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Abstract 

We have monitored the full-stage precipitate evolution in Cu-0.55Cr-0.07Zr alloy 

during aging at 480 C using positron annihilation spectroscopy, transmission electron 

microscopy and atom probe tomography. Cr-rich precipitates form during the early 

stages of aging, and after 5.5 min the distribution is characterised by a number density 

of 81023 m-3 and an average precipitate size of 2.5 nm. At that time, Zr segregation is 

also detected at the precipitate sites. Longer aging times lead to precipitate coarsening, 

simultaneously with the occurrence of a Zr-rich shell around precipitates. Peak aging 

of the alloy is attained after 120 min of aging, and overaging induces further precipitate 

coarsening and the transition from spherical to disc-like morphology in those 

precipitates enriched in Zr at the interface with the matrix. At the longest aging time 

of 14 days, the precipitates maintain a face-centred cubic symmetry, reaching an 

average size of 8.5 nm at a density of 0.2  1022 m-3. The formation of a Zr rich shell 

around Cr-rich precipitates can help reduce the local coherency strains, and its 

presence should be taken into account when assessing the precipitate/matrix interface 

as a potential sink for radiation-induced lattice defects.         

Keywords: Cu-base alloys, precipitation, nuclear fusion reactor, positron annihilation 

spectroscopy, transmission electron microscopy, 3-D atom probe tomography 
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1. Introduction 

Precipitation-hardened CuCrZr alloy is selected for the manufacture of high heat flux 

components in the divertor and first wall of magnetically-confined fusion reactors 

[1-5]. The ITER Materials Properties Handbook specifies the compositional range for 

CuCrZr alloy as 0.6-0.9 wt.%Cr and 0.07-0.15 wt.%Zr [6]. The mechanical strength - 

thermal conductivity balance of the material is modified by an initial solution 

annealing for 0.5-2 h at 980-1000 C, followed by water quenching and aging for 2-4 

h at 450-480 C, aiming to form a homogeneous dispersion of Cr-rich precipitates of 

2-3 nm in diameter within the Cu-base matrix close to peak aging condition [4, 6]. 

However, additional brazing and diffusion bonding processes at temperatures 

> 480 C can induce overaging and coarsening of the precipitate distribution, having 

a detrimental effect on the mechanics of the material [6, 7].  

The high density of Cr precipitates and their interfaces with the Cu matrix 

possess enhanced sink strength levels for the recombination of vacancies and self-

interstitials generated by neutron bombardment [1]. Therefore, those precipitates 

provide the material with high tolerance to radiation-induced degradation phenomena 

such as void swelling [1, 4]. Unfortunately, specimens irradiated at temperatures 

< 200 C undergo strain localization along channels of 100-250 nm thick that are 

generally clear of shearable precipitates, dislocations and other lattice defects, 

resulting in severe loss of work hardening capability and uniform elongation [6-8]. 

Moreover, with irradiation at temperatures > 300 C the alloy experiences softening 

and thermal creep effects associated with the recovery of dislocation structures and 

the simultaneous coarsening of those Cr-rich precipitates [4, 6].     

 The nano-scale Cr precipitation during material’s processing has been reported 

in a range of dilute Cu-Cr model alloys. Aging at 450 C triggers the appearance of 
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Cr-rich GP zones and coherent matrix strains, that give rise to metastable face-centred-

cubic (fcc) spherical precipitates and enhanced lattice strains along the <110> 

direction of the Cu matrix [9]. The precipitate evolution with time into an ordered fcc 

phase, possessing a cube-on-cube orientation relationship with the matrix, seems to 

act as an intermediate stage in the formation of larger incoherent body-centred-cubic 

(bcc) precipitates [9, 10]. There is a coexistence of fcc & bcc precipitates at aging 

times of 1-24 h, whereas the binary Cu-Cr alloy reaches peak strength after 8 h of 

aging [9]. Extended aging times lead to bcc precipitate coarsening, and to the 

predominance of the Kurdjumov-Sachs over the Nishiyama-Wassermann orientation 

relationship [11].  

