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Abstract

The production of electrical energy from nucleasidns is currently highly advanced field of

the interest in an international scientific coopiera in the International Thermonuclear

Experimental Reactor programme (ITER). Alloys basedCu are used in the ITER project
however from the future perspective in terms of fiteysical and mechanical properties
improvement, the alloy based on CuCrZr is propoddte CuCrZr alloy is classified as a

precipitation-hardened material which is used amational material for various applications in

ITER, for example the first wall, blanket and suppdivertor and heating systems. In this study,
as an experimental material was used CuCrZr allgi whe chemical composition of 98.54

wt.% Cu, 1.1 wt.% Cr, 0.043 wt.% Zr and 0.317 wirBpurities. There was used ECAP method
and heat treatment to enhance the strength prepeirii CuCrZr alloy. The application of

sophisticated treatments based on solution anmgadinucture formation by ECAP on nano-

scale level and additional artificial ageing proidigcprecipitation strengthening can be achieved
the yield strength more than 500MPa.

Keywords. CuCrZr alloys, equal channel angular pressing, heeatment,international
Thermonuclear Experimental Reactor

1 Introduction

According to the OECD, the world-wide consumptidneaergy will be still increasing in the
following 20-60 years, moreover mostly in the fielfl energy generated from ,pure sources”
[1]. As ,pure sources” there are considered pussifs, renewable resources and nuclear fusion.
Progress in the application of pure energetic ssiis suppose that in 2050 (as predicted by the
OECD Green Model [1]) a break point will be reachaad consequently afterwards pure
energetic sources based on nuclear fusion willrbeia. Considering suitability of the energy
transformation on the electrical energy and abtiityproduce the energy in a huge volume not
depending on the external restrictions, primaryre@sibased on nuclear fusion provide the best
alternative to all others. The planned world-wid@sumption in electrical energy is expected to
increase the electric power from 19 TWh in 201B8%TWh in 2035. A long-term prediction of
the electrical energy consumption is expected tioeeasing in electric powers as follows: 44
TWh in 2045 and 100 TWh in 2080[2].

According to the above mentioned prognoses and/sem)| there is obvious that the production
of electrical energy from nuclear fusion reactoiichhare currently highly advanced field of the
interest in an international scientific cooperationthe ITER (International Thermonuclear
Experimental Reactor) programme will be increasmthe end of the 21st century. Countries as
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EU, USA, Russia, China, Japan, South Korea andlhdive been involved in the project, with
the prospective to join the Brazil. Fusion techgglprogramme ITER will be progressing in the
following projects: Demonstration Reactor (DEMOYadommercial Fusion Reactor (CFR).
From the structural materials point of view, ITERa low temperature reactor (<300°C), for
DEMO is supposed rising of temperature reactor (@dsign 250-550°C) and for CFR is
supposed an even higher temperature reaz&m0CC) [3]. For all these reactors is requested the
availability of materials to resist the severe thermechanical loadings and irradiation damage.
According to author [4-6] following materials arery popular:

a) Steels: Stainless steel type 316LN-IG for ITER, duse the structural components
(vacuumvessel, back-plate, manifolds, shield, dorezassette body and other), Martensitic
steel type T91, modified 9Cr1-Mo, F82H steel lowivation grades of which are developed
for the structural components of DEMO, Fgo¥.

b) Nonferrous metals: Copper alloys CuCrZr, DS-Cu (h&ak and divertor), Aluminum
alloys(AW2014, AW?2024, AW6061), Titanium alloys, dkel base alloys,
SuperalloysHastalloys, Vanadium alloys, Molybdenalioys, Niobium alloys, Tantalum
alloys, Tungsten alloys.

The materials for ITER and DEMO are operated ferftilowing temperature conditions:

a) Metal materials operated at cryogenic temperatures/ioplant, transport systems
andcryostat vessel. All these users require heiayogen at different temperature levels
ranging from 4.5 K to 50 K and up to 80 K and poes.4 MPa [7].

b) Metal materials operated at high temperatures @D-C) which are assigned for first wall
and blanket components of reactor [4].

