggregates is expected due to 
the very high positron affinity of Y and oxygen anions in the Y-O 
oxides [23,24], which are the highest compared to Cu or any other 
elements present in the studied materials including light impurities 
like C, or Cr and Fe from the grinding media [25]. The CDBY2O3/CDBY 

ratio curve is especially interesting because yttria has been poorly 
studied with positrons techniques and presents a complex crystal-
line structure, having a less ionic character than other similar oxides, 
which may result in a CDB spectrum with a significantly different 
shape that the reported for other widely studied oxides, such as 
Al2O3, MgO or SiO2 [26–29] and references therein. It highlights the 
characteristics of the momentum distribution of the oxygen anions 
core electrons of the Y oxide, that are significantly different to the 
found for other similar oxides. 

As it is observed in Fig. 4(a) for CuY, the low momentum peak 
at p 0L decreases on increasing temperature up to the annealing 
temperature of 600 °C where the minimum value is reached, with 
the corresponding increase of the CDB curves at the intermediate 
momentum region. After annealing at 700 °C, the low momentum 
peak increases, with a corresponding decrease in the intermediate 
momentum region, remaining the CDB curves similar for higher 
annealing temperatures (Fig. 4(b)). A similar but less pronounced 
behavior is observed for CuYM in Fig. 5(a) and (b). Finally, the CDB 
curves for the ECAP processed materials exhibit the same overall 
shape and annealing behavior than the one corresponding to their 
respective materials in the as-HIP condition (see Fig. 4(c) and (d), 
and Fig. 5(c) and (d) for the CuYE and CuYME, respectively). 

Figs. 7 and 8 show the correlation plots of the W values versus S 
calculated for the different annealing temperatures for all the ma-
terials. Relative values for W and S parameters were used (instead of 
the directly calculated values) for a better comparison. Well an-
nealed 99.999% pure Cu was used as reference, so its W and S 
parameter values were used to normalize all the studied sample 
parameters. 

The value obtained from heavily deformed cold-work 99.999% 
pure Cu is shown as reference. These plots are useful for revealing 
the presence of different positron traps or changes in the chemical 
surrounding of the positron annihilation sites during isochronal 
annealing. 

In the case of positron annihilation taking place in two positron 
states, i.e. in a free state and in a trapped state in a single type of 
defect, or otherwise in two trapped state in two different types of 
defect, it is known that the measured line shape parameters S and W 
are given by 

Fig. 3. Positron annihilation spectroscopy measured lifetimes as a function of annealing temperature for: (a) CuY and CuYM after HIP consolidation, (b) CuYE and CuYME after 
ECAP processing. 

Table 1 
Experimental, Exp , and theoretical, Th, values of the positron in pure Cu and Cu 
defects. The presented values correspond to results that have been confirmed by 
several works. Some theoretical predictions derived from different framework cal-
culations are also presented. References to some representative literature works are 
included. The Th values range from divancancies up to aggregates of 40 vacancies (*).        

Exp (ps) Reference Th (ps) Reference  

Pure Cu 106 122 [32–34] 108 113 [34,35] 
Dislocation 122 [34] 
monovacancy 158 166 [32,34] 166 [34,35] 
Dislocation + vacancy 166 176 [36] 179 [34,37] 
Divacancy 180 190 [34,36,38] 
Vacancy aggregates/ 

voids 
340 500 [38,39] 180 400(*) [34]    
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where f2 is the fraction of annihilations in the state 2, Si stands for 
the line shape parameters representative of the annihilations with 
the low momentum valence electrons for each state, and Wi the 
corresponding with the high momentum electrons. From Eq. 2 the 
following correlation is found 

W RS W RS( )2 2= + + (3) 

where R is a constant defect-specific parameter independent of the 
number density of positron traps given by [30]. 

R
W W
S S

W W
S S

1 2

2 1

2

2
= =

(4)  

Then, if the W-S plot exhibits a linear dependence, either a single 
type of defect acts as positron traps or there exists positron trapping 
saturation in two effective defects, or positron traps with similar 
positron affinity, through the recovery and isochronal annealing. In 
most of the annealing conditions, positron trapping saturation at 
open volume defects appears to be the case for either alloy in the as- 
HIP condition or after being ECAP deformed. Nevertheless, the ap-
parent linear dependence of the W-S plots may be misleading and 
requires a careful analysis of the variations of consecutive points in 
the W-S plots with their isochronal annealing temperature, as will be 
discussed below. 

