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Abstract
Positron annihilation lifetime spectroscopy was used to investigate the microstructure of commercial Cu–Cr–Zr and Ni–W ultrafine‑grained alloys 
processed by severe plastic deformation namely equal channel angular pressing, accumulative roll bonding and groove pressing and annealing at 
600, 900 and 1000°C. All the lifetime spectra bear the same trends and were a sum of three exponential decay components. The dominant vacancy/
dislocations component lifetime changed considerably and dropped after high temperature annealing. Positron lifetime spectroscopy results correlated 
well with microhardness measurements. The results suggest the presence of three stages in Cu–Cr–Zr and Ni–W industrial alloys which were attributed 
to dislocations storage through severe plastic deformation, recovery‑recrystallization and grain growth.

Introduction
Ni–5at.%W (14 wt%) alloy has attracted academic and indus-
trial interests owing to its potential application as Rolling 
Assisted Biaxially Textured Substrate (RABITS™) for the prof-
itable production of long lengths of high temperature supercon-
ducting tapes (HTS).[1] Among the crucial properties of such 
material are thermal stability, unique crystallographic Cube tex-
ture, low lattice misfit, mechanical strength and finally costs. 
This alloy exhibits good metallurgical and physical properties 
after Cube {001}<100> texture forming during heavy plastic 
deformation and subsequent annealing.[2] Cu–Cr–Zr alloys 
have attracted growing interests in electric/microelectronics 
areas and nuclear fusion reactors.[3] Conventional cold work-
ing as well precipitation of Cr and complex Cu–Zr phases do 
strengthen these alloys.[3–7]

The Severe Plastic Deformation (SPD) techniques have 
known a consecration as the best procedures for produc-
ing exceptional bulk ultrafine or nanostructured metals and 
alloys.[8–10] The most widely used techniques are Equal-
Channel Angular Pressing (ECAP), High Pressure Torsion 
(HPT),[9,11] Accumulative Roll  bonding[12,13] and Groove 
Pressing (GP).[14] Considerable grain refinement and high 
strengthening can be achieved using these plastic deformation 
techniques contrarily to metallurgical processes like addition 
of alloying elements or age-hardening.[13] As long as severe 
plastic deformation processing was capable of producing strong 
materials with ultrafine grained structure, these techniques were 
also applied to Cu–Cr–Zr and Ni–W alloys.[2,6]

Refining microstructure by SPD to an ultrafine or nanom-
eter grains improves mechanical and physical properties of the 
materials, such as strength, ductility and electrical conductivity. 

These enhancements originate in the combination of very 
small grain size below 100 nm and the introduction of great 
amounts of non-equilibrium defects (dislocations, vacancies, 
grain boundaries) into the material mostly by means of severe 
plastic deformation.[15,16] Obviously, defects play a central 
role in the formation of ultrafine grained or nanostructured 
metals and alloys and are responsible for their formation. 
Exhaustive analysis of these defects after SPD processing thus 
becomes extremely crucial in order to understand and tailor 
the microstructure.[17] Positron annihilation spectroscopy is a 
well-known non-destructive technique with a high sensitivity 
to open-volume defects such as vacancies, dislocations and 
vacancy clusters.[18]

A non-exhaustive surveying of the literature shows that 
many investigations were devoted to analyze the ultrafine 
grained and/or nanocrystalline Cu and Ni and theirs alloys 
using positron annihilation spectroscopy. These materials were 
prepared either by severe plastic deformation like HPT,[19–22] 
 ECAP[23,24] or by evaporation/sputtering (E/S),[25] electrodepo-
sition (ED),[26] inert gas condensation (IGC).[27] Yuasa et al.[26] 
have studied the effects of vacancies on deformation of a 
nanocrystalline Ni–22W film elaborated by ED and annealing. 
CuCrZr alloys designated for the use in the international ther-
monuclear experimental reactor (ITER) have been investigated 
by positron annihilation technique after several heat treatments, 
hydrogen implantation and subsequent annealing.[28,29]

However, manifestly, the authors are not aware of any study 
that explicitly investigates the defects and their evolution after 
SPD and annealing of industrially important Cu–Cr–Zr and 
Ni–W alloys. Moreover, it seems highly interesting whether 
the thermal evolution of the ultra fine-grained structure (UFG) 
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-determined by PALS and hardness measurements- should be 
similar in UFG Cu–Cr–Zr and Ni–W alloys. This investiga-
tion is of technological interest since both alloys are important 
commercial alloys and such UFG materials after SPD process-
ing may exhibit more attractive physical (conductivity) and 
mechanical properties (strength).

