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Precipitation behavior in a Cu–0.78%Cr–0.13%Zr alloy during aging and reaging has been studied by laser-
assisted local electrode three-dimensional atom probe (Laser-LEAP) and positron annihilation spectros-
copy (PAS). After the prime aging at 460 �C, Cr clusters enriched with Zr were observed. Further reaging
at 600 �C caused the clusters to grow to almost spherical (1 h) and thick platelets (4 h) Cr precipitates. Zr
and impurities of Si and Fe were concentrated around the Cr precipitates, resulting in almost pure Cr
cores sandwiched with interface regions enriched with Zr, Si and Fe. Probably the strain induced by
the incoherency between BCC Cr precipitates with the matrix FCC Cu is relaxed by the enrichment of
Zr, Si and Fe. Positron lifetime and coincidence Doppler broadening experiments suggest that vacancy-
like defects form and associate with Cr atoms around the interfaces between the precipitates and the
matrix.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Cu–Cr–Zr is considered as one of the candidate materials for the
heat sink of the International Thermonuclear Experimental Reactor
(ITER) divertor [1,2]. The main problem to be solved is its thermal
stability, since the heat treatment during joining procedures of
divertor fabrication may cause solution annealing or reaging of
the alloy. Thus, the aging processes of the mechanical and physical
properties of the ITER-grade Cu alloy after joining has been studied
[3–5].

Thermal aging is used to achieve high strength and simulta-
neously high electrical conductivity of Cu–Cr–Zr alloys [6]. The role
of Zr is to improve mechanical properties at elevated temperature
without loss of the good thermal conductivities. However, the
effect of Zr on precipitation behavior is not well understood [7].

To clarify the precipitation behavior we have employed
laser-assisted local electrode three-dimensional atom probe
(Laser-LEAP) by IMAGO Scientific Instruments [8] and positron
annihilation spectroscopy (PAS). Using Laser-LEAP we have studied
three-dimensional atom map distributions of Cr and Zr alloying
solutes and of the Fe and Si impurities. The evolution of the Cr-rich
precipitates and their incorporation of the solute Zr and the impu-
rities during the prime aging and following reaging are shown. Pos-
itron annihilation experiment demonstrates the formation of
vacancy-like defects and their association with Cr during the heat
ll rights reserved.

keyama).
treatments. Preliminary results of Laser-LEAP observation have
been reported in the previous paper [9].

2. Experimental

Studied material was supplied by Outokumpu Oyj (Finland)
and its chemical composition is Cu–0.78wt%Cr–0.13wt%Zr–
0.003wt%Si–0.008wt%Fe [10]. Specimens for Laser-LEAP and PAS
experiments were chemically polished and then heat treated in
the following way. At first the specimens are solution annealed
(SA) at 960 �C for 3 h and then water quenched, followed by prime
aging (PA) and reaging (RA1 and RA2). The procedures of the heat
treatments are listed in Table 1 [10]. The details of Laser-LEAP
method are described in Ref. [9]. Laser-LEAP observation was per-
formed at a pulse repetition rate of 250 kHz, a DC voltage ranging
from 4 to 9 keV, laser energy of 0.4 nJ and with specimen temper-
ature of about 50 K.

Positron lifetime measurements were carried out using a con-
ventional fast–fast spectrometer with a time resolution of 190 ps
at full width at half maximum (FWHM). About 4 � 106 coincidence
events were accumulated for each spectrum. The coincidence
Doppler broadening (CDB) spectra of positron annihilation radia-
tion were measured with two Ge detectors in coincidence. The
details of these methods are described in Ref. [11]. The CDB ratio
curves were obtained by normalizing the CDB momentum distri-
bution of each spectrum to that of the defect-free pure Cu or
neutron-irradiated pure Cu (1.5 � 1018 n/cm2 (>1 MeV), �50 �C).
The shape of the ratio curves in the high-momentum regions, typ-
ically >10 � 10�3 m0c, m0 is the electron/positron rest mass and c is
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Table 1
Heat treatments for Cu–Cr–Zr (Outokumpu) alloys [10].

Heat treatment
(HT)

Description of applied HT

Solution annealing
(SA)

Heated at 960 �C for 3 h followed by water quench

Prime aging (PA) Heat treatment SA + aging at 460 �C for 3 h followed by
water quench

Reaging 1 (RA1) Heat treatment PA + aging at 600 �C for 1 h followed by
water quench

Reaging 2 (RA2) Heat treatment PA + aging at 600 �C for 4 h followed by
water quench

Fig. 1. 2D projection of 3D atom map distributions of the solutes (Cr, Zr) and
impurities (Si, Fe) in the Cu–Cr–Zr alloy after (a) prime aging at 460 �C (PA) and
reaging at 600 �C for (b) 1 h (RA1) and (c) 4 h (RA2). The atom maps around the
precipitates marked by the arrows are enlarged in Fig. 2.
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the speed of light) exhibits characteristic signals of the chemical
elements through the positron annihilation with their core elec-
trons; these momentum distributions of the core electrons provide
the chemical analysis around the positron-trapping defects.

