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Abstract

A copper-based material is the recent main trend of advanced heat sink materials for the solid divertor
systems, providing an optimal combination of excellent mechanical strength and superior thermal
conductivity under severe neutron irradiation environment. In particular, oxide dispersion strengthened
Cu (ODS-Cu) alloy with yttrium oxide (Y>0O3) nano-particles is one of the promising materials because
of the lower influence of the particles on thermal conductivity and the higher resistance to coarsening
of the particles due to their thermodynamic stability. The metal Y as the Y,O; source has been used to
fabricate ODS-Cu alloys in the previous work. In this study, we used the CusY intermetallic compound
as the new Y source material to form Y,Os3 particles during mechanical alloying (MA) followed by hot
isostatic pressing (HIP) process, and successfully fabricated ODS-Cu alloy with Y>O3; nano-particles
using the CusY compound. The effects of Cu,O addition in this process as the oxidant material were
also investigated. Y,Os3 nano-particles with typical size of 30 nm were successfully formed into the Cu
intra-grains and around grain boundaries, and the density of the Y>O; nano-particles increased by the
Cu,0 addition. Cu,O addition promoted the oxidation of Y from the CusY compound, forming Y,Os

nano-particles.
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1. Introduction

The service environment of the divertor components for fusion reactor is very severe with both high
heat flux and neutron irradiation. For example, the tungsten mono-block divertor for ITER is expected
to extract a heat flux of 10 MW/m? in steady state and 20 MW/m? in transient states [1-3]. Even severer
condition and environment will be expected for DEMO reactor. Developing an advanced material to
provide an optimal combination of excellent mechanical strength and superior thermal conductivity is
the main trend of heat sink materials for divertor systems. Various means have been investigated to
achieve long-term high temperature mechanical strength with maintaining higher thermal conductivity.
Among them, precipitation-strengthening and oxide dispersion-strengthening (ODS) were the most
popular means for the mechanical strength improvement [4]. As the reference material for ITER, the
CuCrZr alloy is one of the representative precipitation-strengthened materials with an operating
temperature window ranging from 250°C to 325°C [5]. This alloy, however, was not suitable to use at
temperature exceeding 300°C because of the coarsening of the precipitates. The alumina (AlL,Os)
dispersion strengthened Cu alloy is the most famous dispersion-strengthened material due to the
excellent mechanical strength with higher thermal conductivity. The Al,Oj; dispersion strengthened Cu
alloy was manufactured by a relatively simple process called “internal oxidation method” [6], and is
commercialized as the Glidcop®. Since it is expected that the heat flux loaded to the divertor component
will be increased drastically by the high performance of the fusion plasma, further higher mechanical
strength under high temperature is required for the dispersion strengthened Cu alloy applied as the heat
sink material. In particular, nano-sized oxide particle dispersion in the ODS steel contributed extremely
to improve the mechanical strength at high temperatures and the neutron irradiation resistance. It was
also necessary to form the further finer scaled and homogeneous dispersive particles in the dispersion
strengthened copper alloy.

Recently, it is known that yttrium oxide (Y»O3) is more attractive as the dispersoids than the A,Os3
for the development of dispersion-strengthened copper alloys. Compared with Al,Os, Y»0s is expected
to be more suitable because of not only the lower solubility of Y element (less than 0.05 wt.% at 300°C)
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in the Cu matrix [7], which is appropriate for maintaining high thermal conductivity, but also the
thermodynamic stability of Y>O; which enhances the resistance to coarsening [8]. The mechanical
alloying (MA) is the primary fabrication method for Cu-Y»03, because the lower solubility of Y in Cu
matrix limits the use of internal oxidation method [9]. Many efforts have been devoted to develop the
ODS-Cu alloy with Y,0s particles by MA methods. R. Shabadi et al. investigated fabrication of the
ODS-Cu alloy with Y>O3 using Friction Stir Processing (FSP), and evaluated the influence of Y03
particles on the thermal conductivity [10]. Kudashov et al. succeeded in producing the ODS-Cu alloy
with Y»0; particles by MA process at lower temperature, which was called “cryo-milling”, and
subsequent hot pressing methods [11]. Aghamiri et al. fabricated the ODS-Cu alloy with dispersed Y»0;
particles by addition of control agents, and investigated the influence of atmosphere during MA process
on morphology and microstructure [12]. Carro et al. attempted to produce ODS-Cu with Y»Os particles
by different routes using vacuum induction melting, cryomilling and conventional milling before hot
isostatic pressing (HIP) process [13]. In the case of the Y»0; addition, Y,0s particles were directly
mixed into the Cu, and then they were dispersed in a Cu matrix.

