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Abbreviations SFT Stacl.dng fault tetrahedt.'al

TCH Tension and compression hold

cw Cold worked

DS Dispersion strengthened

FFTF Fast Flux Test Facility

G-P Guinier-Preston 4.20.1 Introduction

HIP Hot isostatic pressing

IACS International Annealed Copper Standard Copper alloys are prime candidates for high heat flux

JET  Joint European Torus applications in fusion energy systems. High heat

MOTA Materials Open Test Assembly flux 1s a major challenge for various fusion devices

OFHC  Oxygen-free, high conductivity because of the extremely high energy density required

PH Precipitation hardened in controlled thermonuclear fusion. The removal of a

SAA  Solution annealed, and aged condition large amount of heat generated in the plasma through

667

Comprehensive Nuclear Materials (2012), vol. 4, pp. 667-690



668 Physical and Mechanical Properties of Copper and Copper Alloys

the first wall structure imposes a major constraint on
the component design life. Materials with high con-
ductivity are needed to assist heat transfer to the
coolant and to reduce the thermal stress for pulsed
mode of operation.

A number of issues must be considered in the
selection of materials for high heat flux applications
in fusion reactors. While high conductivity is the key
property for such applications, high strength and
radiation resistance are also essential for the effective
performance of materials in a high heat flux, high
irradiation environment. In addition, fatigue behavior
is a major concern for many high heat flux applica-
tions because of planned or inadvertent changes in the
thermal loading. Pure copper has high thermal con-
ductivity but rather low strength, and therefore its
application as heat sinks is limited. The strength of
copper can be improved by various strengthening
mechanisms. Among them, precipitation hardening
and dispersion strengthening are the two most viable
mechanisms for improving the strength of copper
while retaining its high electrical and thermal con-
ducuvities. A number of precipitation-hardened (PH)
and dispersion-strengthened (DS) copper alloys are
commercially available, and have been evaluated for
fusion applications, for example, PH CuCrZr,
CuNiBe, CuNiSi, and DS GlidC0p® All5, Al25,
Al60, MAGT-0.2, etc. Two copper alloys that are
most appealing are PH CuCrZr and DS CuAl25.
Surveys of copper alloys for fusion applications were
conducted by Butterworth and Forty' and Zinkle and
Fabritsiev.”

In this chapter, a brief description of pure copper
and several copper alloys of interest to fusion appli-
cations is presented, followed by a summary of their
physical and mechanical properties. The radiation
effects on the physical and mechanical properties of
copper and copper alloys as well as their irradiated
microstructure are then discussed. Joining techniques
for plasma facing components in fusion reactors are
also discussed.

4.20.2 Copper and High-Strength,
High-Conductivity Copper Alloys

4.20.2.1 Pure Copper

Copper is widely used where high electrical or ther-
mal conductivity is required. Pure copper is defined as
having a minimum copper content of 99.3%. Copper
with oxygen content below 10 ppm is called ‘oxygen-
free’ ‘Oxygen-free, high conductivity’ (OFHC) grade

copper has room temperature electrical conductivities
equal to or greater than 100% International Annealed
Copper Standard (IACS), where 100% IACS =17.241
nQ m at 20 °C.* Copper grades with the ASTM/SAE
unified number system (UNS) designation C10100,
C10200,C10400,C10500,and C10700 are classified as
OFHC copper. Grades C10400, C10500, and C10700
have significant silver content, which creates activa-
tion hazards. Only C10100 and C10200 are considered
for fusion systems.

The use of unalloyed copper is often limited by its
low strength. Copper can be strengthened by various
processes, for example, cold working, grain refine-
ment, solid solution hardening, precipitation hard-
ening, dispersion strengthening, etc. While these
approaches can significantly increase the strength,
they can also lead to a pronounced reduction in con-
ducuvity. The challenge is to design a material with
the best combination of strength and conductivity.

Cold work can significantly increase the strength
of pure copper and has a relatively moderate effect on
conductivity." However, cold-worked copper can be
softened at relatively low temperatures (~200°C)
because of its low recrystallization temperature.’
A recent study has shown that ultrahigh-strength
and high-conducuvity copper can be produced by
introducing a high density of nanoscale twin bound-
aries.” The tensile strength of the nano-grained cop-
per can be increased by a factor of 10 compared to
conventional coarse-grained copper, while retaining
a comparable conductivity. The potential of high-
strength, high-conductivity bulk nano-grained cop-
per in nuclear energy systems, however, has not been
widely explored.