 The presence of Zr in solid solution in the Cu matrix facilitates the formation 

of a homogeneous Cr precipitate distribution [12]. Zr also reduces the stacking fault 

energy of the matrix, and therefore increases the propensity for twin formation and the 

fatigue resistance of the alloy [13]. However, it simultaneously facilitates the 

generation of dissociated dislocations and stacking fault tetrahedra in radiation 

environments. The role and impact of Zr on the sequence of Cr-rich precipitation 

during aging remains unconfirmed. Limited electron diffraction results suggest that Zr 

might promote the formation of an ordered B2 (CsCl-type) structure from the ordered 

fcc phase, potentially evolving at longer times into the bcc precipitates [14]. In binary 

Cu-Zr alloys, aging leads to the formation of Zr clusters composed of disc-shaped 

monolayers of Zr atoms that evolve into semi-coherent, disc-like Cu5Zr precipitates, 

and therefore limits the Zr amount in solid solution in the Cu matrix [15]. Moreover, 

in the Cu-rich region of the Cu-Zr phase diagram, Cu5Zr undergoes a eutectoid 

decomposition reaction into fcc-Cu + Cu51Zr14-β [16]. Other Cu-Zr precipitate 

stoichiometries have also been reported in the literature ([15, 16]). Overaging for 1 h 
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at 600 C of Cu-Cr-Zr specimens initially in the peak aged condition is reported to 

cause the formation of a Cu7Cr3ZrSi shell surrounding the Cr-rich spherical 

precipitates. An additional 3 h of overaging at 600 C promotes the thick-plate 

morphology of the precipitates during growth [17, 18]. 

In this work, we have monitored the time-dependent precipitate sequence and 

associated changes in local micro-chemistry in Cu-Cr-Zr alloy during the thermal 

aging treatment under ITER-grade processing specifications, to pinpoint the Zr role 

during the early stages of precipitation and the subsequent longer overaging behaviour 

of the precipitates. This systematic material processing study is in support of current 

material property database & handbook campaigns to inform, for instance, EU-DEMO 

design selections, since material properties are found to be very sensitive to heat 

treatment parameters as compared to other parameters such as chemical composition 

or test specimen size [19].  

2. Experimental 

The chemical composition of the as-received bar material is given in Table 1. 

Equivalent samples were cut from the initial CuCrZr material, solutioned annealed in 

inert atmosphere at 1000 ºC for 2 h, and subsequently water quenched to maintain the 

supersaturated solid solution of Cr and Zr in Cu. Afterwards, the samples were aged 

in inert atmosphere at 480 ºC, each at a selected aging time up to 14 days (20160 min), 

and finally water quenched to room temperature. The Vickers micro-hardness of the 

annealed samples was measured using a load of 1.0 kgf and a duration of 10 s. Mean 

values for each sample were calculated from 10 micro-hardness measurements.  

Specimens for microscopic analysis were prepared by mechanical pre-

thinning, followed by electro-polishing using an electrolyte of 10 vol.% nitric acid and 

90 vol.% methanol at the temperature of -40 oC. High-resolution backscattered 
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electron (BSE) imaging was carried out on an FEI Magellan HR FEG-SEM 

microscope, using an accelerating voltage of 5 kV and a 0.8 nA beam current, and 

equipped with a concentric backscattered (CBS) detector with spatial resolution of 

2 nm [20, 21]. Transmission electron microscopy (TEM) characterization of the 

precipitate distribution was performed using an FEI Tecnai G2 20 microscope with a 

LaB6 source and an accelerating voltage 200 kV, whereas the chemical analysis of the 

precipitates was based on STEM-EDX measurements using an FEI Talos F200A 

microscope. Additionally, 3D-atom probe (3D-AP) tomography measurements were 

taken of samples in the solution annealed, and in aging condition after 5, 60 and 

1440 min at 480 C. Needle-like samples for 3D-AP analysis were prepared via a 

micro-sampling method using a focused ion beam [22]. 3D-AP maps were collected 

using a laser-assisted local-electrode type atom probe by IMAGO Scientific 

Instruments, LEAP-3000XHR, at an evaporation rate of 0.4 per laser pulse, applying 

a laser power of 20 nJ, a laser pulse repetition rate of 200 kHz, a DC voltage usually 

in the range from 3 to 8 kV, and a base specimen temperature of -238 C. The 3D-AP 

datasets were analysed using the dedicated software IVAS 3.6.4 from IMAGO 

Scientific Instruments. 

