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As a promising candidate for heat sink material of the diverter, which is expected to
operate in an extreme environment with high heat flux and high irradiation damage, the
oxide dispersion strengthened Cu (ODS-Cu) alloy exhibits a remarkably high strength
and irradiation resistance. Compared to the commercial ODS-Cu alloy with Al203
particles (Glidcop®), the ODS-Cu alloy with Y,03 particles has potential advantages
because of the higher enthalpy of the Y203 formation, which is beneficial to thermal
stability, and the lower solubility of Y in Cu matrix, which is beneficial to thermal
conductivity. While, low solubility of Y leads to unacceptable to apply the conventional
internal oxidation method, which is used to fabricate Glidcop®. The main way to
fabricate the ODS-Cu alloy with Y>O3 must use a different process from the internal
oxidation method, such as the mechanical alloying and hot isostatic pressing (MA-HIP).
During the conventional MA-HIP process, the Y203 originated from the external
addition 1s still remained larger size after HIP. These Y203 particles are
thermodynamically unstable and easily aggregable. Considering the fine dispersive
particles with a high number density is the key factor in developing highly strengthened
ODS-Cu alloys, the objective of this doctoral thesis is developing the several processes
to enhance the Y distribution, to refine the dispersive Y03 and to reduce the Fe
impurities.

In this thesis, an innovative MA-HIP process by an in-situ fabrication method was
developed, in which Y203 particles were formed in-situ by a chemical reaction between
the Y precursor and the O element. The in-situ formed dispersive particles are expected
to be finer and thermodynamically stable, which can improve the mechanical strength
under higher temperate and neutron irradiation. Based on this innovative MA-HIP
process, the ODS-Cu alloys with in-situ formed Y»>Os3 particle were fabricated through
the chemical reaction using the pure metal Y and the Cu-Y compounds. Especially, Cu-
Y compounds with lower Y enrichment are brittle and they can expect to distribute
homogeneously during the MA. For the comparisons, the ODS-Cu alloy with Y203 from
the external addition was also fabricated by the conventional MA-HIP process. The
influence of fabrication parameters (HIP temperature from 850 °C to 950°C, MA time
from 32 h to 96 h) on the Y distribution, and size evolution of the MA powders were
investigated based on pure metal Y sourced ODS-Cu. The influence of different Y203
sources (direct Y203, pure metal Y and Cu-Y compounds such as Cu2Y and CusY) on



Y203 distribution and Fe impurities were also investigated.

For the influence of HIP temperature from 850 °C to 950 °C, the diffusivity of Y and
O in the Cu matrix was increased with increasing temperature, promoting the in-situ
formation of Y,0O3 at high temperature. In addition, the increasing HIP temperature
decreased the number density of the micro holes, corresponding to the increase in
relative density from 95.8 % to 98.9 %. The higher HIP temperature is effective to
enhance the in-situ formation of Y203 and decrease the porosity of ODS-Cu.

For the influence of MA time from 32 h to 96 h, it was found that extending of the
MA time enlarged the lattice parameter of MA powders from 3.596 A to 3.6158 A. This
means that the increase amount of Y solid solubility, resulting in the increase in Vickers
hardness of MA powders from 100 Hv to 380 Hv. The extending of the MA time can
enhance the uniform each element distribution, while introducing more Fe impurities
because of the abrasion between MA powders and grind mediums.

For the size evolution of MA powders, the coarse MA powders (d > 200 um) with a
shell structure was formed and occupied the 80 wt. % of all MA powders. The shell of
coarse MA powders had a larger Vickers hardness of 325 Hv and a higher oxygen content
of 20 at. %, similar to the finer MA powders. On the other hand, the central area region
of the coarse MA powders had a atomic ratio of Y and O being 2:3, same as the atomic
ratio of Y203. Combing the morphology by SEM and diffraction patterns by TEM, the
peeled O rich fragments from the surface of the coarse MA powders were main source
of finer MA powders with oxide-like microstructures. This oxide-like O-rich fragment
gave the great influence on the thermal conductivity. Therefore, the screening the
alloyed MA powders before HIP treatment is an effective way to improve the thermal
conductivity of the ODS-Cu alloy.