In this study, a Positron-Lifetime investigation has been 
carried out on Cu–Cr–Zr and Ni–W alloys after severe 
plastic deformation by ECAP, ARB and GP and annealing at 
temperatures close to recrystallization and grain growth. The 
analysis evidenced a single and dominant τ1 defect component 
associated with positrons trapped at vacancies bound to 
dislocation and any trace of vacancy cluster or microvoids. A 
considerable drop of the defect component indicated a rapid 
grain growth and complete recrystallization. The results are 
compared and discussed based on the published data.

Experimental procedure
The materials considered in this study are of two types. The 
first is a commercial Cu–1Cr–0.1Zr (wt%) alloy (Goodfellow, 
UK). Billets of 10 mm diameter and 60 mm length were then 
machined for ECAP processing and solution heat-treated for 
1 h at 1040°C in a protective inert gas atmosphere followed by 
a subsequent water quenching. The rods were then processed 
by ECAP at room temperature up to 4 passes using route Bc 
(sample rotation of 90° along the longitudinal axis in the 
same direction after each pass). The full details of the ECAP 
processing can be found in Refs. 6, 7. The second is a Ni–14W 
(wt%) alloy (which has been kindly provided by APERAM 
alloys society, France) in the form of strips of 1 mm thickness. 
The strips were cut into 35 mm × 20 mm × 1 mm rectangular 
pieces and then degreased in acetone. The descriptive details of 
ARB and GP processing can be found in Ref. 2.  After ECAP, 
ARB and GP processing, annealing was carried out up to 600, 
900 and 1000°C for 1 h under high vacuum for both alloys 
(pressure close  10–6 Pa). These temperatures correspond to 
recrystallization (~ 600°C) and grain growth (900–1000°C).

The PALS measurements were performed at Nuclear 
Research Centre of Algiers (CRNA) by using a conventional 
fast–fast coincidence system with NE111 plastic scintillators 
and XP 2020 photomultipliers. The used positron source 
consists in a 30 µCi of 22Na source deposited on 25 mm-thick 
kapton foils. The source was sandwiched between two identical 
alloy samples in order to ensure that no positrons annihilates 
outside the sample-source system Typically about 2  106 
annihilation events were collected in each positron lifetime 
spectrum with a time resolution of 290 ps.

The microhardness of the Cu–Cr–Zr and Ni–W alloys 
was measured after each ECAP, ARB or GP cycle using a 
Shimadzu 2 K facility with a diamond pyramid indenter under 
a loading charge of 2.94N  (Hv0.2) and indentation time of 20 s. 
An average of 10 readings were taken near the middle of the 
sample to obtain the average microhardness value.

Results and discussions
Figure 1 presents a typical positron life time spectra of the 
Cu–1Cr–0.1Zr (wt%) alloy after ECAP processing up to N = 4 
passes. Almost all the spectra corresponding to the remnant 
samples (after ECAP, ARB and GP processing and subsequent 
annealing) bear the same trends. The spectra were analyzed 
by Lifetime software  MELT4[30] as a sum of three exponential 
decay components (τ1, τ2 and τ3) with their intensities I1, I2 and 
I3, respectively.

The MELT program, for Maximum Entropy Lifetime 
Analysis) is based on the Maximum Entropy principle 
for regularization and a matricial approach which permits 
a reconstruction of the intensity spectrum without prior 
knowledge of the number of lifetime components or their 
values.[30]

The MELT program was originally used as a pre-analysis 
tool due to the fact that it makes no assumptions on the 
number of lifetime components, which give a more general 
idea about the possible components and thus ensures a better 
understanding of the defects in the studied materials.