Local microstructural changes during aging were also assessed using Positron 

Annihilation Spectroscopy (PAS) [23, 24]. A 1MBq Na-22 positron source, sealed 

in Kapton foil, was placed between two equivalent CuCrZr samples of  1 mm in 

thickness. The positron lifetime spectra were acquired using a fast-fast BaF2 

spectrometer with time resolution 180 ps at full width half maximum. The data were 

corrected for the background and source contributions, and they were analysed using 

the PALSfit software package [25]. Each recorded spectrum comprised 4106 

coincidence events. Two high-resolution Ge detectors set up in coincidence were also 
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used to record simultaneously the coincidence Doppler broadening (CDB) spectra of 

the annihilation radiation. Positron-electron annihilation releases two -ray photons at 

180º to each other. The total energy of the electron-positron pair at the point of the 

annihilation event (𝐸𝑇) is the sum of the energies of these two γ-rays. Therefore 𝐸𝑇 =

𝐸1 + 𝐸2 = 2𝑚0𝑐2 − 𝐸𝐵 where 𝐸1 and 𝐸2 are the energies of the two γ-rays, 𝑚0 is the 

rest mass of an electron or positron, 𝑐 is the speed of light, and 𝐸𝐵 is the electron 

binding energy. It should be noted, however, that 𝐸1 and 𝐸2 are not equal depending 

on 𝑝𝐿, i.e. the longitudinal component of the momentum of the electron-positron 

system in the direction of the γ-ray emission. ∆𝐸 = 𝐸1 − 𝐸2 = 𝑐𝑝𝐿 where ∆𝐸 is the 

difference in energy between the two emitted γ-rays [26]. From the measured CDB 

spectra, we derived the S- and W- line shape parameters at each probed aging time, by 

taking the ratio of the low momentum (pL < 4  10-3 m0c) and high momentum 

(10  10-3 m0c < pL < 18  10-3 m0c) region of the spectrum to the total region, 

respectively. The overall momentum resolution was ~4  10-3 m0c. We also measured 

the CDB spectrum of three reference samples: (i) a Cu sample (99.999%) annealed at 

800 C for 1 h in He gas atmosphere, (ii) a Cr sample (99.99%) annealed at 1100 C 

for 1 h in vacuum, and (iii) a Zr sample (99.2%) annealed at 900 C for 2 h in vacuum. 

The S-parameter represents lower-momentum valence electron annihilations with the 

implanted positrons, making it more responsive to the presence of low electron density 

areas in the material such as vacancies and voids. Conversely, the W-parameter reveals 

information about the positron annihilation with higher-momentum core electrons, and 

therefore reveals the local chemical environment of the positron site [23, 27].  

3. Results  

Fig. 1 shows the BSE micrographs of the Cu-Cr-Zr microstructure in the solution 

annealed (SA) state and at selected times during aging at 480 C. The average grain 
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size of the matrix remains constant with a value of  36-38 m throughout the aging 

process up to 14 days. There are also larger grains ( 100 m) in all the specimens, 

esp. noticeably at longer aging times. Grain boundary analysis from EBSD maps (see 

Fig. S1) did not reveal any significant variation with aging, with all samples showing 

5% low angle grain boundaries, 40% twins, and 55% large angle boundaries. The 

solution annealed microstructure also contained relatively large (mostly Cr but also 

some Zr-rich) inclusions (see Fig. S2) that were already present in the as-received bar 

material. 

