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d National Institute of Materials Physics, Magurele 077125, Romania 
e SINTEF Materials Physics, Forskningsveien 1, 0314 Oslo, Norway   

A R T I C L E  I N F O   

Keywords: 
Composites 
Spark plasma sintering 
Thermal diffusivity 
Densification 

A B S T R A C T   

The Cu-Y2O3 and CuCrZr-Y2O3 materials have been devised as thermal barriers in nuclear fusion reactors. It is 
expected that in the nuclear environments, the materials should be working on extreme conditions of irradiation. 
In this work the Cu-Y2O3 and CuCrZr-Y2O3 were prepared and then irradiated in order to understand the surface 
irradiation resistance of the material. The composites were prepared in a glove box and consolidated with spark 
plasma sintering. The microstructures revealed regions of Y2O3 dispersion and Y2O3 agglomerates both in the Cu 
matrix and in the CuCrZr. The irradiated samples did not show any surface modification indicating that the 
materials seem to be irradiation resistant in the present situation. The thermal conductivity values for all the 
samples measured are lower than pure Cu and higher than pure W, however are higher than those expected, and 
therefore, the application of these materials as thermal barriers is compromised.   

1. Introduction 

The high melting point, high sputtering threshold, and low tritium 
inventory turn tungsten into suitable material for plasma-facing and 
structural components in the first wall of nuclear fusion reactors. 
However, a major disadvantage of current tungsten grades is their 
relatively high ductile-to-brittle transition temperature [1]. Operation at 
higher temperatures is desirable to preserve W components’ integrity. 
Due to its high conductivity, strength, and microstructural stability, a 
CuCrZr alloy has been selected as a heat sink material to remove heat 
from the plasma-facing components [2]. Since the service temperature 
of this material is relatively low [3], the operation at higher tempera-
tures demands an interlayer between the plasma-facing W and the 
CuCrZr heat sink. 

Moreover, the thermal expansion coefficient (CTE) of the W is 
smaller than the CuCrZr CTE, which can cause stresses at the interfaces 
[4]. This means, taking into account the significant temperature differ-
ence between W and CuCrZr optimum operating temperatures, the 
interlayer should have low thermal conductivities values of around 15 
W/m/K and an elastic modulus of around 1 GPa for a 0.5 mm layer 

thickness [5]. Several interface materials have been presented as can-
didates as interlayers, such as FeltMetal [4], W-Cu composite [6], and 
Cu reinforced with monofilament W (Wf-Cu) [7]. However, these ma-
terials do not fulfil all the requirements for application as thermal 
barriers. 

A proposed strategy of this work is the production of oxide dispersion 
strengthened materials such as Cu-Y2O3 and CuCrZr-Y2O3 to be used as 
interlayers for nuclear fusion applications and its microstructural and 
thermo-physical characterization. 

Oxide dispersion strengthened (ODS) alloys are an attractive option 
since they exhibit improved mechanical properties while maintaining 
excellent thermal properties [8–11]. It is established that the presence of 
such oxide particles can modify the thermal conductivity by forming 
scattering points for phonon conduction [12]. 

Moreover, some authors have shown that Cu-based composites (Cu- 
AlO as well as Cu-Y2O3 [13], and Cu-ZrO [14]) with high content of 
oxides 10–40 vol% and 50–90 vol% respectively, have excellent thermal 
properties presenting values of thermal conductivity between those 
expected as thermal barriers in a fusion reactor. Studies on copper-yttria 
ODS materials evidence an increase in yield strength of these materials 
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due to the grain boundary strengthening as Cu-3Y2O3 and Cu-3CaO 
[15], Cu-0.42Y2O3 [16], Cu-10Y2O3 after ball milling process [17]. 

The use of heavy ion irradiation as a surrogate for studying the ef-
fects of neutron damage is a standard option, justified by studies of 
radiation-induced defect structures in ferritic/martensitic steels arising 
from heavy ions vs neutrons [18,19]. Despite expected differences in the 
damage nature and distribution produced by charged ions and neutrons, 
this type of analysis can indicate the radiation resistance potential of the 
alloys and their suitability as thermal barriers for fusion reactors. 

Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM), both coupled with energy dispersive X-ray spectros-
copy (EDS) were used to characterize the materials. Apparent density, 
(micro-) hardness, thermal diffusivity, and mechanical properties were 
also evaluated. 

2. Experimental 

Cu-Y2O3 and CuCrZr-Y2O3 powder mixtures with the volume fraction 
of 1, 5, and 10 of Y2O3 (v/v) % were produced by tubular blending for 1 
h in N2 atmosphere. The powder used were commercially pure Cu 
powder (irregular particles with size < 37 µm) with 99.9% nominal 
purity, pure CuCrZr powder (irregular particles with size < 45 µm with a 
nominal composition of 99Cu-0.85Cr-0.04Zr produced by atomization 
and pure Y2O3 (irregular particles with size < 10 µm). The samples were 
consolidated by spark plasma sintering (SPS) processing in an FCT 
Systeme Gmbh sintering machine using a graphite molds. The samples 
were then sealed under vacuum (5x10-3 Pa), using temperatures ranging 
from 780 ◦C to 800 ◦C with pressures of 57 MPa with a holding time of 
5–8 min then cooled to room temperature. The final discs produced have 
a volume of 0.53 cm3 with an average weight of 4.5 g. The experimental 
conditions of the cycles for each sample are shown in Table 1. 

The metallographic preparation involved grinding with SiC paper 
and polishing with 6 μm, 3 μm, and 1 μm grade diamond suspensions. 
The microstructures were investigated with secondary and back-
scattered electron signals (SE and BSE, respectively) on polished as- 
sintered and irradiated surfaces using a JEOL JSM-7001F instrument 
operated at an accelerating voltage of 25 kV. Chemical information was 
obtained by X-ray energy dispersive spectroscopy (EDS). The apparent 
sample density was measured by the Archimedes method using a high- 
resolution balance. The theoretical densities are presented in Table 2. 

The thermal transport properties have been investigated using a Netzsch 
LFA457 Microflash up to 600 ◦C. 

The effect of energetic particles (14 MeV neutrons) on the alloys was 
experimentally simulated using Ar+ irradiation. The use of charged 
particles as a surrogate for neutron damage is an option, and this 
approach has recently been validated for comparing the radiation- 
induced defect structures in a ferritic/martensitic steel heavy ions and 
neutrons [18,19]. Several samples of CuCrFeTiV high entropy alloy were 
irradiated at room temperature with a 300 keV Ar+ beam to a fluence of 
1x1019 ions/cm2. This fluence was set in order to cause damage levels 
amouting to ~100 dpa, as computed by the SRIM 2013 [16] and the 
irradiation depth is around 200 nm. Monte Carlo code for the number of 
defects caused by the moving argon ions. This is the average damage 
level expected from neutron irradiation during the foreseeable work 
cycle of a fusion reactor [20]. Several samples of the sintered 95Cu- 
5Y2O3 and 95CuCrZr-5Y2O3 were irradiated at room temperature with 
Ar+ fluence of 1 × 1019 ions/cm2. 

Vickers micro-hardness was obtained by applying a load of 9.8 N for 
15 s in an AKASHI MVK-EIII tester. Additionally, 95Cu-5Y2O3 samples, 
both irradiated and unirradiated, were tested using a MTS Nanoindenter 
XP in continuous stiffness mode (CSM) and a Berkovich indenter cali-
brated in fused silica following the Oliver-Pharr procedure [21]. Unlike 
the conventional quasistatic technique where a single depth is evalu-
ated, CSM enables the determination of hardness and Young′s modulus 
continuously throughout the indentation depth. This allows probing the 
relative effect of irradiation on the hardness at each depth. A maximum 
indentation depth of 2000 nm was set during the measurements, and for 
every material condition, 50 nanoindentation tests were conducted. 
Thus, quasi-static three-point bending (TPB) tests were performed using 
16 mm loading span at a constant crosshead travel speed of 100 μm/min, 
to control the test process while obtaining accurate recording data 
quickly. Tests were performed on smooth bars of nominal dimensions 
0,7 × ~ 2.7 × 19 mm3 machined by electro-discharge from the SPS 
disks. Prior to testing, samples surfaces were progresively grinded to 600 

Table 1 
Experimental conditions (temperature, pressure and holding time) for all 
compositions.  