Alloying in copper can significantly improve
mechanical strengths and raise the softening tempera-
tures. However, additions of alloying elements also
reduce electrical and thermal conductivity. Among
the three alloying strengthening mechanisms, namely,
solid solution hardening, precipitation hardening, and
dispersion strengthening, solid solution hardening has
the most detrimental effects on the conductivity®
and is the least favored mechanism to obtain high-
conductivity, high-strength copper alloys.

4.20.2.2 PH Copper Alloys

PH copper alloys are heat-treatable alloys. The high
strength of PH copper alloys is attributed to the
uniform distribution of fine precipitates of second-
phase particles in the copper matrix. PH copper alloys
are produced by conventional solution treatment
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and aging treatment. Solution treatment produces
a homogeneous solid solution by the heating of an
alloy to a sufficiently high temperature to dissolve
all solutes. The alloy is then quenched to a lower
temperature to create a supersaturated condition.
A subsequent aging treatment heats the alloy to
an intermediate temperature below the solvus tem-
perature, to precipitate fine second-phase particles.
Precipitates not only give rise to high strength, but
also reduce the solute content in the matrix, main-
taining good conductivity. The strength of a PH alloy
depends on particle size, particle shape, volume frac-
tion, particle distribution, and the nature of the inter-
phase boundary.” Despite their ability to develop
significant strength, PH copper alloys may be soft-
ened substantially as a result of precipitation coars-
ening (overaging) at intermediate to high service
temperatures or because of recrystallization during
brazing or diffusion bonding. Therefore, heat treat-
ment and thermal processing histories can have a
large influence on the strength and conductivity of
this class of alloys.

A number of commercial PH copper alloys have
been investigated for applications in fusion design, for
example, CuCrZr, CuNiBe, and CuNiSi.

4.20.2.2.1 CuCrZr alloy

PH CuCrZr alloy is commercially available under
several trade names, for example, Elbrodur® CuCrZr
from KME Germany AG, Outokumpu Oy
CuCrZr, Zollen CuCrZr, C18150%, Trefimetaux
CuCrZr, MATTHEY 328% from Johnson Matthey
Metals, and YZC® from Yamaha Co, Ltd. The chem-
ical compositions of these alloys differ by a small
amount, with Cr varying from 04 to 1.5% and Zr
0.03-0.25%. Low Cr content is to prevent the forma-
ton of coarse Cr precipitates. The element, Zr,

improves the hardening by the enhancement of
fine homogeneous precipitation and improves the
ductility of the alloy by inhibiting intergranular
fracture.” '’ CuCrZr-IG is the ITER grade with
tighter specification for composition and heat treat-
ment. CuCrZr alloys are available in different forms,
for example, bars, tubes, wires, foils, sheets, and
plates. Hot forming, brazing, and inert gas welding
are applicable for component manufacturing.
CuCrZr alloys are used in the conventional aged
condition. The reference ITER heat treatment in-
cludes solution annealing at 980-1000°C for 1h,
water quench, and aging at 450-480°C for 2-4h."'
Typical microstructure of the prime-aged CuCrZr
is shown in Figure 1(a). The alloy contains an
equiaxed grain structure and uniformly distributed
fine Guinier—Preston (GP) zones exhibiting primarily
black dot contrasts and a small number of precipitates
with lobe—lobe contrast. The number density of
precipitates 1s on the order 10 m ™, with a mean
diameter of ~3 nm. A low density of micron-size Cr
particles and grain boundary precipitate-free zones
were also observed.'”"® CuCrZr is susceptible to
overaging and recrystallization during prolonged
exposure at elevated temperatures. Overaging of
CuCrZr causes significant coarsening of grain struc-
ture and fine precipitates. Li er ' reported a lower
number density (~1.9 x 10> m ) of larger (~9 nm
in diameter) precipitates with a mixture of coherent
and incoherent particles after CuCrZr was hot iso-
static pressing (HIP) treated at 1040°C for 2h at
140 MPa followed by solutionizing at 980°C for
0.5h with a slow cooling rate of 50-80°C min "
between 980 and 500 °C, and final aging at 560°C
for 2h (Figure 1(b)). The average grain size
was >500pm in comparison with ~27pm grain

size in the prime-aged alloy.