3.4. TEM measurements 

The presence of nanovoids was studied by bright-field TEM using 
a through-focal technique, being the under/over focus distance of 

0.5 µm. The observations were carried out on samples CuY in the 
as-HIP state, and in CuYE samples after the annealing treatment at 
600 °C and 900 °C. The presence of nanocavities in the CuY and CuYE 
was not observed after HIP consolidation. Fig. 11 gathers the set of 
measurements to different focal lengths. 

In the sample annealed at 600 °C, the observed nanovoids are 
mainly located on grain boundaries; while in the annealed sample at 
900 °C they appear both randomly dispersed in the matrix and on 
the grain boundaries. 

4. Discussion 

The interpretation of the positron lifetime and CDB experiments 
in the studied materials is not straightforward due to the im-
possibility to resolve the positron lifetime spectra into several 
components irrespective of the temperature of the annealing treat-
ment or the initial microstructure of the materials (two-component 
fit provided non-reliable results). This suggests the presence of a 
mixed set of annihilation sites with similar characteristic positron 
lifetime that compete as positron traps. The trapping saturation at a 
unique type of defect is discarded due to the observed changes of the 
measured positron lifetime and the S-W plots with the temperature  
[31] (see Figs. 3 and 7), therefore the single lifetime component will 
also be considered as an average lifetime, since it includes the an-
nihilation in several types of positron traps and several components 
were not separated. The variation observed in the S-W plots discards 
positron trapping saturation in a single positron traps because the 
value of both parameters is an intrinsic characteristic of the type of 
defect. The single lifetime τ of CuY and CuYM in the as-HIP condition 
remains almost unchanged to τ ~ (170  ±  3) and (180  ±  4) ps, re-
spectively, from room temperature up to ~200 °C, indicating the 

Fig. 4. CDB ratio curves measured at selected temperatures of the isochronal annealing treatment (a) for CuY from 25 °C to 600 °C and (b) 600 °C to 900 °C; (c) for CuYE from 25 °C 
to 600 °C and (d) 600 °C to 900 °C. Studied Cu samples CDB ratio curves are normalized to a well annealed high purity Cu sample. For comparison, the CDB normalized ratio curve 
of a highly purity Y2O3 sample is shown. Error bars have been included only for the Y2O3 curve for clarity purposes. Equivalent error bars should be considered for the rest of the 
curves. 
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presence of stable defects in that range of temperatures due to its 
high value compared with the expected for defect-free Cu. Table 1 
summarizes the characteristic values of the positron lifetime for 
pure copper and its defects that have been confirmed by several 
works in the literature (see references in the table caption). Values of 
τ of 170–180 ps are representative either of competitive positron 
trapping and annihilation in different types of defects such as va-
cancy aggregates, nanovoids and vacancy complexes attached to 
dislocation, or at the Y-O particles and grain boundaries. 

Fig. 9 shows the temperature dependence of the S value for CuY 
in comparison with the values obtained for well annealed high- 

purity Cu (defect-free), and heavily cold-deformed high-purity Cu 
(thickness reduction of 50%). The S values in the temperature range 
of 25–200 °C are similar to cold-deformed pure Copper, where it has 
been well established in the literature that vacancy-like defects, 
vacancy agglomerates and vacancy-dislocations complexes are re-
sponsible of the positron annihilation (see [40,41] and references 
therein). This result agrees with the observed for the positron life-
time that exhibits the same dependence as S parameter over the 
whole temperature range (both compared in Fig. 9). 

The decrease of the positron lifetime to its minimum value of 
133 ps is caused by a recovery stage in CuY that initiates at tem-
peratures around ~300 °C and finishes at 600 °C (see Fig. 3). The 
onset and end temperature of the recovery process is shifted to 
higher values for CuYE, being the minimum lifetime of 145 ps 
reached at a temperature 50 °C higher than the observed for CuY.  
Fig. 9 also shows the recovery of the CuY, with the expected decrease 
of the S values on increasing temperature up to values near of the 
defect-free Cu, which can be attributed to the dissociation and an-
nealing of vacancy aggregates in the Cu matrix. This recovery stage, 
that can be clearly followed in the plot of the (S, W) values that 
follows the same linear trend with temperature that the recovery of 
cold deformed high purity Cu to a thickness reduction of 50% (see  
Fig. 7(a) and (b)). These results seem to indicate that the annealing 
vacancy-related defects in these materials behave similarly to the 
well-studied recovery of irradiated or heavily deformed Cu. The 
annealing behavior of point defects and dislocations in pure copper 
and single-phase Cu alloys progresses gradually through five re-
covery stages [38,42–45]. The initial stages start at low temperature 
being stages III and IV corresponding to the recombination of mi-
grating vacancies with interstitials, and the formation of new va-
cancies released by the dissociation of clusters. Stage V ends with 