The material’s hardness remains relatively low and constant within the first 

3 min of annealing at a value 50 HV1.0, but the hardness thereafter experiences a 

rapid increase after 5.5 min attaining a value of 95 HV1.0 (see Fig. 2a). As aging 

progresses further, the hardness continues to increase and gradually levels off at 

135 HV1.0 at the aging time of 120 min. At longer times there is a noticeable 

reduction in hardness to 120 HV1.0 measured after a full 24 h (i.e., 1440 min) of 

aging. The time dependence of the positron lifetime during aging is shown in Fig. 2b. 

The lifetime in the solution annealed state amounts to 137 ps. There is a sharp increase 

in lifetime between 3.0 and 5.5 min, in line with the trend observed in the hardness’ 

values, with the lifetime reaching a value of 150 ps. Thereafter the positron lifetime 

gradually decreases to 140 ps after 24 h of aging. The (S, W) values for the different 

aging times, together with the measured values for the annealed Cu, Cr and Zr 

materials as reference, are collected in Fig. 3. The datapoints for the first 3.0 min of 

aging are clustered together and lie close to the values for the annealed Cu sample. 

However, in the case of 5.5, 7.0 and 10 min, the S parameter is shifted to higher values, 

and the W parameter to lower values, both shifted towards the annealed Zr reference. 
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At longer times, the (S, W) data points invert the trend and are shifted partially back 

towards the annealed Cr and esp. Cu reference values.    

3D-AP data reveal the presence of a fine dispersion of Cr-rich spherical 

precipitates with a number density of 81023 m-3 and an average diameter of 2.5 nm 

after only 5.5 min of aging, whereas no such precipitate structure was observed in the 

solution annealed state. There is also a non-negligible segregation of Zr atoms at the 

precipitate locations. As aging progresses to 60 min, the precipitate distribution 

becomes more well defined, with the precipitates having coarsened to 3.2 nm in 

average diameter and the number density having reduced to 2.641023 m-3. In the 

sample aged for 1440 min (24 h), the precipitates are shown to have coarsened yet 

further to a mean diameter of 9 nm, with the lowest number density of 2.31022 m-3, 

and they have adopted a disc-shaped morphology primarily. The spherical 

morphology of the Cr-rich precipitates at aging times  60 min, and the presence of 

disc-like precipitates at longer times is confirmed by the STEM-EDX data (Fig. 5). 

Furthermore, there is a clear Zr segregation at the precipitate/matrix interface in those 

disc-like precipitates after 1440 min (24 h) of aging, and the precipitates maintain a 

fcc structure, see Fig. 6.  

4. Discussion 

The microstructure in the solution annealed state comprises a fcc Cu-base 

matrix and Cr-rich inclusions (Fig. 1). The Cr solubility in Cu at 1000 C amounts to 

0.37 wt.% [13]. Consequently, coarse Cr-rich precipitates from solidification remain 

undissolved in the Cu matrix after solution annealing [28], and they do not undergo 

changes during aging. The SA sample gives a relatively low hardness value of 

50 HV1.0, and a positron lifetime of 137 ps (Fig. 2). The 3D-AP data have not shown 

the presence of nm-sized precipitates in the SA state (Fig. 4). Positrons are implanted 

Commented [GM1]: Are we missing comments on the 
longest aging time, to match abstract, e.g. 8.5nm average 
and same number density? Should see this result in abstract 
here in results section. (Same 8.5nm is in discussion section.  
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into the Cu-Cr-Zr material, where they thermalise and become trapped at preferred 

locations in the microstructure. Self-consistent electron structure and positron band 

structure calculations revealed a higher positron affinity for Cu as compared to Zr, and 

especially to Cr [29]. Therefore, the implanted positrons would in principle become 

annihilated preferentially within the Cu-base matrix. However, the value of 137 ps is 

higher than the reported positron lifetime in bulk Cu single crystal of 110 ps. 