Figure 1 Representative weak-beam dark-field images showing precipitates in unirradiated CuCrZr (a) solutionized,
water quenched, and aged, and (b) hot isostatic pressed, solutionized, slow-cooled, and aged.
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670 Physical and Mechanical Properties of Copper and Copper Alloys

4.20.2.2.2 CuNiBe alloy

Copper-beryllium (<1 wt% Be) binary alloys pro-
vide a good combination of strength and conductivity.
The precipitation of Cu—Be binary alloys occurs in
both continuous and discontinuous modes. Continu-
ous precipitation creates uniformly distributed fine
particles in the copper matrix, as a result of the
following precipitation process':

oo (supersaturated) — GP zones — " — )/

— 7(CuBe)

The sequence and morphology of precipitation
depends mainly on aging temperature. The first
phase to nucleate from a supersaturated Cu—Be
solid solution 1s coherent Cu-rich GP zones. Follow-
ing the GP zones formation is the precipitation of
so-called transition phases, y”and y’. The equilibrium
phase, v, forms after the transition phases, and its
appearance indicates overaging of the alloy. Discon-
tinuous precipitation in Cu—Be binary alloys leads to
nonuniform precipitation of long, lamellar precipi-
tates, resulting in cell structure at grain boundaries,
which increases the tendency to intergranular frac-
ture in the alloy.

High-conductivity Cu—Be alloys generally con-
tain a third element. The addition of a small amount
of nickel to Cu—Be binary alloys further increases
the strength of the alloys without degrading elec-
trical and thermal conductivities. The addition of
nickel increases the precipitate solvus temperatures
of Cu-Be binary alloys.”” A higher solute super-
saturation condition can be reached in the solution
treatment which provides a larger driving force
for precipitation during the aging treatment. The
strength of ternary Cu—Ni-Be alloys, therefore, is
significantly increased from enhanced precipitation
hardening. The electrical and thermal conductivities
of Cu—Ni-Be alloys are also increased because of
the depletion of the alloying elements from the solid
solution during aging, resulting in high strength
and high conductivity. CuNiBe exhibits very high
strength with respect to other PH copper alloys. The
drawback of this alloy is its very low ductlity and low
fracture toughness after low-dose irradiation.

4.20.2.2.3 CuNiSi

CuNiSi is another PH copper alloy that has been
considered for fusion applications. CuNiSi has a
nominal composition of 2.5% Ni and 0.6% Si
When heat treated properly, CuNiSi can have a
much higher yield strength and higher electrical

resistivity than CuCrZr. It has been extensively
used for the Joint European Torus (JET) compo-
nents, for example, the divertor cryopump, the
water-cooled baffles, and the Lower Current Hybrid
Drive cryopump.”’

4.20.2.3 DS Copper Alloys

DS copper alloys contain a fine dispersion of
nanometer-sized oxide particles such as alumina, zir-
conia, hafnia, or chromia in the copper matrix, giving
rise to high-strength and thermal stability of the alloys.
This class of copper alloys can be manufactured by
either conventional powder metallurgy or internal oxi-
dation. Their properties strongly depend on the type,
dimension, and volume fraction of the dispersed phase
and processing techniques. Unlike PH copper alloys,
the addition of finely dispersed oxide particles into
the copper matrix can prevent recrystallization of the
matrix and consequent softening even after exposure
to temperatures approaching the melting point of
the copper matrix. In addition, the oxide particles are
insoluble in the solid state, and are essentally immune
to coarsening because of their high melting point
and high thermodynamic stability. This extends the
useful temperature range of a DS alloy far beyond
that possible for conventional PH alloys.

Several DS copper alloys have been evaluated
for fusion applications, for example, GlidCop® Al15,
A125, Al60, and MAGT 0.2. Both GlidCop® and
MAGT class alloys are strengthened by Al,O;
particles, produced by internal oxidation. GlidCop™
Al25 and MAGT-0.2 have been studied extensively
because of their balanced strength, thermal conduc-
tivity, and ductility. GlidCop™ Al25 (0.25 wt% Al)
1s produced by OMG America. CuAl25-1G is the
ITER grade with the optimized fabrication process
for improved ductility and reduced anisotropy. The
microstructure of the CuAl25 alloy is characterized
by elongated grain structure along the extrusion or
rolling direction and a high density (average of
3.27 x 10 m ™) of dispersed Al,O; particles with
a mean diameter of 6-9nm. The distribution of
alumina particles can be highly heterogeneous, with
some grains free of strengthening particles. A low
number density of micron-size o-Al,O; particles
exists at grain boundaries. The density of dis-
locations in the as-wrought condition can be as
high as ~1.5 x 10" m2."7"***7** Most of the oxide
particles in GlidCop alloys are triangular platelets
with the remainder in the form of circular or

irregular-shaped disks.”’
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MAGT 0.2 is a Russian alloy produced by SPEZS-
PLAV Company. It contains 0.17% Al, 0.05% Hf, and
0.09% Ti in the form of oxide particles.”*® GlidCop
contains Al-oxide particles only, while in MAGT
alloy, there are Al-, Ti-, and Hf-oxide particles, and
mixed Al- and Ti-oxide particles. A majority of the
oxide particles in MAGT 0.2 are spherical in shape
with a small fraction in the form of circular disks,
with an average particle size of 6 nm.”*°