The first nuclear reactor (power 500-700 MW) isreuntly in the process of building near to

Marseille in the Cadarache and it would becomesttmnd most expensive scientific-technical

centre in the world, after the ISS space statign [8

2 Materialsandcomponentsforl TER

In original strategy of the ITER project, selectadtallic materials used for various constructive
components were being considered as commercialiradubtrial - manufactured materials.
Initial higly-promissing results coming from theER project have provided the development of
new, metallic materials as well, while standardsnoaterial properties will be reflection to
previous experiences of international scientifistitutions across the world. Types of materials
used for the several ITER components are givehainle 1 [9] and inTable 2 [10], there are
presented metallic materials mostly applied indagieactors.

The development of metallic materials which areduas constructive components is under
significant world-wide consideration as a resulbot of international scientific meetings and
workshops with such objective have been organiadalst years [11].

Alloys based on Cu have been involved in the ITE®jget however from the future perspective
in terms of the physical and mechanical propertigsovement through the opportunity to form
the microstructure in a nano-scale range, the &lfsed on CuCrZr is proposed.

3 CuCrZr alloys

The CuCrZr alloy is classified as a precipitatiomnardened (PH) material processed by heat
treatment. Typical heat treatment is based on isolinnealing at high temperatures followed
by water quenching (WQ) in order to create a swgtarated solid solution and ageing. The
ageing process produces fine precipitates of tbergbphase with a precipitation hardening
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Table 1 Materials for the several ITER components [9]

Material | Forms Material | Forms
Thermal shield First wall
Steel 304L Plates, tubes Beryllium (S-65C |okrmor tiles
equivalent)
Ti—6Al-4V Plates CuCrzr Plates/cast/powder
heart sink
Steel grade 660 Fasteners 316L(N)-1G Plates, pipes
Alloy 718 Bolts Blanket and support
Al O3 coatings Plasma sprayed 316L(N)-IG Plates, forgings,
insulation pipes Cast, powder
HIP
Glass epoxy G10 Insulation Ti—6Al-4V Flexible suppo
Ag coating Coating, fm CuCrZr Sheets
(emissivity)
Vacuum vessel and ports Alloy 718 Bolts
Steel 316L(N)-IG Plates, forgings, NiAl bronze Plates
pipes
Steel 304 Plates D5 coatings Plasma sprayed
insulation
Steel 660 Fasteners, forgings CuNiBe or DS Cu Colla
Ferritic steel 430 Plates Divertor
Borated steels Plates CFC (NB31 or Armor tiles
304B7 and 304B4 equivalent)
Alloy 718 Bolts W Armor tiles
Steel 316 (B8M) Bolts CuCrZr Tubes, plates
Steel XM-19 (B8R) | Bolts 316L(N)-IG Plates, forgings
tubes
Pure Cu Clad Steel 660 Plates, bolts
VV support Steel XM-19 Plates, forgings
Steel 304 Plates, rods Alloy 718 Plates
Steel 660 Fasteners NiAl bronze Plates, rods
Alloy 718 Bolts
NiAl bronze Rods
PTFE Plates

effect. Such alloys provide high mechanical prapsrthigh heat resistance, high electrical and
thermal conductivity [3]. The mechanical propertd<PH alloys depend strongly on following

strengthening mechanisms: grain refinement (up narso-scale level), precipitation hardening
through the presence of second phase particldscdi®n hardening, solid solution and Peierls-
Nabarro hardening. Nowadays, equal channel angukssing (ECAP) is a method based on
severe plastic deformation (SPD) which has beenesstully used for reducing the grain size
diameter and to increase the dislocation densgultieg in greater mechanical properties [12-
14]. The post-processing after ECAP through theimggerocess (temperature vs. time

conditions) has an impact on final mechanical prige by the effect of precipitation hardening

[15, 16]. To obtain the precipitation hardeningeeffthere is necessary to apply the solution
annealing (SA) followed by WQ in order to dissolthe second phase particles in the solid
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solution. Further ECAP processing leads to thectiral refinement and together with
combination of the post ECAP ageing to the preaijih strengthening what finally has an
impact on the mechanical properties increasing. €ffect of precipitation strengthening
depends on the amount of a Cr and a Zr content#mabe in the range of 8x0.4; 1.5> [wt.%]
and Zf1<0.03; 0.5> [wt.%)]. Authors [17] have mentioned tthhe Zr content can also be
reduced to 0.1 wt.% or less. According to the agthid8], an average solubility of the
concentration for chromium is CrSolubikt9.4 wt.% at 1000°C on the other hand when
temperature falls down at 400°C, an average sdtyhif the concentration is dramatically
changed to CrSolubility0.03 wt.%. Since low content of Cr provides therseeCr precipitates
forming, tendency is to obtain the Cr content belpper limit.