Fig. 5. CDB ratio curves measured at selected temperatures of the isochronal annealing treatment (a) for CuYM from 25 °C to 600 °C and (b) 600 °C to 900 °C; (c) for CuYME from 
25 °C to 600 °C and (d) 600 °C to 900 °C. Studied Cu samples CDB ratio curves are normalized to a well annealed high purity Cu sample. For comparison, the CDB normalized ratio 
curve of a highly purity Y2O3 sample is shown. Error bars have been included only for the Y2O3 curve for clarity purposes. Equivalent error bars should be considered for the rest of 

the curves. 

Fig. 6. Ratio CDB curves of Y2O3 and pure Y, divided by the reference annealed pure 
Cu. The ratio CDB curve of Y2O3 to pure Y is also depicted and shows the predominant 
characteristics of the CDB spectra associated with core electrons of the oxygen anions 
of the Y oxide. 
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the full recovery of the microstructure at ≈ 450 °C when Cu has been 
subjected to extreme plastic deformation [46–49]. Even though re-
covery and recrystallization are competitive phenomena, at higher 
temperatures the changes in the microstructure are caused by grain 
growth. In the studied Cu reinforced materials, the presence of light 
impurities and precipitates, such as C or O, and Y-O particles can 
increase the temperature of the recovery processes [50]. 

However, CuY and CuYM have been submitted to a high sintering 
temperature of 850 °C, and therefore recovery should have been 
completed in the materials prior to the isochronal annealing treat-
ments where the measurements have been performed. The presence 
of these vacancy-type defects in the as-HIP materials is due to two 

main reasons. CuY and CuYM were quenched from the sintering 
temperature to 350 °C in a short time of ≈ 15 min (cooling from that 
temperature to 50 °C inside the furnace took a time of ≈ 60 min), 
retaining vacancy-like defects produced from the high number of 
thermal activated vacancies at the sintering temperature. Also, the 
mismatch between the thermal expansion coefficients of the steel 
container and the reinforced Cu, 14.4 × 10−6 K−1 for the steel, and 
(18.5  ±  0.1)× 10−6 K−1 and (17.7  ±  0.2)× 10−6 K−1 for the CuY and 
CuYM respectively, can produce strain in the sintered materials at 
cooling [51]. 

CuYE and CuYME follow the same behavior, with a larger posi-
tron lifetime and varying within a narrower range (See Fig. 3(b)). 

Fig. 7. Relative S-W plots for CuY, (a)-(b), and CuYM, (c)-(d), where the annealing temperatures are shown in the ranges 25 °C to 600 °C and 600 °C to 900 °C. All values are relative 
to pure annealed Cu. For reference, the values for high purity deformed Cu (cold-worked 50% thickness reduction) are shown, also, the relative S-W pair for CuYME cold-worked. 

Fig. 8. Relative S-W plots for (a) CuYE and (b) CuYME where the annealing temperatures are shown. All values are relative to pure annealed Cu. For reference, the values for high 
purity deformed Cu (cold-worked 50% thickness reduction) are shown, also, the relative S-W pair for CuYME cold-worked. 
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Severe plastic deformation processing, such as ECAP, produces a 
remarkable transformation in the microstructure of these alloys, 
giving rise to a high density of dislocations that dynamically re-
organize to form low and high angle boundaries and vacancy-like 
defects [52,53]. This should modify the observed positron lifetime 
and CDB spectra. However, dislocations act as shallow positron traps 
and interact with positrons in a two-stage process. Once the positron 
is weakly localized at the dislocation core, it diffuses along the dis-
location line and annihilates with deep traps, mainly vacancy-like 
defects anchored to the dislocation elastic field [54–56]. This dis-
location-vacancy complex increases the positron lifetime by 
15–34 ps respect the expected for isolated defects [57–59]. Also, 
grain boundaries and triple-grain points are defective regions that 
behave as vacancy-like complex traps. Furthermore, the studied 
materials have a high density of Y-O particles that are expected to 
exhibit a high positron affinity. CuYE and CuYME exhibit a fine- 
grained microstructure with a grain mean size ~500 nm, allowing a 
significant fraction of positron to reach the grain boundaries and 
annihilate with the vacancy-like defects, nanovoids or particles lo-
cated there. The fraction of positrons that interact with grain 
boundaries is strongly dependent on the grain size and becomes 
significant when it is of the order of magnitude of the positron 
diffusion length, ~300 nm for defect-free Cu [60,61]. 