Standard deconvolution of the Gaussian resolution function 
of the spectrometer source and -background correction were 
also carried out. Two Gaussian components (220 and 350 ps) 
were taken into account for the resolution function while 
the source components were 387 for the NaCl crystallites 
and kapton foil annihilation and 2172 ps for surface effects, 
respectively.

These source components were preliminary obtained using 
LT 10 software. These correction terms were improved in 
order to get low chi squared values (χ2 less than 1.15) and 
then implemented in MELT4 in a special user-defined input 
file that contains instructions about the subtraction of the 
source contribution. This was given by the declaration of the 
Sourcetime and sourceint parameters. Globally, quite close 
lifetime values were obtained using LT10 for almost all Ni–W 

Figure 1.  Typical positron life time spectra of the Cu–1Cr–0.1Zr  
(wt%) alloy after ECAP processing up to N = 4 passes.
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samples with relatively low chi squared values (χ2 ~ 1.186) 
but higher values were obtained for Cu–Cr–Zr samples. 
Comparatively to the literature, MELT4 gave more acceptable 
lifetime values than LT10.

Figure 1 presents the evolution of the τ1 lifetime of the 
Cu–1Cr–0.1Zr (wt%) alloy after ECAP processing and aging 
and Ni–14W (wt%) alloy after ARB processing up to 2 cycles 
and GP up to 2 cycles and aging. Table I consigns the evolution 
of the τ1 component and its intensity in function of the thermo-
mechanical processing. It is worth noting that the source con-
tribution τ2 and τ3 values (not shown here) were around 397 ps 
and 2157 ps with standard deviations close to 17 and 90 ps, 
respectively. The total contribution of the source was around 
31% (30%LT). These values are quite close to those tabulated 
by Lounis-Mokrani et al.[31] Thereafter, the discussion of the 
results will be focused on the τ1 component which represents 
positron annihilation at defects.

For example, it has been assumed that the reported positron 
bulk life time for Cu from the tabulated data varies from 103 
to 122 ps and the trapped positron lifetime in single vacancy is 
around 179–182 ps, in dislocations around 170–182 ps and in 
vacancy clusters from 220 to 350 ps.[32] Therefore very plau-
sibly, τ1 component should correspond to positrons trapped in 
single vacancy or in dislocations. A close inspection and com-
parison of the published data indicates that τ1 ~ 179 (for N = 0) 
with relative intensity of 69% is more likely to be ascribed 
to the positrons trapped at dislocations than in single vacan-
cies.[33–37] Indeed, Cizek et al.[20] stated that dislocations cre-
ated during severe plastic deformation represent the dominating 
type of defects in HPT-deformed Cu samples.

A PALS analysis of an HPT processed 99.95% purity Cu 
evidenced the absence of monovacancies.[19] Very plausibly, the 
monovacancies created during HPT-processing either disappear 
by diffusion to sinks such as grain boundaries or agglomerate 
into small clusters.[19] But this process is valid provided that 
the grain size is smaller than the positron diffusion length  (dCu 
~100 nm,  dNi ~100 nm). This may not be the case in the pre-
sent study since the grain size of Cu- or Ni-based alloys does 
never reach such low values even after ECAP, ARB and GP 
processing. It is worth noting the absence of a positron lifetime 
which corresponds to the trapping at vacancy clusters or micro-
voids which are often created due to severe plastic deformation 
processing.[37] In the case of UFG materials such defects are 
situated inside  grains[10] rather than at triple junction as it was 
observed in nanocrystalline materials.[38] Indeed, this compo-
nent value ranged between 252 and 299 ps.[25,36,38] This range 
is well below the value of τ2 lifetime that corresponds to the 
trapping at the crystallite NaCl source and kapton foil.[31,38] In 
the present work, τ2 and its intensity I2 exhibit an almost mean 
values of 397 ps and 29% with standard deviation of 16 ps and 
2.5%, respectively.