On the other hand, since the Y element is known as one of the most active metals, we found that
oxidation of Y to form Y,Os3 particles during MA can be a promising method for the Y»O; dispersions.
Due to the feasibility of nano-particle formation by mechanochemical alloying through the pulverization
and the chemical interaction [14], we succeeded in producing the ODS-Cu with Y»O; nano-particles
using pure Y metal powders as the Y source material by mechanochemical alloying through the MA-
HIP process [15, 16]. On this MA-HIP process, in fact, the segregation of dispersive particles when
Y,0s3 was added directly was not observed [17].

Considering the Cu-Y solid solution phases were formed during the MA process between pure Y
and Cu materials [18], the addition of Cu-Y pre-alloys from the beginning was expected to reduce the
milling time and decrease the impurity contamination during MA process [19]. In addition, the
brittleness of intermetallic compounds was generally suitable for efficient MA process [20]. For
example, T. Graning et al. demonstrated that Fe;Y was easier to dissolve and distribute in the steel
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matrix than Y,0s, and addition of FesY can reduce the milling time and decrease the oxygen impurity
[21, 22].

In this study, we investigated the effect of addition of CusY intermetallic compound as the new Y
source material to form Y»O3 during MA-HIP process, in order to realize homogeneous distributed Y03
particle into the ODS-Cu matrix through efficient MA process. The microstructure and mechanical
properties of the ODS-Cu with Y,03 nano-particles during MA-HIP process was investigated. In

addition, the effect of the Cu,O addition as the oxidant during the MA-HIP process was investigated.

2. Experimental procedures
2. 1. Preparation of the CusY compound and the MA-HIP processed samples

The CueY intermetallic ingot was made from metal Cu foil and block (99.99%, purity), metal Y
chips (99.9%, purity). Pure Cu and pure Y materials in the atomic ratio of 6/1 were adjusted and melted
using high-purity Ar atmosphere arc-melting apparatus at National Institute for Fusion Science (NIFS).
The arc-melting was carried out several times in order to make the homogeneous CusY melted buttons.
After the arc-melting, CusY melted buttons were heat-treated at 600°C for 100 hours in a vacuum for
the solution heat treatment. The CusY melted buttons after heat treatment were crashed easily and
formed CusY compound fine powders due to the solution heat treatment. The raw mixture powders
having the Cu-5.74 wt% CusY were prepared to fabricate ODS-Cu alloy with 1.38 wt% Y,0s particles.

First of all, the CusY powder as the Y source material to form Y,Os particles was milled with Cu
(99.99%, purity, -300 mesh) powder for 16 hours with a speed of 250 rpm in a planetary-type ball milling
machine (Pulverisetee-5, Fritsch) in the high purity Ar atmosphere glove box at NIFS. The diameter of
stainless steel balls used for the MA process was 5 mm and then the ball/powder ratio was selected to
be 7/3 based on the previous works [15, 16]. In the second stage, 2.62 wt % of Cu,O (99.9%, purity, -
300 mesh) powder was added into the half-milled mixture powders, followed by milling for another 16
hours with the same parameters. The milled mixture powders after MA treatment of total 32 hours were
put into the iron tube capsules and transferred into NIFS-Sealing Device filled with high purity Ar

5



Fusion Engineering and Design 2020

atmosphere for the sealing operation [23]. The tube capsules were degassed at S00°C for 1 hour to reach
the pressure of below 0.1 Pa before clamping, followed by welding to keep the powders in a vacuum
condition. During the HIP process, the tube capsules were heat-treated under a pressure of 150 MPa and
at a temperature of 1000 °C for 2 hours.