Samples 
(%v/v) 

Experimental Conditions 

Temperature (◦C) Pressure (MPa) Holding time 
(min) 

Cu-1Y2O3 800 57 5 
Cu-5Y2O3 800 57 5 
Cu-10Y2O3 780 57 8 
CuCrZr-1Y2O3 800 57 5 
CuCrZr-5Y2O3 800 57 5 
CuCrZr-10Y2O3 780 57 8  

Table 2 
Experimental conditions of theoretical compositions (vol.%) for all 
compositions.  

Compositions (vol.%) Theoretical density (g/cm3) 

CuCrZr 99CuCrZr-1Y2O3  8.81  
95CuCrZr-5Y2O3  8.70  
90CuCrZr-10Y2O3  8.51  

Cu 99CuCrZr-1Y2O3  8.91  
95CuCrZr-5Y2O3  8.75  
90CuCrZr-10Y2O3  8.55  

Fig. 1. Microstructures of Cu-Y2O3 samples with (a) 99Cu-1Y2O3, (c) 95Cu- 
5Y2O3 and (e) 90Cu- 10Y2O3 and for CuCrZr-Y2O3 with (b) 99CuCrZr-1Y2O3, 
(d) 95CuCrZr-5 Y2O3, (f) 90CuCrZr-10 Y2O3 compositions. 
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grit to minimize subsurface microcracking. In order to investigate the 
flexural strength of these novel high entropy alloys in their expected 
operating temperature range, TPB tests were performed at 200, 400, and 
600 ◦C under a high vacuum atmosphere (10-6 mBar). The heating rate 
was 30 ◦C/min and, once the set point was reached, the heating was held 
for 10 min for the thermal stabilisation of the system before testing. 
Euler-Bernoulli equations later computed flexural strength for slender 
beams up to failure on the average of at least three measurements. 

3. Results and discussion 

Fig. 1 shows the microstructures of Cu-Y2O3 and CuCrZr-Y2O3 sam-
ples with 1, 5, and 10 vol% of Y2O3. All the consolidated materials 
consisted of Y2O3 particles dispersed in a Cu or CuCrZr matrix where 
some Y2O3 agglomerates can be distinguished. The Y2O3 particles are 
homogeneously distributed in the material, with no preferential loca-
tion, and the presence of Cu oxides was identified (Fig. 1(a)) in samples 
with a Cu matrix. Fig. 2 evidences the EDS map of the sample 95Cu- 
5Y2O3, where particles of copper oxide can be identified at the grain 
boundaries. These oxides were not identified in the 95CuCrZr-5Y2O3. In 
fact, the presence of such oxides is unavoidable, even using an N2 

atmosphere, since copper powder surface tends to form a small number 
of oxides [22]. Moreover, low temperature sintering is associated with 
the surface diffusion process, while high temperature point to a grain 
bondary diffusion. In fact, both pehnonmena are recognized on the 
microstructure associated with a high compacting pressure which cre-
ates a more intense effect of the diffusion process ensuring low porosity. 
The existence of such copper oxide particles at the grain boundaries can 
promotes residual stresses on the material which can influence the 
mechanical performance. 

Fig. 3 shows the microstructure of the irradiated 95Cu-5Y2O3 and 
95Cu-5Y2O3 samples. No severe changes were observed on the surface of 
the samples. In fact, the materials showed irradiation resistance when 
submitted to the Ar+ ions. 

Fig. 4(a) evidences the values of densification for all the Cu-Y2O3 an 
CuCrZr-Y2O3 samples as a function of volume % of Y2O3. The increase in 
yttrium oxide particles promotes the agglomeration of the particles 
lowering their distribution in the grain boundary, resulting in a decrease 
in the density of the materials [3,24]. In addition, CuCrZr samples 
presented lower densification values compared with those of Cu. The 
hardness measurements applying 20N load for all the non irradiated 
samples are shown in Fig. 4(b). For all compositions, hardness values are 

Fig. 2. EDS map in TEM of the (a) 95Cu-5Y2O3 sample and the corresponding EDS map with (b) Cu K-α and (c) O K-α X-ray lines.  