After thermo-mechanical processing of Cu–Cr–Zr alloy, 
the positron lifetime τ1 shows significant changes [Fig. 2(a)]. 
It surprisingly decreases from 179.5 ps for the as received 
state (N = 0) to 163.9 ps for the ECAP processed one up to 4 
passes via route Bc. The intensity of this component decreased 
very faintly. It can be speculated that this may be explained 
by a small recovery of the dislocations microstructure. This 
kind of defects can be recovered more easily than vacancy 
clusters.[30,31] A quite slower value is seen after annealing at 
650°C for 1 h where τ1 reaches 157.8 (I1 = 65.4%) but glob-
ally, it can be thought that the defect structure remains stable. 
Hakatemaya et al.[39] have measured quite close lifetime values 
in un-deformed Cu–0.78%Cr–0.13%Zr alloy during multi-step 
aging and re-aging at 460° and 600°. However, their values 
were given by averaged positron lifetimes between the bulk and 
vacancy-like defects (vacancies and/or dislocations.

Slugen et al.[28] have evidenced in CuCrZr alloy two main 
components which first one (~ 195 ps) indicates changes in the 
bulk with defects like mono or di-vacancies and the second 
gives information about large vacancy clusters or voids. The 
shorter lifetime decreases with increasing positron implantation 
energy. The intensity of this component approaches 100% 
with increasing positron energy. The longer component ranges 
from 400 to 480 ps and corresponds to microvoids and its 
intensity is very small. In their very recent advanced positron 
annihilation studies of CuCrZr alloys, Slugen et al.[29] have 
considered the effect of prior heat treatments on the defect 
structure in non-irradiated alloys. They identified also two 
components: τ1 ascribed to trapping in the bulk and τ2 which 
they labeled “defect parameter” and assigned to vacancy-type 
defect (combination of mono-or di-vacancies with dislocations) 
in material. However, they assumed the interpretation of the 
results as not straightforward because the difference between 
lifetime of mono-, di-vacancies or screw/edge dislocation are 

Table I.  Evolution of the τ1 life time with its relative intensities in 
Cu–Cr–Zr and Ni–W alloys after SPD processing by ECAP, ARB 
and GP and subsequent aging.

τ1 (ps) I1 (%)

Cu–Cr–Zr, ECAP
 N = 0 179.5 190 69.4 ± 0.8
 N = 4 163.9 185 68.2 ± 1.2
 N = 4 + 650°C 157.8 184 65.4 ± 1.0
 N = 4 + 900°C 144.5 177 62.6 ± 0.9

Ni–W
ARB
 N = 0 169.4 198 65.1 ± 0.8
 N = 2 166.5 183 69.9 ± 0.6
 N = 2 + 600°C 164.8 179 65.9 ± 0.8
 N = 2 + 1000°C 142.2 176 63.6 ± 0.5

Ni–W
GP
 N = 0 169.4 198 65.1 ± 0.8
 N = 2 165.7 181 68.4 ± 0.6
 N = 2 + 600°C 167.7 181 70.8 ± 0.6
 N = 2 + 1000°C 148.5 178 65.2 ± 0.6
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in the range of several ps only and therefore a precise and 
definitive defect identification is excluded.

After annealing at 900°C for 1 h, τ1 drops seriously to a value 
close to 144.5 ps (I1 = 62.6%). This drop may be associated with 
a complete recrystallization and rapid grain growth as already 
observed in cold rolled and annealed pure Cu.[32]

It is worth noting that even after annealing at 900°C for 1 h, 
τ1 value is larger than bulk life time of Cu matrix. This may be 
explained by the presence of residual and stable defects such 
as defect-solute or defect-precipitates complexes.[32] Indeed, 
Cu–Cr–Zr is an age-hardenable alloy and many authors 
reported about the nature and sequence of different  CuxZry 
precipitates that can appear (besides Cr clusters) after anneal-
ing conventional or severe plastic deformation of Cu–Cr–Zr 
alloy.[40,41]

In the literature, a PALS analysis after cold rolling and 
recrystallization annealing and grain growth at 250–850°C 
temperatures of a Cu–Ni–Si alloy showed that this alloy 
behaves very differently from pure copper.[32] Indeed, 
annealing pure copper causes a decrease of the positron 

lifetime that is explained by a phenomenon of recovery-
recrystallization which annihilates. In the case of Cu–Ni–Si, 
more complicated behavior was observed. The average life 
time of the positrons increases up to 184 ps indicating an 
obvious formation of large vacancy clusters.[30] This is not in 
line with the present finding where τ1 lifetime got decreasing 
continuously which plaids against a possible the on exist-
ence of vacancy clusters in Cu–Cr–Zr alloy samples after 
ECAP processing.