2.2. Microstructure, thermal property and mechanical hardness evaluations

The phase transition and microstructure of the CusY intermetallic compound powders was evaluated
by the differential thermal analysis (DTA) and X-ray diffraction (XRD) method. DTA measurements
were carried out using thermogravimetry-differential thermal analysis apparatus (TG-DTA, Rigaku
TG8110) from 800°C to 1000°C with a rate of 2°C/min in pure argon gas flow. Alumina powders were
chosen as standard reference sample during the DTA measurements. The XRD analysis was conducted
on the Rigaku RINT-2200 diffractometer with Cu Ko radiation with the parameters of 40 kV and 40
mA.

Microstructure and morphology of the MA-HIP processed Cu alloy bulk samples without and with
Cu,0 addition were evaluated by XRD apparatus and scanning electron microscope (SEM, JEOL JSM-
5600) equipped with energy dispersive X-ray spectroscopy (EDX). In addition, thin sampling from a
part of the MA-HIP processed Cu alloy bulk samples was carried out using the focused ion beam (FIB,
Hitachi nano DUE’T NB5000) machine. After that, nanostructure of the thin FIB sample was observed
using electron backscatter diffraction (EBSD) and scanning transmission electron microscope (TEM,
JEOL JEM-2800) equipped with EDX. The relative densities were tested based on Archimedes' method
by electronic densimeter (alfa mirage MDS-300) The Vickers Hardness of the MA-HIP processed Cu

alloy bulk samples were evaluated at room temperature with a loading of 100 gf/mm? for 30 sec.

3. Results and discussions

3. 1. Possibility of the CucY compound as the Y source material for the Y,O3; nano-particles
Typical XRD pattern of the CusY intermetallic compound powders are shown in Fig. 1. The standard

powder diffraction data of the CusssYoso intermetallic compound is also shown in Fig. 1. The
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miniaturization of the CusY compound powder was caused easily by the hand crushing. We found that
CusY compound had a high mechanical brittleness and could be formed finer powders. The X-ray
diffraction peaks of CusY powders almost completely correspond to the powder diffraction data of
CusisYoso compound. The slight variation of the Cu/Y ratio around 6/1 is because the hexagonal
structured CusY phase could accommodate phases of various Cu:Y ratio [24]. The CusY compound
powder in this study was mainly obtained in the form of the Cus3sYo.50 single phase.

DTA curves of the CusY compound powder under high purity Ar atmosphere is shown in Fig. 2.
DTA curves with the temperature ramping from 800°C to 1000°C and dropping from 1000°C and
800°C are shown in Figs. 2 (a) and (b), respectively. In the temperature ramping process, the first
endothermic transition of the DTA curve was observed at 886°C. This suggests that the CusY compound
powder was phase changed at around 886°C. The endothermic transition of the DTA curve was also
observed at 928°C after the second endothermic transitions at 911°C, and the CugY compound powder
was melted completely at 928°C. The small endothermic transition at 943°C are believed to be caused
by the disturbance of composition due to the non-equilibrium reaction.

In the temperature dropping process, the first exothermic transition of the DTA curve was observed
at 929 °C. This suggests that the solidification are conducted at this temperature. The final exothermic
transition of the DTA curve was observed at 885 °C, corresponding to the phase transformation. We
found that these endothermic and exothermic transition behaviors corresponded to the Cu-Y system
binary phase equilibrium diagram shown in Fig. 3 [25], in which the eutectic temperature between Cu
and CueY phases is at 880°C. We found that the endothermic and exothermic transition of 885°C and
886°C in DTA curve indicated the eutectic transformation. On the other hand, the endothermic and
exothermic transition of 928°C and 929°C in DTA curve showed the melting point of the CusY
compound and it indicated critical surface of the solid-liquid boundary of the CusY phase. From the
thermal property of CusY compound, we found that CusY compound was dissociated into high purity

liquid phases of Cu and Y at around the estimated melting point of the CusY phase during the HIP
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treatment, and the liquid Y component diffused into the Cu matrix. Finally, liquid Y component was
able to act as Y source and also was contributed for the Y03 phase formation.
3. 2. Micro and nanostructure of the dispersion strengthened Cu-alloy using CusY compound