3. Results and discussion

In the SA state of the Cu–Cr–Zr alloy no precipitates were ob-
served by Laser-LEAP. However, after prime aging and reaging,
Cr-rich precipitates were observed in the atom map distributions
of the solutes (Cr and Zr) and impurities (Si and Fe) in Fig. 1. The
number densities and sizes of the precipitates after the heat treat-
ments by our recent Laser-LEAP observation [10] are listed in Table
2. High number density of fine Cr-rich precipitates was observed in
the PA state. In the RA1 state the Cr-rich precipitates were coars-
ened and almost spherical shape with about 10 nm in an average
diameter. Zr, Si and Fe impurities were found to have segregated
at the Cr-rich precipitates (Fig. 1(b)).

By the RA2 reaging, the Cr-rich precipitates were further coars-
ened into thick platelets in their shape. Zr and Si impurities were
much segregated to the precipitates. The average size of the precip-
itates increased to about 20 nm.

Fig. 2 shows detailed atom maps around each Cr-rich precipi-
tate in the PA and reaged states marked by the arrows in Fig. 1.
In the precipitate of the PA state shown in Fig. 2(a), Zr, Fe and Si
impurities are found to be slightly segregated on the surrounding
region of the Cr-rich core to form an atmosphere of these impuri-
ties In this size of the precipitates the orientation between the BCC
Cr precipitates and the FCC matrix is known to be the Nishiyama–
Wassermann (N–W) orientation relation in a Cu–0.2Cr alloy [12].

In the RA1 state, the Cr-rich precipitates coarsened as state
above and the Zr, Si and Fe impurities furthermore segregated to
form enriched layer regions as shown in Fig. 2(b); the spherical
Cr-rich precipitates are sandwiched by these two enriched regions.
The chemical composition of the enriched regions was estimated
to about Cu7Cr3ZrSi [9]. Around the center of Cr-rich precipitate
the composition of Cr is about 100 at.%. Fujii et al. reported the
changing of orientation between Cr precipitate and matrix from
(N–W) to Kurdjumov–Sachs (K–S) during the growth of the Cr-rich
precipitates on Cu–0.2Cr alloy [12]. Probably the formation of en-
riched regions seems to be related to this changing of orientation.

In the RA2 state, as stated above, the precipitation has pro-
ceeded further; Fig. 2(c) shows a representative atom map around
the Cr-rich precipitate with the thick platelet shape. The segrega-
tion of Zr and Si around the Cr core of the precipitate is not uni-
form, which is also due to the misfit between the precipitate and
the matrix.

Positron lifetime spectra of the alloy after the heat treatment
were well described single lifetime components (Fig. 3); these life-
times are longer than the positron lifetime of bulk Cu (110 ps [13])
but shorter than that of monovacancies in Cu (173 ps [13]). Thus,
they are given by averaged positron lifetimes between the bulk
and vacancy-like defects (vacancies and/or dislocations). Usually
positron lifetime at dislocations (or dislocation loops) is about
10 ps shorter than that of monovacancies. The lifetimes of about
Table 2
Number densities and sizes of Cr-rich precipitates in the heat treated Cu–Cr–Zr alloys
by Laser-LEAP [9].

Heat treatment Density of precipitates (m�3) Average size of precipitates (nm)

SA – –
PA 2.0 � 1023 2.8
PA + RA1 2.2 � 1022 9
PA + RA2 5.5 � 1021 20



Fig. 2. Atom maps of the solute and impurity distributions in the Cu–Cr–Zr alloy with different heat treatments: (a) PA, (b) RA1 and (c) RA2.
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Fig. 3. Positron lifetimes in the Cu–Cr–Zr alloy. The dashed lines show the
calculated positron lifetimes for bulk and monovacancies in Cu [13].

Fig. 4. Ratio curves of the CDB spectra for the Cu–Cr–Zr alloy. CDB spectra are
normalized to defect free pure Cu (a) and neutron-irradiated pure Cu (C-80T) (b).
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150 ps in the SA and PA states suggest that a large fraction of pos-
itrons are trapped at monovacancies and/or dislocations induced
by these heat treatments. The positron lifetime increased by about
15 ps after the reaging for 1 h (RA1), which is due to monovacan-
cies and/or dislocations induced by reaging?