Figure 2(b), (c) show the variation of positron lifetime 
τ1 as a function of the thermo-mechanical processing of the 
Ni–14%W alloy after severe plastic deformation by ARB and 
GP and annealing respectively. Quite small decrease (169 to 
166 ps) of τ1 values between the initial state (N = 0) and the 
deformed state after two-cycle either by ARB or GP while the 
intensity increased from 65 to 69%. A subsequent annealing 
at 600° C for 1 h is accompanied by a versatile decrease of τ1 
and I1 after ARB (τ1 = 164.8 ps, I1 = 65.9%) processing while it 
increased after GP processing (τ1 = 167.8 ps, I1 = 70.8%)..

Figure 2.  Evolution of the lifetime τ1 of the (a) Cu–1Cr–0.1Zr (wt%) alloy after ECAP processing and aging and (b) Ni–14W (wt%) alloy after 
ARB processing up to 2 cycles and (c) after GP processing up to 2 cycles and aging.



 

354        MRS COMMUNICATIONS · VOLUME 13 · ISSUE 2 · www.mrs.org/mrc

In the literature, it is reported that positron bulk life time for 
Ni ranges between 111 and 116 ps and the trapped positron life-
time at single vacancy is around 147–180 ps while in dislocations 
it is around 150 ps.[42] Following Čížek et al.,[38] the statement 
“positron trapped at dislocation” will mean the process involving 
temporally trapping of a positron in the dislocation line and its 
final annihilation in a point defect associated with the disloca-
tion. Moreover, it is generally accepted that positrons trapped at 
a dislocation line diffuse quickly along the line and are eventu-
ally trapped at point defects associated with the dislocation as a 
vacancy bound to dislocation or jog at dislocation.[43–45]

In the work of Yuasa et al.,[26] the positron lifetime ascribed 
to positron annihilation at one-atom-sized (or smaller) vacan-
cies, at vacancy clusters, and at nanosized voids were in the 
ranges τ1 ~ 150–200 ps, τ2 ~ 400–450 ps and τ3 ~ 2000–2500 ps, 
respectively. Indubitably, even if the electrodeposition tech-
nique is suitable to produce nanomaterials with reduced internal 
flaws, non- negligible amounts of dislocations can be intro-
duced during the deposition procedure.[46] Therefore, in the 
author’s opinion, the shorter lifetime τ1 should correctly be 
associated with vacancy bound to dislocation. The range val-
ues of τ2 let suggest the presence of vacancy clusters in Ni–W 
alloy after SPD processing and annealing but the present val-
ues of τ2 has a mean value slightly below the lower limit of 
the 400–450 ps corresponding to the trapping at vacancy clus-
ters. However, cautiously, one cannot exclude their presence. 
Indeed, Yuasa et al.[26] reported a relative intensity τ2/τ1 in the 
ratio 1/8. In the present work, very plausibly, one can speculate 
that vacancy cluster contribution to the annihilation is some-
what convoluted with the source contribution.

A noticeable drop of τ1 down to (τ1 = 142.2 ps, I1 = 63.6%) and 
(τ1 = 148.5 ps, I1 = 65.2%) is evidenced after annealing at 1000°C 
the Ni–W alloy samples after ARB and GP, respectively. This 
drop is very probably due to the recrystallization phenomenon 
and grain growth concomitant to reduction in dislocation density 
via a relaxation process and thus reduces the lifetime of the 
positrons. The τ1 and I1 values after GP processing and annealing 

are manifestly higher than those after ARB. This fact should 
be expected since the GP processing generates less dislocation 
amount in the material than ARB  processing[2] and therefore leads 
to longer positron lifetime.

Globally, a surprising similar evolution of τ1 after severe 
plastic deformation by GP and annealing is noticed. This 
implies that the annihilation processes material are almost 
unchanged during plastic deformations (ARB and GP) vis-à-
vis the sensitivity of the positrons to the generated defects.