Typical backscattered electron (BSE) images of the cross-sectional area on the MA-HIP processed
bulk samples without Cu,O addition are shown in Fig. 4. There were many precipitates (light gray color
phases) with aggregated morphology into the Cu matrix. According to the estimation of the atomic ratio
from EDX analysis, these precipitates were identified to be various Cu-Y intermetallic compound phases.
Once the MA processed powders using CusY compounds were activated during HIP treatment at 1000°C,
the CusY compound was melted at this temperature and the liquid phase promoted the yttrium diffusion
into Cu matrix. We found that Y,O; particles in the Cu matrix were able to be formed by the chemical
reaction between the activated yttrium and the dissolved oxygen in the copper matrix. For the bulk
sample without Cu,O addition, many Cu-Y intermetallic precipitates with aggregated morphology,
shown in Fig. 4 by light gray phases, were formed from non-reactive yttrium due to the lack of oxygen
supply based on the dissolved oxygen into Cu matrix. Various Cu-Y intermetallic precipitates solidified
and aggregated during the cooling step of the HIP treatment from 1000°C.

Comparison of the XRD patterns between the bulk samples without and with Cu,O addition is
shown in Fig. 5. In the case of the sample without Cu,O addition, three kinds of the diffraction peaks
corresponded to the Cu, Y>03 and Cu-Y compound were confirmed, supporting the BSE image shown
in Fig.4. We found that Y,Os phase could form in the Cu matrix using CugY compound as the Y source
material for the sample without Cu,O addition. However, there still had relatively higher diffraction
peak of Cu-Y compound due to the non-reactive CusY compound. In the case of the sample with Cu,O
addition, the diffraction peaks of Cu and Y,O3; were confirmed, accompanied by the disappearance of
the diffraction peaks of Cu-Y compound. This implies that the Cu,O was one of the effective oxidant
material to promote the Y>3 phase formation using CusY compound as the Y source material for the

ODS-Cu alloy.
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The details of the Y03 phase formation in the MA-HIP processed ODS-Cu alloy using CusY
compound were investigated. Comparisons of the detailed XRD patterns between the bulk samples
without and with Cu,O addition as the oxidant material is shown in Fig. 6. Interestingly, in the sample
without Cu,O addition, the cubic (a=b=c) and hexagonal (a=b#c) structured Y-Os crystals were formed.
The lattice constants (a-axis) of the cubic and hexagonal structured Y,Os crystals, estimated using
Bragg’s law, were 0.5264 and 0.3658 nm, respectively. Furthermore, the formations of trace amounts
of metal yttrium and Cu-Y-O compounds were also confirmed. In the case of the sample with Cu,O
addition, only the cubic structured Y»Os crystal without impurity phases was observed. Comparing the
differences in the XRD pattern and the lattice constant of the Y»Os crystal shown in Figs 5 and 6, we
found that pure oxygen dissociated from Cu,O material during HIP process under high temperature and
pressure, and then the dissociated oxygen contributed to promote Y>O; formation as the supplement of
the dissolved oxygen in copper. Therefore, Cu>O supplied effectively the deficient oxygen for the Y,O;
formation. In future, it is necessary to investigate optimization of the amount of Cu,O addition.

In order to explore the microstructure and Y»Os particle size distribution of the MA-HIP processed
Cu alloy with Cu,O addition, typical STEM image, EBSD map corresponding the inverse pole figure
and Cu grain size distribution of the MA-HIP processed bulk sample with Cu,O addition are shown in
Figs. 7 (a), (b) and (c), respectively. From the EBSD mapping, we found that the ODS-Cu alloy prepared
by MA-HIP process had a typical non-oriented polycrystalline structure. In addition, the Cu grains after
HIP treatment showed a wide particle size distribution range from nano to micron orders, and the
average Cu grain size was estimated to be approximately 480 nm. This value was much smaller than the
average Cu grain size of the Glidcop® AL-15 (approximately 1 um) [26]. It may be possible that the
Y,0s particles formed from CusY compound act as a pinning centers to suppress the grain growth of Cu
particles during HIP treatment.

Typical STEM images and element distribution mapping of the MA-HIP processed bulk sample
with CuO addition as the oxidant material are shown in Fig. 8. The areas (a) and (b) in Fig. 8 indicate

the microstructures of the Cu intra-grain and the area of grain boundaries between fine and coarse Cu
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particles, respectively. We found that the many Y,Os particles made from the CusY compound were
formed in the Cu intra-grains and near the grain boundaries. The average Y,Os particle size was obtained
to be approximately 30 nm. The number density of Y.Os nano-particles was estimated to be
approximately 1.7x10* um?. The number density was similar to that of the commercial Glidcop® (Al-
15) [26]. We concluded that Y03 nano-particles were successfully formed though MA and HIP process
using CusY compound as the Y source material for Y,O3; formation.