Fig. 3. Irradiated microstructures of the (a) 95Cu-5Y2O3 and (b) 95CuCrZr-5Y2O3 samples.  

Fig. 4. (a) Densifications of Cu-Y2O3 and CuCrZr-Y2O3 and (b) hardness for non irradiated sample values as a function of vol. % of Y2O3.  
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similar for Cu and CuCrZr-Y2O3 matrix samples. Note that the CuCrZr 
composite has a small quantity of Cr and Zr (99.11Cu-0.85Cr-0.04Zr 
nominal composition), which influences not substantially the hardness. 

Moreover, the dispersion of yttria in a copper matrix shows consid-
erable hardness enhancement compared to pure copper (35–37 HV) 
[23]. In fact, the same situation was verified for CuCrZr, one alloy 
without any thermal treatment and with the composition 98.9CuCrZr- 
1Cr-0.1Zr evidence of a value of 60 HV [24]. The addition of Y2O3 
particles prevents the copper grain from growing without restrictions, 
thus maintaining the grain size. Therefore, the results established that 
the hardness is increased by adding the volume percentage of yttria in 
the composites, since the hard particles act as a barrier for indenter 
penetration through the matrix, which is related with the accumulations 
of the dislocations on the deformed zone. To evaluate the change in the 
mechanical properties due to the Ar irradiation, the CSM nano-
indentation technique was used. It is well known that the elastic prop-
erties are less sensitive to irradiation damage than plastic properties 
such as hardness and yield stress, thus only hardness has been evaluated 
for irradiated and unirradiated 95Cu-5Y2O3 specimens. The plot in Fig. 5 
shows the results of the hardness plus standard error with the indenta-
tion depth. Values below 80 nm are omitted due to surface testing 
artefacts. 

For both samples, a decrease in hardness with an increase in indent 
depth was observed. Such depth-dependent hardness behaviour has 
been noticed as an indentation size effect (ISE) [25] furthermore, the 
deviations are larger at shallower depths, as expected, and asymptoti-
cally approaching the values 1.58 and 1.20 GPa, for unirradiated and 
irradiated specimens, respectively, as the depth of indentation 
increased. Considering the small penetration depth of the argon ions of 
about 200 nm, indentation tests will always probe additional unaffected 
material below the affected layer, thus not reflecting only the hardness 
of the affected layer. However, the trend of softening through argon 
irradiation is clear and is maintained at all indentation depths. The 
decrease in hardness observed after irradiation can arise from several 
sources, including recrystallisation/annealing, swelling of the voids, and 
relaxation of residual stresses. Although irradiation-enhanced recrys-
tallization may explain a part of the decrease in hardness [26], the 
nucleation of voids in vacancy clusters seems to be the main factor 
influencing the mechanical properties. This effect has previously been 
addressed by other authors [27–29] when Cu-based materials were 
irradiated at large fluences, although the size and density of these voids 
depend on the grain size and irradiation temperature. As indicated in 
[27], irradiation hardening is the dominant mechanism at low irradia-
tion fluences, since hardness critically depends on ease of dislocation 
motion, irradiation-induced point defects act as obstacles to dislocations 
motion. However, with the considerably high ion fluence selected in this 
work (1x1019 ions/cm2 to peak levels of 100 dpa), the softening of void 
swelling and the development of a compressive residual stress state all 

influence the measured hardness, although further experiments are 
needed to separate the influence of each defect to provide a better un-
derstanding. In this context, Gigax et al. [30] performed microshear test 
experiments on Cu irradiated Cu to a dose of 110 dpa and observed 
considerable softening of the material due to large void swelling values 
(~20%). 