This submicrometric grained microstructure and defects produce 
at ECAP processing, causes the overall increase of the positron life-
time observed for CuYE and CuYME compared with the τ values of 

their unprocessed CuY and CuYM counterparts, which have a larger 
micrometric mean grain size. Before the recovery stage there is only 
a difference of ~10 ps in the τ values for ECAP materials because also 
as-HIP materials retain a high density of defects that hinder the 
effect of the grain boundaries, producing trapping saturation. As the 
recovery progresses and the minimum τ value is reached the dif-
ference increases to ps40CuYE CuY and 25CuYM CuYME ps 
for each material, that also correlates with the initial larger grain size 
and lower τ values before ECAP processing. The difference in the 
number of ECAP processing steps should not have a significant im-
pact in the measured positron lifetimes because even though the 
density of defects strongly depends on the number of ECAP passes, 
saturation is achieved after between the 4th-5th pass [62,63]. It is 
common to observe a decrease of the density of induced defects for a 
higher number of passes due to dynamic recovery process activated 
after achieving a certain degree of strain in the material, which has 
been also observed in Cu and other severe plastic deformed mate-
rials processed with techniques that allow accumulative processing 
such as HPT (High-Pressure Torsion) [64]. 

The behavior of τ correlates with the changes observed in the 
relative S-W plots, where there is a slight overall shift of the S 
parameter to higher values after ECAP processing, indicating that the 
fraction of positron annihilating with low-momentum electrons in-
creases, and therefore points out to trapping and annihilation with 
open volume defects (see Figs. 7 and 8). Fig. 9 showed that for CuY 
the behavior of the S parameter as a function of temperature mat-
ched the positron lifetime behavior shown in Fig. 3(a). As S-W plots 
seem to indicate that all the alloys present the same kind of open- 
volume defects, it might be the case that the similarity between S 
parameter and positron lifetime that CuY presents, is also exhibited 
by the rest of the studied samples. Fig. 10 contains the evolution of S 
parameter as a function of the annealing temperature for the four 
studied samples. It is evident that for the non-processed samples 
(Fig. 10 (a)) the S parameter replicates the distribution over tem-
perature that positron lifetime shown in Fig. 3(a). For ECAP pro-
cessed alloys, the similarity is less clear but it is still present. CuYE 
sample, exhibits a minimum in the 600 – 700 °C region in both S 
parameter and positron lifetime distributions, followed by an in-
crease; and CuYME shows the minimum slightly shifted to lower 
temperatures. 

This correlates with the CDB curves that present a higher fraction 
of positrons annihilating with low-momentum electrons, i.e 
p m c3 10L

3
0× in the processed materials (Figs. 4 and 5). The CDB 

curves of CuY show the decrease of the CDB curve values at low 
momentum as the annealing temperature increases and progress the 
recovery of the Cu matrix with the annealing out of vacancies and 
vacancy clusters (see Fig. 6). This effect is hindered in the CDB as the 

Fig. 9. S parameter as a function of the annealing temperature for CuY compared to 
measured positron lifetime. The values for high purity Cu defect-free after annealing 
and heavily deformed (cold-worked 50% thickness reduction), are shown for re-
ference. 

Fig. 10. S parameter as a function of the annealing temperature for (a) CuY and CuYM, and (b) CuYE and CuYME.  
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grain size of the materials decrease due to the signal coming from 
positrons annihilating at grain boundary defects, such as vacancy 
clusters, nanocavities or Y-O particles. 