4.20.3 Physical Properties of
Copper and Copper Alloys

Physical properties of pure copper and copper alloys
are quite similar in terms of the melting point, the
density, the Young’s modulus, and the thermal expan-
sion coefficient. Table 1 compares the room tem-
perature physical properties of pure copper, PH
CuCrZr, and DS CuAl25.*"* Because PH copper
alloys and DS copper alloys contain only a small
amount of fine second-phase particles, the physical
properties of these copper alloys closely resemble
those of pure copper.

The conductivity of copper and copper alloys
1s the most important physical property for their
applications. The electrical conductivity of copper
can be reduced by thermal vibration of atoms and
crystal imperfections, for example, solute atoms,
vacancies, dislocations, and grain boundaries. These
different mechanisms have additive contributions to
the increase in resistivity. As with other metals, the
thermal conductivity of copper, 4y, is proportional
to the electrical conductivity, 4, described by the
Wiedemann—Franz law, that is,

kg, = ALT [1]

where 7' is the absolute temperature and L is the
Lorentz number. The electrical conductivity of
pure copper is sensitive to temperature, and less
sensitive to the amount of cold work and the grain
size. The linear temperature coefficient for electrical

Table 1 Physical properties of pure copper, PH CuCrZr,
and DS CuAl25

Cu CuCrzr CuAiI25
Melting point (°C) 1083 1075 1083
Density (gcm™) 8.95 8.90 8.86
Thermal conductivity 391 314-335 364

Wm-K™")

Elastic modulus (GPa) 117 123 130

resistivity in copper is dp/dT'=6.7x10"" QmK ™"
Severe cold work can reduce the electrical conductiv-
ity of copper by only 2-3% IACS.

All alloying elements in copper reduce the elec-
trical conductivity, and the amount of degradation
depends on the type of element, the concentration,
and microstructural form (e.g., solid solution, pre-
cipitation, or dispersion). Figure 2 compares the
strength and conductivity of copper and several
types of copper alloys.”'

4.20.4 Mechanical Properties of
Copper and Copper Alloys

4.20.4.1 Tensile Properties

The influence of test temperature, strain rate, and
thermal-mechanical treatments on the tensile prop-
erties of copper and copper alloys has been studied
extensively. Figure 3 illustrates the effect of test
temperature on the yield strength of pure copper (in
the annealed condition), PH CuCrZr and CuNiBe
alloys, and DS CuAl25."77"%*%*7? The strength of
copper alloys decreases with increasing test tempera-
ture. The decrease in strength is moderate up to
200 °C. Significant drops in strength occur at higher
temperatures, except that the CuNiBe AT alloy shows
a relatively small reduction in strength even up to
400°C. Pure copper has the lowest yield strength.
The tensile properties of pure copper strongly
depend on the thermal-mechanical treatment and
the impurity content.'”'®**** CuNiBe alloy has the
highest strength over the entire temperature range.”*
The tensile properties of PH copper alloys are sensi-
tive to the thermal-mechanical treatments. CuCrZr
in the solution-annealed, cold-worked, and aged con-
dition (SA 4+ CW +A) has superior yield strength at
low temperatures relative to CuCrZr in the solution-
annealed, and aged condition (SAA). However, the
strength of CuCrZr SA 4+ CW +A alloy drops more
rapidly with increasing temperature.””** " The yield
strength of CuNiBe can be quite different, depending
on the processing techniques. The tensile ductility of
copper alloys also shows strong temperature depen-
dence. The uniform elongation of the CuAl25 alloy
decreases considerably as the test temperature in-
creases, butincreases with increasing test temperature
above 400 °C. The CuNiBe AT alloy shows a moder-
ate drop of uniform elongation below 200 °C, but a
sharp drop in ductility at higher temperature.”* The
uniform elongation of the CuCrZr alloy shows
the smallest sensitivity to test temperature. Among
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Figure 2 Strength and conductivity of copper and copper alloys. After Li, G.; Thomas, B. G.; Stubbins,
J. F. Metall. Mater. Trans. A 2000, 37A, 2491.
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Figure 3 The yield strength of copper alloys as a function of temperature.