Vacancies and other open-volume lattice defects such as dislocations or interfaces 

(e.g. precipitate/matrix interfaces) can also act as effective positron trapping sites, and 

increase the positron lifetime. Positrons have a lifetime of 173 ps in monovacancy 

defects and 163 ps when trapped in dislocations in Cu [18]. We have only detected 

one component in the positron lifetime spectra in all measured samples. Such 

component represents the average lifetime in bulk Cu single crystal and in open 

volume defects.        

During the first 3 min of aging at 480 C, there is a subtle increase in hardness 

and also in the positron lifetime, signalling the onset of Cr-rich precipitate formation. 

In contrast, when the aging time increases to 5.5 min we detected a sharp increase in 

both the material’s hardness and the positron lifetime. At this time Cr-rich spherical 

precipitates are clearly observed in the microstructure (Fig. 4 & 5), with a number 

density of 81023 m-3 and an average precipitate size of 2.5 nm. The Cr diffusion 

coefficient in Cu depends on temperature, in the range of 366 to 556 C, according to 

[30]: 

𝐷𝐶𝑟 = 0.26 × 10−4 × 𝑒𝑥𝑝 (
−1.99 𝑒𝑉

𝑘𝐵𝑇
)           (1) 

where kB denotes the Boltzmann constant at T the temperature in K. At the aging 

temperature of 480 C, the Cr diffusion coefficient amounts to 𝐷𝐶𝑟 ≈ 1.25 ×

10−18𝑚2𝑠−1. If we assume a random walk for the Cr diffusion in Cu, we obtain a Cr 
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diffusion length of √𝐷𝑡 ≈ 20 𝑛𝑚 after 5.5 min of aging. Furthermore, the 3D-AP data 

also revealed the presence of Zr atoms in the same locations as the Cr-rich precipitates 

(Fig. 4). This is confirmed by the trend observed in the (S, W) values as a function of 

aging time (Fig. 3). A linear trajectory in the S-W plot is normally associated with 

changes in the fraction of positron annihilations at different competing sites [31]. The 

(S, W) values for aging times  3.0 min lie in close vicinity to the values por annealed 

Cu, whereas the data points for 5.5 to 10 min are shifted to higher values of the S 

parameter, reflecting a higher amount of open-volume defects and coherency strains 

close to the precipitate/matrix interface. There is also a reduction in the W parameter 

as compared to shorter times, and in line with the value for annealed Zr. The shift 

observed in the (S, W) plot implies a higher fraction of positrons trapped at the 

precipitate/matrix interface, where Zr atoms are present in the precipitates close to that 

interface. In addition, the increase in positron lifetime at the aging time of 5.5 min can 

also be ascribed to the Zr content in the Cr-rich precipitates, since the positron lifetime 

in bulk Zr equals to 168.5 ps, whereas the lifetime increases to 253.7 ps in Zr 

monovacancies and to 217 ps in dislocations in Zr [32].  Those values are higher than 

the corresponding positron lifetime in bulk Cu of 110 ps and in Cu monovacancies of 

173 ps [18], but also than in bulk Cr of 108 ps and in Cr monovacancies of 198 ps 

[33].  

 At aging times longer than 5.5 min, the material’s hardness increases with time 

at a lower rate, attaining peak aging at 120 min, and thereafter undergoing a gradual 

reduction in hardness during overaging (Fig. 2a). The nano-sized precipitate 

distribution experiences a continuous coarsening, with a reduction in number density 

and an increase in average precipitate size to values of 0.2  1022 m-3 and 8.5 nm 

respectively at the longest aging time of 14 days (Fig. 2c). The precipitate coarsening 
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causes a reduction in precipitate/matrix interfacial area and consequently also in the 

positron lifetime (Fig. 2b). Moreover, the (S, W) plot in Fig. 4 shows a partial shift 

backwards of the data points corresponding to aging times > 5.5 min to initial values 

and closer to those of annealed Cu and Cr, reflecting a reduction in Zr presence in the 

positron sites at the precipitate/matrix interface as the precipitates coarsen. At the 

aging time of 60 min the precipitates present a preferential spherical morphology. 