Table 2 Selected materials in the ITER reactor [10]

Material | Material Grade Components
Armour
Beryllium S-65C VHP or equivalent Armour for finsall and
limiter
Tungsten Pure W Armour for divertor
CFC SEP NB 31 or equivalent Armour for divertor
Structural
Austenitic steels 316L(N)-IG Blanket shield modules
Thin walled pipes
Cooling manifolds
Divertor body
304L, 316L Cooling pipes
XM-19 Divertor support
PH steel Steel grade 660 Divertor support
Cu alloys CuCrZzr PFCs, heating systems,
electrical strips, etc.
NiAl bronze Divertor attachment
CuNiBe Support system
DS Cu Heating systems
Functional
Austenitic steel 316 Fastening components
PH steel Steel grade 660 Fastening components
Ni alloys Alloy 718 Bolts
Divertor connections
Ti alloy Ti-6Al-4V Blanket attachment
Ceramic AbO; or MgAlLO, Electrical insulators
Special materials Pure Cu
Pure Ni
Low C iron
Brazes
Weld fillers

The summary of chemical composition resulting fritw literature study is given ihable 3.

Table 3 Summary of chemical composition [wt.%]

Alloy Designation

Cu

Cr Zr

Other elements 0O,

CuCrZr

base

0.4-1.5 0.03-0.5

0.01 max (0.05 Cd)

0Zntax
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Considering precipitation processes, in literattirere are a lot experimental studies mostly
carried out under following conditionsgAl1(950; 970> [°C], §,[1<0.3; 3> [h] + WQ followed
by cold rolling or tensile testing with subsequaigeing treatment at,f1<400; 525> [°C],
tatd<0; 20> [h] [19-24]. In these studies, there haeerbnot documented presence of any
intermetallic chromium or zirconium phases in thecnwstructure, only presence of Cr
precipitates together with coarsesZuor CwZr in its surrounding embedded in to a pure Cu
matrix. The precipitation temperature was deterchiaeT 370°C and Cr T425°C for CyZr or
CwZr and Cr (with a diameter of 1-50nm), respectivdience, according to the literature
overview, there is necessary to perform additiexalerimental studies.

On the previous analysis was made the summaryeafrtrent conditions on material properties
which are given imable 4.

Table 4 The analysis treatment conditions with relationgbiprecipitation of CuCrZr alloys

Solution Post
No. ) Deformations | deformation Precipitates Ref.
annealing
treatment

Cu matrix+Cr
1. 950°C/2h+WQ | Cold rolling 450°C/2h phase+Zr phase [19]
No intermetallic

Fine Cr +small density

2. 960°C/3h+WQ | Tensile test 460°C/3h - [20]
of Zr precipitates
Cr precipitates around
. 425°C/3h
970°C/20min+ . o a core of or CZr
3. WO Cold rolling 475°C/3h embedded in a pure CJ[21]

525°C/3h .
maitrix

Coarse precipitates are
pure Cr and Gyzr, the
dispersed fine
precipitates of
CrCuw(Zr,Mg) and pure
4, 980°C/2h+WQ | - 450°C/20h Crd<1;50> [nm]. [22]
Coarse phases formed
during solidification
and were left
undissolved during
solution annealing.

Sample was
P Tageiné:|<400;

jetted under the o .
5. pressure of pure - 480>[*C] Cu matrix + Cr + [23]

Ar to acopper E?]g]einékoi 3> | CuzZr
roller rotating

Without of
deformation:
400°C, 450°C
o Cold rolled o " | the Cr at 440°C and +
6. | 90CWQ | g3y [eog <5100 | cugzr at 520°C. [24]

Cold rolling: CuZr at

370°C + Cr at 425°C
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-hydrostatic

extrusion:
1000°C/1h+WQ)| ¢=3,77 - - [25]

- 8XECAP:

0=11,5

) -Cold rolling Cu matrix

T%AD(%O’ 970>\ Tensile test Tar(0<400;525>| +
[*Cl . -Hydrostatic | [°C] (Cr + CuZr/CusZr)
tsal0<0.3; 3> ; ) -
[N+ WQ extrusion tar0<0;20> [h] preC|p|tate§

-SPD Dparticle:[l(oa 50> [nm]

The literature overviews about precipitation haweumiform conclusion.