3.3 Comparisons of the mechanical hardness between various ODS-Cu alloy materials

Since high number density of Y,Oj; particles were formed in the Cu matrix, mechanical strength
enhancement due to the oxide dispersion strengthening was expected. Before Vickers hardness testing,
the relative densitys of sample without Cu,O and with Cu,O were obtained to be 98.18% and 98.80%,
respectively, indicating that dense ODS-Cu were fabricated by this MA-HIP process. Comparisons of
the Vickers hardness between MA-HIP processed samples and various Cu alloy materials is shown in
Fig. 9. Vickers hardness test is an effective and convenient method to characterize the mechanical
property of material. Vickers hardness of commercial pure Cu sample was obtained to be approximately
50 H,.On the other hand, Vickers hardness of Glidcop® and MA-HIP processed Cu-Y,0s alloys with
Cu,0 addition were obtained to be approximately 110 H,and 120 H, respectively, which were much
higher than that of pure Cu material. We confirmed that oxide dispersion into Cu matrix was effective
to improve the mechanical strength.

Vickers hardness of the Cu-Y,03 with Cu,O addition was estimated to be 120 £ 30 H,,, which was
higher than that of sample without Cu,O (9020 H,,). This was caused by the increase of Y»Os particle
fraction in the Cu matrix due to the oxygen supply from Cu,O. In addition, the average Cu grain size of
the samples with Cu,O addition shown in Fig. 7 is approximately 480 nm, which is much smaller than
that of the Glidcop®. The small Cu grain size was also effective to improve the mechanical strength.
In future, it will be important to optimize the amounts of CusY compound and Cu,O addition for further

improvement of the microstructure and the mechanical properties.
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4. Conclusion

We successfully fabricated the ODS-Cu with 1.38 wt% Y03 nano-particles using CusY compound
as the Y source material through MA-HIP process. CusY compound was transformed into liquid phase
during HIP treatment and act as Y source for Y>O3 phase formation. The Cu,O addition on the MA-HIP
process was highly effective to increase Y»Oj; particle formation. Y»O; particles with average particle
size of 30 nm were formed in the Cu intra-grains and the grain boundaries, and act as a pinning centers
to suppress the grain growth of Cu particles during HIP treatment. Vickers hardness of ODS-Cu alloys
was much higher than that of pure copper. This was caused by the Y,O; dispersion and Cu grain growth

suppression.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Typical X-ray diffraction (XRD) patterns of the CugY compound powders as the Y source for
the Y,Os3 particle formation.

Differential Thermal Analysis (DTA) curves of the CusY compound powders as the Y source
for the Y,0s particle formation. Figs. 2 (a) and (b) indicate the case of temperature ramping and
dropping, respectively,

Cu-Y system binary equilibrium phase diagram [25].

Typical Back Scattering Electron (BSE) images of the surface region in the MA-HIP processed
bulk samples without Cu,O addition.

Typical X-ray diffraction patterns of the MA-HIP processed bulk samples without and with
Cu,0 addition as the oxidant material.

Comparison of the detailed X-ray diffraction patterns after HIP process between the bulk
samples without and with Cu,O addition as the oxidant material.

EBSD mapping and Cu grain size distribution of the MA-HIP processed bulk sample with Cu,O
addition as the oxidant material. (a) is the STEM image of the sampling area, (b) is the EBSD
analysis corresponding the inverse pole figure, and (¢) is the Cu grain size distribution estimated
from the EBSD analysis.

Typical STEM images and element distribution mapping of the MA-HIP processed bulk sample
with Cu,O addition as the oxidant material. (a) Cu intra-grain region, and (b) area of grain
boundaries between fine and coarse Cu particles.

Comparisons of the Vickers hardness of MA-HIP processed samples and various Cu alloy

materials.
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Figure.4 Bing Ma et al.
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Figure.8 Bing Ma et al.
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