the three copper alloys, the CuCrZr alloy has the best ~ alloys, the strength of large components made of
ductility over the temperature range, and the ductility ~ these alloys can be significantly lower. For example,
of the CuNiBe alloy is the lowest. during component manufacturing, CuCrZr often

Because of the sensitivity of mechanical properties  experiences additional thermal cycles, such as braz-
to thermal-mechanical treatments in PH copper  ing, welding, or HIPing. While solution annealing
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can be conducted during or after a brazing or HIPing
process, rapid quenching is not feasible for large com-
ponents, and a much slower cooling rate (e.g., furnace
cooled or gas cooled) is applied in the manufacturing
cycle. Significant reduction in strength due to slow
cooling rates has been reported in CuCrZr.’***
A slow cooling rate (50~80°C min~"') and overaging
at 560 °C/2 hsignificantly reduced the yield stress and
the ulumate tensile strength, and tensile elongations
of CuCrZr relative to prime-aged CuCrZr."* Cooling
rates >1200 °C min ™" are required to fully quench the
Cu—Cr solid solution. ¥

The effect of strain rate on tensile properties for
pure copper and PH CuCrZr and CuNiBe alloys as
well as DS CuAl25 alloy was studied at temperatures
of 20 and 300°C."**** All three copper alloys are
relatively insensitive to strain rate at room tem-
perature. The strain rate sensitivity parameter of m
(where ¢, = C¢™and C is a constant) is ~0.01 for the
CuAl25 alloy at room temperature. The strain rate
sensitivity of this alloy increases significantly with
increasing temperature as reflected by a strain rate
sensitivity parameter of m~ 0.07 at 300 °C. Stephens
er al* reported a strain rate sensitivity parameter of
m~ 0.1 in the temperature range of 400-650°C for
CuAl25. A similar effect of strain rate on ultimate
tensile strength was also observed on these materi-
als.”** Edwards®® investigated the strain rate effect of
copper alloys in air and vacuum, and found that

testing in air or vacuum did not appear to change
the strain rate dependence of the CuAl25 alloy, but
that testing the CuNiBe alloy in air shifted the
embrittlement to a lower temperature.

4.20.4.2 Fracture Toughness

Fracture toughness data for PH copper alloys,
CuCrZr and CuNiBe, and DS copper alloys, CuAll5
and CuAl25, are summarized in Figure 4.7
CuCrZr has the highest toughness, and CuNiBe the
lowest among these alloys. The large scatter in mea-
sured fracture toughness values for CuCrZr in differ-
ent studies is likely due to different heat treatments,
specimen geometry and dimensions, and testing meth-
ods. The temperature dependence of the fracture
toughness in CuCrZr, while difficult to accurately
define, shows an initial decrease with increasing tem-
perature, and then a slight recovery at temperatures
above 250 °C. The effect of thermal-mechanical treat-
ment on fracture toughness of CuCrZr is insignificant
in comparison with its effect on tensile properties.'*
The minimum value of the 7, for unirradiated
CuCrZr is as high as ~100 k] m~~.

The fracture toughness of DS CuAll5 and
CuAl25 is significantly lower than that of CuCrZr,
and shows a strong directional dependence. The
toughness is higher in the L-T orientation than in
the T-L orientation. The fracture toughness decreases

500 T T T T T T T
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450 Red =CuCrZr B
L Green=CuNiBe ]
400 * T-L, LT —
I B A :Tahtinenetal5® i
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Figure 4 Fracture toughness data of PH CuCrZr, CuNiBe and DS CuAl15, CuAl25.
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rapidly with increasing temperature. The 7 value for
CuAl25 is only 7kJm~* at 250°C in the T-L
orientation."”

4.20.4.3 Creep

Thermal creep of copper and copper alloys can be
significant at relatively low temperatures, because of
copper’s low melting point (0.37,=~134°C, T},
is the melting point). Nadkarni’' and Zinkle and
Fabritsiev” compared the 100-h creep rupture
strength of copper and several PH and DS copper
alloys at elevated temperatures. Copper alloys have
significantly higher creep rupture strength than pure
copper. Creep rupture strength decreases drasti-
cally as temperature increases in PH alloys such as
CuCrZr, as well as in pure copper, between 200 and
450°C. DS alloys such as CuAl25 have superior
creep rupture strength even above 400 °C because
of their thermal stability at high temperatures.