4 Experimental material and methodics

As an experimental material, CuCrZr alloy in a gglical bar (DxL=10x100 mm) with the
chemical composition of 98.54 wt.% Cu, 1.1 wt.% €A43 wt.% Zr and 0.317 wt.% impurities
was used. Before ECAP, samples were heat treatédr dallowing conditions: $,=1020°C,
tspa=1h + WQ. The samples were processed once thraugtCAP die (channel’s ange=90°,
W=32° and the diameter of 10 mm) at ambient tempegatvith route Bc.

The samples after one ECAP pass were aged undewiiag conditions: F+0(20; 480> [°C],
tar[0<30; 150> [min] followed by cooling in water. Théasc tensile tests were carried out
according to a STN EN 10002-1 standard by Tiniuse®Imachine.

5 Result overview

800 HsA: 1020°C/1h + 1XECAP + AT: 480°C/2h
0.2YS=504MPa

500 ! / f
40.2YS=124MPa i> y
/ SA: 1020°C/1h+ 3XECAP
400 N‘rs%szmpa |
300

SA: 1020°C/1h + 1XECAP
— 0.2YS=380MPa

- \P3.2Ys=23rsmpa
100
SA: 1020°C/1h
0.2YS=144MPa
0

0 1 2 3 4
No. of ECAP passes

200

Yield Strength: 0.2YS [MPa]

Fig. 1 The strength analysis after some treatment stag8a\ ¢ IXECAP+AT,
b:SA+3XECAP)

The strength analysis after some treatment staggisén in Fig.1 from which is resulting that
after application only SA vyield strength was vemadl 0.2 YS = 144 MPa. The sample
processing by one ECAP pass increased the yieddgttr level up 0.2 YS = 380 MPa what is
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representing the incremef0.2 YS = 246 MPa. This increment is achieved bgaffrom grain
size refinement. The diameter of grain size bef6@AP was 40m and after one ECAP pass
was reduced on Qun. If samples after processing by SA+1xECAP weeatdd by ageing
regime (480°C/2h) the yield strength was increagelavel 0.2 YS = 504 MPa what is
representing the incremefn0.2 YS = 124 MPa with comparison of state after QAIP. This
increment is achieved by effect obtained from poiéefion hardening. On the other hand this
strength level is possible to obtain also by stieetrefinement via 3XECAP which produced
diameter of grain size Qun and 0.2 YS = 532 MPa. The increment 0.2 YS = W2 was
achieved by effect from grain size refinement veitimparison to state SA+1xECAP.

6 Conclusions
In the present study, there is used ECAP methodhmad treatment to enhance the strength
properties in CuCrZr alloy.
According to this study, following conclusions dag&made:
« on the essential electricity consumption prognéimido 21 century should be assumed that
in 2080 year will be necessary reach electricitw@ol00TWh,
« this electricity power will be achieve by ,pure soes” there are considered pure fossils,
renewable resources and nuclear fusion,
« the very effective and perspective pure sourc@pears nuclear fusion,
« nuclear fusion is running in thermonuclear reat@omwhich must be selected special grades
of metal materials,
« one special grades of metal material is precipitatiardening CuCrZr alloy,
» today research orientation is preparing processamglitions leading to maximalization of
strength properties and weight reducing of confitnelements,
* by sophisticated treatment of CuCrZr alloy was iviatd yield strength 0.2YS>500MPa,
» sophisticated treatments are based on two lines:
* SA+1XECAP+AT=144MPa (base level) + 236MPa (effeotrf grain size refinement) +
124MPa (effect from precipitation hardening) = B0Ra,
e SA+3XxECAP=144MPa (base level) + 388MPa (effect frgrain size refinement)=532
MPa.
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