As shown later, the reaging-induced defects are supposed to be
mostly monovacancies formed around the interfaces between the
precipitates and the matrix. Then, here firstly we assume that the
vacancy-like defects are monovacancies for simplicity. In a two-
state positron-trapping model [14], an average positron lifetime
sav between the monovacancies and the bulk is given by:

s ¼ sBð1þ ksvÞ=ð1þ ksBÞ; ð1Þ

where j is a positron-trapping rate to the monovacancies, and sB

and sV are positron lifetimes in bulk and monovacancies in Cu,
respectively The trapping fraction of positrons at the monovacan-
cies is estimated to be about 85% and 80% for the RA1 and RA2
states, respectively, from the trapping rates obtained from Eq. (1).
If we assume secondly as the other extreme case that the va-
cancy-like defects are dislocations, the average lifetimes of about
160 ps suggest that almost all the positrons are trapped at the dis-
locations. Then, we can say in both the assumptions that more than
80% of the positrons are trapped at the vacancy-like defects induced
by the reaging of RA1 and RA2.

Fig. 4(a) shows the ratio curves of CDB spectra, normalized to
that of pure Cu, of the heat treated Cu–Cr–Zr alloy together with
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those of pure Cr and Zr as references. Furthermore, that of neutron-
irradiated Cu (C-80T) is also shown; its average positron lifetime is
about 176 ps which exhibits that almost of all the positrons are
trapped at irradiation-induced monovacancies. Small increases at
the lower momentum regions accompanied sluggish decreases at
higher momentum regions are seen for the curves of the SA and
PA states. However, these changes in the ratio curves are markedly
enhanced in the curves for the reaged states of Ra1 and RA2, which
means the introduction of ample vacancy-like defects by reaging
and is consistent with positron lifetime observation stated above.

In the ratio curves of the reaged states, shallow valleys are seen
around 20 � 10�3m0c in Fig. 4(a). To see the origin of the valley, the
CDB spectrum of the RA1 is normalized to neutron-irradiated pure
Cu, together with that of pure Cr and Zr as shown in Fig. 4(b). A
broad valley centered around 20 � 10�3m0c is observed. The ratio
curve multiplied by a factor of 6 is found to be very close to that
of pure Cr. This shows that about 1/6 (15%) of positrons annihilate
with Cr electrons and the remaining 5/6 (85%) of positrons annihi-
late with Cu electrons. Furthermore, the fraction of positrons which
annihilate with Cr electron, ICr, is estimated for the RA1 and RA2
states, using the fitting of high-momentum part of the CDB ratio
curves [15]: 15% for the RA1 and 17% for RA2, respectively.

The above positron lifetime and CDB experiments demonstrate
that more than 80% of positrons are trapped at vacancy-like defects
induced by reaging and about 15% of them annihilate with sur-
rounding Cr electrons in the reaged states. This suggests that the
vacancy-like defects are induced in the interface regions between
the Cr-rich precipitates and the Cu matrix in the reaged states.

In Cu–Cr–Zr systems we would expect that the incoherency be-
tween the Cr-rich precipitates (BCC) and the matrix (FCC) increase
with growth of the Cr-rich precipitates on (K–S) orientation rela-
tionship during reaging. If so, Zr and Si and Fe impurities will segre-
gate around the interfaces between the Cr-rich precipitates (BCC)
and the matrix (FCC) to form enriched layer regions which relax
the strain induced by the misfit between the Cr-rich precipitates
and the matrix. Thereby, the relaxation will induce formation of a
large amount of vacancy-like defects in the enriched layer regions.

4. Conclusions

The precipitation behavior of the Cr-rich precipitates in a Cu–
Cr–Zr alloy during prime aging at 460 �C followed by reaging at
600 �C has been studied by Laser-LEAP and PAS. Our conclusions
are as follows:

(1) After the prime aging, high number densities of Cr precipi-
tates are observed and Zr, Fe and Si impurities are slightly
segregated to form the atmosphere of them.
(2) By reaging for 1 h (RA1), the Cr-rich precipitates coarsen to
almost spherical shape, and the impurities segregate to the
Cr-rich precipitates to form enriched layer regions.

(3) Further reaging for 3 h (RA2), the Cr-rich precipitates further
coarsen to thick platelet shape and are surrounded the inho-
mogeneous impurity-enriched regions.

(4) The formation of the enriched layers around the interface
regions of the precipitates is ascribed to the incoherency
strain between the BCC Cr-rich precipitates and the FCC Cu
matrix.

(5) Positron annihilation lifetime and coincidence Doppler
broadening (CDB) experiments show that most of positrons
are trapped at Cr-associated vacancy-like defects formed
around the interfaces between the Cr-rich precipitates and
the matrix.
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