The CDB curves of all the studied reinforced Cu materials exhibits 
an overall similar structure in the high-momentum region, 
p m c10 10L

3
0× (see Figs. 4 and 5) to the observed in Fig. 6 for the 

Y2O3, and in particular to the Y2O3/Y ratio curve, disclosing the effect 
of the reinforcing Y-O oxides dispersion on the positron trapping 
characteristics [65,66]. Fig. 4 shows an increase in the high moment 
region of the CBD curves with increasing annealing temperature 
300–600 °C for CuY, accompanied by the development of a structure 
similar to that observed for the Y2O3/Y ratio curve (see Fig. 6). The 
result indicates that positrons annihilate with oxygen core electrons 
and that there is an increase of the fraction of positrons trapped in 
defects whose chemical environment is rich in oxygen as recovery 
proceeds. CuYM, CuYE and CuYME exhibit a similar behavior, al-
though this trend is partially masked by the signal coming from 
other positron traps (see Figs. 4 and 5). Numerous works have been 
published showing that positron annihilation spectroscopy is cap-
able of characterizing the features associated to the presence of Y2O3 

and Y oxides in ODS steels [67–70]. However, there is still a certain 
degree of controversy in the interpretation of some results because 
the positron can annihilate in the Y2O3 particles, or similar oxides, or 
in defects associated with these particles such as nanovoids or gas 
bubbles at the matrix/particle interface [67–70]. 

The characteristic positron lifetime for Y2O3 is not clearly es-
tablished due to the extreme difficulty of obtaining good reference 
pure Y2O3 samples and the fact that this oxide has a high density of 
intrinsic structural lattice defects [65]. As previously appointed, 

measurements performed in our laboratory of sintered high purity 
nanopowder compacts of Y2O3 gave a positron lifetime value of 
(229  ±  2) ps, that agrees with the single result of (239  ±  6) ps that 
has been published in the literature to our knowledge [71]. These 
values are higher than the measured lifetime of our samples, in-
dicating that there is no positron trapping saturation at the re-
inforcing Y-O particles. Moreover, Y-O particles are extremely stable 
and do not undergo significant changes in the temperature range of 
the isochronous treatment. Therefore, the results obtained for the 
reinforced Cu materials are consistent with the presence of stable 
vacancy-aggregates or nanocavities after the recovery stage asso-
ciated with Y-O particles. These defects have to be at the interface of 
the Cu/Y-O particles or associated with impurities or particles at the 
grain boundaries since they are not stable at that temperature in the 
pure Cu matrix [46–49]. Also, this is consistent with results obtained 
from positron studies performed in reinforced steels with a disper-
sion of Y2O3 nanoparticles [67–69,72]. If the only surviving positron 
trapping sites after recovery were the Y-O particles there would only 
have been two possibilities that are not observed: i) saturation by 
positron trapping, in which case recovery would not have been ob-
served, or ii) the positron lifetime spectra would have been resolved 
in two components: one corresponding to the bulk and the other to 
the reinforcing particles. The possibility that a fraction of annihila-
tions occurs at the matrix of the Y-O and contribute to the mixed set 
of annihilation sites that gives a single unresolved positron lifetime 
cannot be excluded. 

The most startling change observed in Fig. 3 is the increase of the 
lifetime τ after the recovery stage, to reach an almost constant value 
for temperatures 100 °C above that at which the minimum τ value 

Fig. 11. TEM through-focal images of in CuY samples: after annealing at 600 °C ((a)-Under focused, (b)-Focused, (c)-Over focused) and after annealing at 900 °C (°C ((d)-Under 
focused, (e)-Focused, (f)-Over focused)). A detailed image is included for the white squared in images. 

R. Domínguez-Reyes, M.A. Monge, B. Galiana et al. Journal of Alloys and Compounds 900 (2022) 163430 

9 



was reached. In this temperature range the microhardness does not 
experiment a significative change within the experimental un-
certainty and grain growth occurs for CuYE and CuYME, increasing 
their mean grain size to (2.8  ±  1.5) µm and (2.1  ±  1.2) µm after the 
annealing treatment at 900 °C, respectively (see Fig. 1). Coarsening 
or dissolution of the Y-O particles was not observed. This high 
thermal stability of the particles is responsible for retaining at 
temperatures as high as 900 °C some of the microhardness en-
hancement achieved by ECAP processing. 