For the Cu-Y sourced ODS-Cu without oxidant, the Y distribution of the CusY
sourced sample was more uniform than that of the Cu2Y sourced sample at a lower Y
content (0.39 wt.%). The XRD results and thermodynamic analysis showed that Y203
was successfully formed by the oxidation between Y and the desorbed O impurity from
the Cu matrix. The Cu-Y compounds can improve the purity of the Cu matrix. This
method can expand the source material selection of dispersive particles for the ODS-Cu
fabrication using Cu-containing intermetallic compounds. On the other hand, the most
of the unoxidized Y was aggregated and precipitated during HIP for Cu-Y sourced
samples with a higher Y content (2.36 wt.%). The TG-DTA results showed that the in-
situ reaction temperature of CusY and Cux0O is 847 °C, and this temperature is lower
than the melting point of the CusY (927 °C). The oxidant addition is feasible and
necessary to oxidize the CueY before the melting under the in-situ fabrication process.

Furthermore, the comparisons between the direct Y,O3 sourced sample, the pure
metal Y sourced and the CusY sourced sample with oxidant were conducted using the
ODS-Cu with 1.5 wt. % Y203. The fine particle sized Y203 formation using the brittle

CugY compound can enhance Y dissolution and suppress the growth of MA powders.



Smaller (19+7 nm) Y203 particles with higher number density (18.0 x 102%/m?) were
formed in CueY sourced samples, compared to the direct Y203 sourced sample with
larger (73+£33 nm) Y203 particles having lower number density (2.5 x 102°/m?), and the
other ODS-Cu alloys in the world. The finer Y203 particles formed by CusY compound
contributed to increase about 100 MPa on the estimated yield strength based on the
Orowan mechanism. The estimated value had good agreement with the measured value,
but there was small mismatch. This would be possibly caused by the unoxidized Y and
the contamination in the Cu matrix. It should be noted that the improvement of the
estimated yield strength will be expected to enhance mechanical stability under high
temperature and neutron irradiation. The stable and finer Y,Os3 particles and the
interfaces between matrix and particles will act effectively as the pinning of the
dislocation and the sink ability for irradiation defects. On the other hand, the Y and
CusY sourced samples through the in-situ fabrication method had more Fe impurities,
because of the oxidation of milling balls by O-rich layers, which are formed when
oxidant was added in the middle of the MA process. More Fe impurities increased and
hardened the surface layer of MA powders, introducing holes, thereby deteriorating the
elongation of the ODS-Cu.

In order to suppress the introduction of Fe impurities, reducing the Y,O3 content from
1.5 wt. % to 0.5 wt. % for CusY sourced samples with an oxidant was carried out. It
was found that the sample with 0.5 wt. % Y203 still remained at a higher number density
of Y203 (10?!/m?), accompanied by a decrease of Y203 particle size from 19 nm to 14
nm. This is because the low concentrated solid solute Y is beneficial in forming finer
Y203 during the HIP process. Furthermore, lower Y203 content decreased the
introduction of Fe impurities, and reduced the thickness of the Fe accumulated
boundaries and porosity, thereby improving ductility. The reducing Y»O3 content also
improved the thermal conductivity from 68.6 % ICAS to 81.2 % ICAS, because of the
forming the thinner oxide-like O rich layers and the lower Fe content impurities, which
had great influence on the thermal conductivity.

Finally, it should be noted that the CusY sourced sample with a fine Y203 in high
number density has a larger potential for future application once the Fe impurities and
holes are reduced by modifying the grind mediums and oxidant addition. For grind
mediums, the Cu coating to the steel mediums or the use of the tungsten (W) mediums
are also expected to be an effective method for reducing the impurity. The W with
extremely higher Mohs hardness is insoluble in the Cu matrix, which is beneficial to
maintain the high purity of the Cu matrix. The pre-refining the brittle Cu-Y precursor
to nano-size range is a promising method for reducing the MA time and suppressing the
growth of MA powders. Besides, doping the Y203 with minor alloying elements is a
candidate method to further refine the dispersive particles and increase the number
density.