However, at the longer time of 1440 min, past the peak aging condition of the material, 

there is a mixture of spherical and disc-like precipitates, the latter being characterised 

by a Zr shell at the interface with the matrix. Previous results suggested the need to 

overage the peak aged microstructure at 600 C for at least 1 h to observe the formation 

of a Zr shell surrounding the nano-sized precipitates [18]. The electron diffraction data 

shows the presence of streaking close to diffraction spots stemming from local 

coherency strain effects, but those precipitates remain with fcc symmetry. This is in 

contrast with the reported results in the literature in binary Cu-Cr alloys, where the 

peak aging occurs at a longer aging time of 8 h, with a mixture of fcc and bcc 

precipitates being observed at precipitates sizes smaller than 10 nm [9]. The 

incorporation of Zr in the alloy seems to lead to a shorter peak aging time, but also to 

the stabilization of the fcc symmetry at longer times and affecting the final 

morphology of the precipitates post-aging.       

5. Conclusions 

We have probed the nm-sized precipitate evolution during aging at 480 C of 

a solution annealed Cu-Cr-Zr alloy. Spherical Cr-rich precipitates form during the 

early stages of aging, reaching an average size of 2.5 nm and a number density of 

81023 m-3 after 5.5 min. At that time, we also detected the presence of Zr segregation 

at the precipitate locations. As the aging progresses further, the precipitates coarsen as 
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the number density decreases. At 60 min of aging, we detected the presence of a Zr-

rich shell around Cr-rich precipitates. The peak aging corresponds to 120 min at that 

temperature, significantly shorter than the reported time at maximum hardness in 

binary Cu-Cr alloys. Overaging causes further precipitate coarsening to an average 

size of 8.5 nm at a density of 0.2  1022 m-3, while maintaining the face-centre cubic 

symmetry. Those precipitates presenting a Zr rich shell at the interface with the matrix 

evolve into a disc-like morphology. These results point at the Zr role in stabilising the 

intermediate fcc structure and controlling the overaged precipitate morphology.  
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Tables 

Table 1. Chemical composition (wt.%) of the Cu-Cr-Zr alloy used in this study. 

Cr Zr Zn Fe Si Sn Pb Al Ni Cu 

0.550 0.074 0.038 0.025 0.009 0.002 <0.001 <0.003 <0.001 Bal. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Figure captions 

Fig. 1. BSE micrographs of Cu-Cr-Zr alloy in (a) the solution annealed (SA) state, and 

aged at 480ºC for (b) 30 min, (c) 2 h, and (d) 14 days. 

Fig. 2. Time dependence at the aging temperature of 480 C of (a) the microhardness 

(HV1.0), (b) the positron lifetime, and (c) the number density and average size of the 

precipitates in Cu-Cr-Zr alloy, obtained by 3D-AP and TEM characterisation.  

Fig. 3. S-W parameter plot for Cu-Cr-Zr samples aged at 480 C after solution 

annealing. The aging time is labelled close to each data point. The plot also contains 

the experimental S-W values of the annealed Cu, Cr and Zr samples as reference. 

Fig. 4. 3-D atom probe tomography (APT) data revealing the evolution of Cr-rich 

precipitates after aging the Cu-Cr-Zr alloy at 480 ºC for 5.5, 60 and 1440 min, together 

with the APT data for the solution annealed (SA) state as reference.  

Fig. 5. STEM-EDX data showing the evolution Cr-rich precipitates at selected states 

during the aging of CuCrZr alloy at 480°C, namely in the (a) solution annealed 

condition, and after (b) 5.5 min, (c) 1 h, and (d) 24 h. 

Fig. 6. STEM-EDX maps taken from CuCrZr after 24h aging at 480ºC showing a) 

bright field STEM, b) Cu, c) Cr, and d) Zr elemental maps, e) a selected area 

diffraction pattern demonstrating the {-122} zone axis, and f) BF STEM image of 

selected precipitates. 

 

 

 

 