This increase of τ correlates with the shift of the S parameter to 
higher values for all the materials (see Fig. 7(b)-(d) and 8 (a)-(b)) 
after finishing the recovery process, and that is clearly observed in  
Fig. 9 for CuY. As the annealing treatments progress up to tem-
peratures of 700/800 °C, the CDB curves present their lower overall 
value in the intermediate momentum region, p m c5 30(10 ),L

3
0

with the distinctive structure of peaks associated to the positron 
annihilation with core electrons of the oxygen anions revealed in 
reference CDBY2O3/CDBY normalized spectrum (see Fig. 4(b), (d) and  
Fig. 5(b), (d)). Such a behavior, together with the τ values observed of 
~(160  ±  4) ps for ECAP unprocessed and ~(176  ±  3) ps and processed 
materials, respectively, is consistent with positron trapping and 
annihilation at vacancy-like defects and nanovoids associated to the 
Y-O particles. Furthermore, at these high temperatures, vacancy 
clusters will not survive in the pure Cu matrix, and they must be 
stabilized by the interaction with other defects or impurities, such as 
the interface of the Y-O particles or the presence of gas impurities 
inside the vacancy cluster of bubble as other works have reported in 
ODS steels [70,73,74]. Furthermore, Figs. 7 and 8 shows that the S-W 
pairs do not follow any consistent linear trend between 700 and 900 
°C. The Fig. 9 for CuY shows particularly clear this behavior, with the 
S-W pairs cluster around a value within the experimental un-
certainties. This is the expected behavior for positron trapping 
saturation at one type of dominant defect, showing that the con-
centration of these vacancy-type defects, like nanocavities due to the 
high value of the S parameter, remains high at that temperature 
regimen. 

In order to understand the formation of these defects after the 
recovery stage, it is important to point out the role of the vacancy 
mobility and the formation of a high density of thermal vacancies at 
the temperatures above the recovery state. The equilibrium con-
centration of thermally generated vacancies in Cu grows ex-
ponentially at temperatures above ~620 °C [32]; however, in pure Cu 
they annealed out during cooling inside the furnace. At those high 
temperatures, vacancy diffusion is active, and they interact with the 
grain boundaries and the Y-O particle interfaces where they can be 
stabilized, forming vacancy complexes or promoting vacancy clus-
tering and subsequent growth of nanovoids [70,73,74]. 

Direct TEM observations support these results. The presence of 
nanovoids was studied by bright-field TEM using a through-focal 
technique, being the under/over focus distance of 0.5 µm. The ob-
servations were carried out on CuY samples in the as-HIP state, and 
in CuY samples after the annealing treatment at 600 °C and 900 °C.  
Fig. 11 shows the presence of nanovoids at the grain boundaries 
and associated to some Y-O particles after annealing at 600 °C and 
900 °C, being the density number of nanovoids higher for sample 
annealed at the higher temperature (see Fig. 10 (d)-(f)). These na-
novoids exhibit contrast characteristics similar to those reported for 
Ar-decorated cavities in an ODS-9CrWVTaTi steel mechanically al-
loyed with 0.5 wt% of Y2O3 and Ti, reported previously [42]. In the 
sample annealed at 600 °C, the nanovoids are mainly located on 
grain boundaries and in the annealed sample at 900 °C they appear 
both randomly dispersed in the matrix associated with Y-O particles 
and on the grain boundaries. These nanocavities should be produced 
by vacancy aggregation of thermal generated vacancies at tem-

peratures higher than the end of the recovery since their density is 
much lower for the material annealed at 600 °C (see Fig. 11 (a)-(c)). 

At the recovery, temperatures below 600–700 °C, the dissolution 
of vacancy-clusters or vacancy-complexes defects in the Cu matrix 
and their migration of vacancies as the recovery progresses can 
generate their aggregation at the grain boundaries and at the Y-O/ 
matrix interface, resulting in the formation of the observed nano-
cavities. Vacancy aggregates or nanovoids have large characteristic 
lifetimes that contribute to the value of the observed lifetime (see  
Table 1), but due to their low population at the end of the recovery, 
the overall contribution to the measured positron lifetime is small, 
especially for the CuY with the larger grain size and the less 
homogeneous dispersion of Y-O particles. As the recovery pro-
gresses, the decrease of the positron traps in the Cu matrix, such as 
interstitials or dislocations, increases the mean diffusion length of 
positrons with the decreasing population of defects and allows the 
positrons to increase their mean diffusion length, increasing the 
fraction of positrons that annihilate with more sparse defects asso-
ciated to the grain boundaries or reinforcing Y-O particles, as the 
observed nanocavities by TEM (see Fig. 11) [75]. 