A thermal barrier between the W plasma facing component and the 
CuCrZr heat sink should have low thermal conductivity (10–15 W/m/k) 
to guarantee a heat flux of about 10 MW/m2 [13,31,32]. Since the 
densification of the samples with a higher volume of Y2O3 presented a 
lower densification, only one sample with high densification was chosen 
to be studied (with 5 vol% of Y2O3). Fig. 6 shows the thermal conduc-
tivity for the samples 95CuCrZr-5Y2O3, and 95Cu-5Y2O3, pure CuCrZr, 
W [33], and Cu [34]. The thermal conductivity values for all the samples 
measured are lower than pure Cu and higher than pure W. Moreover, the 
results show that the thermal conductivity decreases when the volume % 
of yttria increases. Therefore, the presence of yttria oxide significantly 
impacts thermal properties, reducing thermal conductivity. As the 
samples were prepared from Cu powders, they may contain a residual 
oxygen level and this may also contribute for that reduction. Finally, for 
the same volume % of Y2O3, the composites with a CuCrZr matrix have 
slightly higher values than the ones with Cu. This may be rationalized 
considering that both Cr and Zr may combine with the residual oxygen 
present during consolidation hence producing a “cleaner” higher con-
ductivity matrix. For CuCrZr, the low conductivity is generated by the 
combination of low Y2O3 percentage and low quantities of Cr (and Zr) in 
a solid solution. For CuCrZr, the low conductivity is generated by the 
combination of low Y2O3 percentage and low quantities of Cr (and Zr) in 
a solid solution. Based on the goal proposed for the thermal conduc-
tivities for the thermal barriers for the divertor (15 W/m/k [31]) it is 
possible to conclue that the present composites with these volme % of 
ytria are not adequated for this application. However, in fact, the 
addition of yttria oxide (about 40 % volume) to Cu generates a consid-
erable change in thermal properties [13]. 

Fig. 7 displays the 95Cu-5Y2O3 and 95CuCrZr-5Y2O3 stress–strain 
curves for different temperatures (25, 400, and 600 ◦C). A ductile 
behavior was observed for all the compositions and temperatures. The 
95CuCrZr- 5Y2O3 samples, exhibits six-fold increase in Ultimate Tensile 
Stress (UTS) at 600 ◦C when compared to that of 95Cu-5Y2O3. However, 
this difference was lower as the temperature decreased. Table 3 shows 
the yield stress and UTS values extracted from Fig. 7. 

The mechanical properties for CuCrZr - IG Alloy seamless tubes for 
the ITER divertor [35] should have yield stress around 240 e 200 MPa 
and a UTS of 370 and 280 MPa for 20 ◦C and 250 ◦C, respectively. 
Comparing these values with the ones exhibited by the Y2O3 composites 
shows that CuCrZr-5Y2O3 alloy presents a considerable increase in UTS, 
and its mechanical properties at higher temperatures are significantly 
better than those of copper composite. The flexural strength as function 

Fig. 5. Averaged nanoindentation curves for hardness of 95Cu-5Y2O3, unirra-
diated and Ar irradiated. 

Fig. 6. Thermal conductivity for the samples with pure Cu [30], pure CuCrZr, 
95CuCrZr-5Y2O3, 95Cu-5Y2O3, and pure W [29]. 
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of temperature is shown in Fig. 8. It is possible to observe that the 
flexural strength obtained in Cu-5Y2O3 is lower than CuCrZr-5Y2O3; 
nevertheless, both samples present the same behavior with the tem-
perature where the flexural strength decreases with it. 

4. Conclusions 

The Cu-Y2O3 and CuCrZr-Y2O3 composites were prepared in a glove 
box and consolidated with spark plasma sintering to be used as thermal 
barriers. The samples were produced with Cu and CuCrZr matrices and 
changed the volume fraction of Y2O3 (1, 5, and 10 vol%). The micro-
structures show the dispersions of Y2O3 regions in the Cu matrix and 

CuCrZr with the presence Y2O3, and the densifications achieved are 
between 90 and 98 %, which decrease with the increase of Y2O3 volume 
content. Furthermore, although the Ar irradiation of the samples with 
higher densification (95Cu-Y2O3 and 95CuCrZr-5Y2O3) did not show 
surface modification, nanoindentation testing resulted in a reduction of 
hardness with irradiation, this was due to foam-like behaviour arising 
from nucleation of voids at vacancy clusters. The thermal conductivities 
found for the 95Cu-Y2O3 and 95CuCrZr-5Y2O3 samples were higher than 
the desired values for thermal barriers in nuclear fusion reactors. All the 
samples presented a ductile behavior at the studied temperatures. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This work has been carried out within the framework of the EURO-
fusion Consortium, funded by the European Union via the Euroatom 
Research and Training Program (Grant Agreement No 101052200 â 
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