In my doctoral thesis, the innovative MA-HIP process of the ODS-Cu with Y203 by



an in-situ fabrication method was developed. The brittle CusY compound with a lower
Y enrichment was firstly proposed as the source of Y203. Several fabrication parameters,
Y203 sources and contents were investigated to enhance the uniform distribution of Y,
to form finer dispersive particles and to suppress the introduction of impurities. Further
improvements were also presented.

The main conclusions of my doctoral thesis are:

1. For the in-situ fabrication process, an elevated HIP temperature, a longer MA time
(but introducing more impurities) and classification of MA powders can effectively
enhance uniform distribution of Y and O elements, and optimize the microstructure and
properties of ODS-Cu alloys.

2. Cu-Y compounds, especially the CusY compound can act as the source of Y203
and enhance the Y distribution and Y»0O3 refinement. Besides, adding oxidant is
available and necessary for an in-situ fabrication process.

3. Compared to the direct Y203 sourced sample with Y203 in a size of 73+33 nm and
a number density of 2.5 x 10?%/m?, the CusY sourced sample in-situ formed fine Y,03
particles 19+7 nm with a higher number density of 18.0 x 10?°/m?, but more impurities
were introduced during the in-situ fabrication process.

4. Decreasing the Y203 content can refine the dispersive particles, maintain a high

number density, and decrease the introduction of Fe impurities.
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T, HEEFE M A S 41t (Mechanical Alloying; MA) & 20 % 5 i K JE BEAE (Hot
Isostatic Pressing; HIP) % #XH L 7= Y203 K 170 #is (b 8 & 4 o i Hikic >\ T, Wk
DREFEOMBER WO, ZOWHFEELMELE L TomMERILICIY AT, 1k
OREFETIE, Y203 RS2 EHE MAICX V&4, HIPIC X D EMAEREZR/EL T
WD, BEREALERE O YoO03 DEEE L ZIZ L D Y203 hi O KAERMEE 7o > TV 5,
HEEE L, 58N Y03 K2 XD EIZHMSELH5EE LT, EHE#E Y03 b1 %
BATLHOTIEHRLS, Y xFERELTOeRE Y LBEJRLE L THTOBEFERE L ORI
il (Cu20) 12 X257 in%z MA KO HIP #BECTRITZEE2EL L, MA-HIP L#
BOWFEGETITLFRRISITE > T Y03 W RS ND Z EEH LN LT, £,
Y203 B+ 53 H L 72 8 & & O PO AR #8122 e OV B 1 — A BE R MR 1 55 2 3 T T W,
MA % DeE Y O0ECRER G ®TEE O Y203 K F o BOREZ RO TN DH Z L 21
bz L7,

S OICHAE X, Y03k A2 L VMBLL, KB -IchEEs720, YLREROIE
PE - Mot lCER L, O L8R Y TEHAIENARE W CuY @EBH{tEY%E Y203
FirOYRELTHWDLZ EEZRAAL, ZO/ME, HATHD T CuY&EMELAEWNHD
D Y203 KL T ZMER L, CuY @RFEEW AR L7z Y203 KL 7 O 3 HORIE X &8
YOSGLHBELTHETHLIZ LA R L, £, CuY @BHILGHO T TH MatEr K
T CusY X CuY (LAEB O 217\, CusY b EWZEH WD Z & T Y203 K1 45 #olk
ALV ETHLZ LR LT, CusY @BFULE MDA LTz Y205 KL O PRI
19nm THY, ZNETO Y03 KEHWIR 7 (783 nm) @B Y 2 YR & L2k
F (84nm) LML TRV MbifbENTWDZERNHLNERSTZ, MA T, Mkifk X



7z Y203 K743t L 7o iAo Bl 3R R XM & e LT LTz, @R Rick
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