Several authors have previously reported the formation of va-
cancy aggregates or nanovoids, that are stable at high temperatures, 
in ODS steels produced by a pulvimetallurgical route that are re-
inforced with a dispersion of Y2O3 nanoparticles [70,76,77]. Their 
results using Positron Annihilation Spectroscopy and TEM confirm 
the hypothesis that the interface of the matrix and the Y2O3 act as 
effective sinks for vacancies and promotes the formation of nano-
voids. There is a controversy whether the observed increase of the 
positron lifetime associated with these defects and their stability at a 
high temperature is associated with the presence of residual gas 
inside the nanovoids, that was introduced as an interstitial impurity 
at the milling phase of the production process. It is well known, form 
studies of pure Cu implanted with different gases species, H, He, Ar 
or Kr, that bubbles are formed after annealing treatments at elevated 
temperatures, which can be observed at temperatures higher than 
820 °C (upper temperature of the experiments) [41,78–80]. The 
measured CuY and CuYM lifetimes after annealing at the highest 
temperatures have negligible difference of ±  4 ps, that is too short to 
be attributed to the presence of residual Ar inside the vacancy ag-
gregates or nanovoids. The presence of residual gas in the CuY is 
unlikely because the powder has not been milled, while CuYM was 
milled in an Ar + 10%H atmosphere. Therefore the presence of re-
sidual gas inside the vacancy aggregates should be discarded since 
the expected lifetime for positrons in inert-gas bubbles should be 
τ = (λsurf+ λgas)−1 [81] (λsurf corresponds to the surface state annihi-
lation rate of positrons at the surface of the metal and λgas with the 
atoms of the gas), which predicts a difference in the expected τ 
between empty nanocavities of vacancies aggregates and bubbles 
that were not observed between the positron lifetime results of CuY 
and CuYM (see Fig. 3). 

5. Conclusions 

To investigate the effects of the temperature in the micro-
structure and the evolution of the defects in Cu-0.8 wt%Y produced 
following two alternative powder metallurgical routes positron an-
nihilation measurements have been performed after isochronal an-
nealing treatments from room temperature to 900 °C in samples in 
the as HIP state and after ECAP processing. The work leads to these 
main results: 

– Experiments revealed the presence of vacancy-like defects, va-
cancy aggregates and nanocavities, irrespective of the starting 
conditions of the samples. Annealing suggests a recovery process 
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(600–700 °C) due to an overall decrease in defect concentrations, 
some of them (corresponding to nanocavities) that are very 
stable at temperatures as high as 900 °C.  

– Milling before HIP sintering produces a more refined and 
homogeneous microstructure prior to the ECAP processing. 
Lifetime measurements reveal that full recovery of the micro-
structure is not achieved, being the concentration of stable de-
fects after the recovery stage higher for the CuYM, whose initial 
powder was milled, and for the ECAP processed materials. 

– Annealing treatments at temperatures above 600–700 °C pro-
duce an unexpected increase of the measured positron lifetime 
and the S shape parameter, and a different trend for the S-W plots 
with the annealing temperature. The formation of these defects is 
attributed to the interaction of thermal activated vacancies with 
the Y-O particles, where the vacancies are trapped at the matrix/ 
particle interfaces and form aggregates and nanocavities. This 
result has already been observed for ODS steels reinforced with a 
dispersion of nanometric Y2O3 particles [70,72–74]. CuYM life-
time after annealing above 700 °C is very similar to the observed 
for the CuY alloys, the same as CuYE and CuYME, indicating that 
the defects should correspond to nanocavities and not to bubbles 
filled with residual gas introduced in the copper matrix during 
the milling step of the production of CuYM, where an Ar + 10%H 
atmosphere is present.  

– CDB results show that the vacancy aggregates are associated with 
the Y-O particles, growing at the matrix/particle interface, and 
they are responsible for the stability of the microstructure with 
the temperature. CuYE and CuYME alloys retain part of the mi-
crohardness that was achieved after ECAP processing after an-
nealing at 900 °C. 
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