Figure 3 show the Vickers microhardness of Cu–Cr–Zr and 
Ni–W alloys in different thermomechanical states. For Cu–Cr–Zr 
alloy, the hardness in the homogenized state was about 80 Hv. 
It seemed to increase up to 100% after severe plastic deforma-
tion by ECAP after 4 passes. Annealing treatment at 400 and 
650°C temperatures for 1 h does not seem to affect the achieved 
value. On the other hand, annealing treatment at 900°C for 1 h 
softens the material to reach a value of the hardness close to that 
of the homogenized state. This decrease is a natural softening due 
to the recrystallization process that occurs in the material during 
annealing at 900°C. Almost the same trends are observed for 
Ni–W alloy. Only a slight evolution of the hardness is depicted 
after GP and annealing where the fluctuations did not exceed 
5% of the initial value [Fig. 3(b)]. This modest hardening of the 
Ni–W alloy during GP processing has been already observed 
and discussed by Koriche et al.[2] Indeed, these authors claimed 
that the modest hardening is explained by an absence of strong 
grain refinement that should enhance the hardness when it is 
concomitant with an increase of dislocation density. However, 
the evolution was stronger after ARB processing (~ 45% of the 
initial value). Fundamentally, the evolution of the hardness 
do corroborate the positron annihilation lifetime spectroscopy 
results presented in [Fig. 3(a)–(c)].

A good correspondence between the hardness and lifetime 
evolution has been evidenced in pure Cu after cold-rolling 
and annealing.[21] This accordance was not so longer valid for 
Cu–Ni–Si alloy as it is in pure Cu.[21] The inconsistency sug-
gested an extra-effect of the precipitation on the evolution of the 

Figure 3.  Microhardness evolution of: (a) Cu–Cr–ZR alloy ECAP processing up to 4 passes and annealing and (b) Ni–14W alloy after ARB 
and GP processing up to 4 cycles and annealing.
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hardness. Indeed, it is well known that the precipitate respon-
sible for the strengthening effect in Cu–Ni–Si is the δ-Ni2Si 
phase. It is quite surprising that the Cu–Cr–Zr alloy shows a 
good hardness/lifetime correspondence even if a precipita-
tion of Cr clusters and  Cu3Zr phase occur in this system upon 
annealing. But this may be explained by the fact the effect of 
precipitates phases in Cu–Cr–Zr is not so huge (< 30% hardness 
 gain[47,48]) than in Cu–Ni–Si (< 160% hardness  gain[21]).

Conclusion
Based on the present results of a positron annihilation lifetime 
spectroscopy (PALS) and microhardness measurements, 
following conclusions have been drawn:

• Almost all the PALS spectra bear the same trends. The 
spectra were a sum of three exponential decay components.

• The dominant τ1 component, which corresponds to positrons 
trapped at vacancies bound to dislocation shows significant 
changes. It slightly decreases after SPD processing 
comparatively to the as received state.

• The PALS analysis did not evidence any lifetime associated 
with vacancy cluster or microvoids.

• After annealing at high temperature, τ1 seriously. This 
drop may be associated with a recovery of the prevailing 
vacancy clusters and is indicative of rapid grain growth and 
complete recrystallization.

• τ1 value is larger than bulk life time of Cu and Ni matrix. 
This may be explained by the presence of residual and 
stable defects such as defect-solute or defect-precipitates 
complexes.

• The Ni–W alloy samples behave similarly during plastic 
deformations (ARB and GP) and annealing vis-à-vis the sensi-
tivity of the positrons to the generated defects in the material.

• The evolution of the microhardness correlate well with the 
positron annihilation lifetime spectroscopy results. A net 
softening due to recrystallization, grain growth and relaxa-
tion of the defect structure is evidenced after annealing 
high temperature namely 900 and 1000°C for Cu–Cr–Zr 
and Ni–W alloys respectively.

• The thermal evolution of the UFG structure (determined by 
PALS and hardness measurements) is quite similar in UFG 
Cu–Cr–Zr and Ni–W alloys processed by ECAP and ARB/
GP, respectively.
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