Li er al’' summarized steady-state thermal creep
data for pure copper and several copper alloys, as
shown in Figure 5. Pure copper can suffer significant
creep deformation at high temperature even with a
very low applied stress. The creep rate of pure cop-
per can be as high as ~107*s™" at ~100 MPa at
400 °C. The creep resistance of copper alloys is con-
siderably higher than that of pure copper. The creep

rates of copper alloys strongly depend on the
applied stress and the temperature, and can be
described by the Norton power law relation; that s,
¢ = Ac” exp(—Q /RT) where € is creep rate, ¢ is the
applied stress, 7 is the stress exponent, Q is the
activation energy, R is the gas constant, and 7' is
the temperature. DS copper alloys exhibit unusu-
ally high values of the stress exponent, for example,
10-21 in the temperature range of 472-721°C for
GlidCop Al15.7?

Because of the time-dependent nature of creep
deformation, softening behavior due to overaging
and recrystallization must be considered during the
creep analysis for PH copper alloys. The creep prop-
erties of this class of alloys could be significantly
changed during prolonged exposure at elevated
temperature.

4.20.4.4 Fatigue and Creep-Fatigue

Copper alloys are subjected to severe thermal cycles
in high heat flux applications in fusion systems, and
so, fatigue as well as creep—fatigue performance is a
primary concern. Figure 6 shows the fatigue perfor-
mance of OFHC Cu, PH CuCrZr and CuNiBe, and
DS CuAl25.°* All three copper alloys show signifi-
cantly better fatigue performance than OFHC cop-
per. Among the three alloys, CuNiBe has the best

Applied stress (ksi)
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Figure 5 Steady-state thermal creep laws for copper alloys. After Li, G.; Thomas, B. G.; Stubbins, J. F. Metall. Mater.

Trans. A 2000, 37A, 2491.
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Figure 6 Fatigue performance of OFHC copper,
precipitation-hardened CuCrZr and CuNiBe, and
dispersion-strengthened CuAI25 in the temperature range
of 25-350°C.

fatigue response. The temperature dependence of
fatigue behavior is stronger in CuAlI25 and CuNiBe
than in CuCrZr at temperatures between 25 and
350°C. Heat treatments have an insignificant effect
on fatigue life in CuCrZr.**

The fatigue life of copper and copper alloys can be
significantly reduced when a hold time is applied
at peak tensile and/or compressive strains during
fatigue cycling. The hold time effect is evident even
at room temperature and with a hold time as short as
a few seconds.’”*’® As shown in Figure 7, the
fatigue life of OFHC copper is reduced significantly
by the introduction of a hold time of 10s at both
tensile and compressive peak strains. The reduction
in fatigue life is more severe in the high-cycle, long-
life regime than in the low-cycle, short-life fatigue
regime. A similar effect of the hold time was observed
in copper alloys. The hold time effect appears to be
more severe in CuAl25 than in CuCrZr. The effect of
hold time is stronger in overaged CuCrZr (e.g., HT?2
in Figure 7) than in prime-aged CuCrZr. Stress
relaxation was observed during the hold periods
even at room temperature where thermally activated
creep processes are not expected. The reduction in
fatigue life is apparently due to a change in the
crack initiation mode from transgranular with no
hold period to intergranular with a hold period.”®*’’
The fatigue life reduction under creep—fatigue load-
ing could be more severe at high temperatures,
particularly in PH copper alloys. Their softening
behavior at elevated temperature due to overaging
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Bl OFHC Cu, TCH10s
O CuAlI25, no hold

@® CuAl25, TCH2s

® CuAl25, TCH 10 s
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Figure 7 Hold time effect on the fatigue life of OFHC
copper, DS CuAI25, and PH CuCrZr with three different heat
treatments (prime aged (PA): solution annealed at 1233 K for
3 h, water quenched, and then heat treated at 733K for 3 h;
heat treatment 1 (HT1): PA plus an additional anneal in
vacuum at 873 K for 1 h and water quenched; and heat
treatment 2 (HT2): PA plus an additional anneal in vacuum at
873K for 4 h (and water quenched) tested at room
temperature. TCH, tension and compression hold.

and recrystallization could have significant impact on
the fatigue life with a very long hold time.

Few studies have been performed to characterize
the fatigue propagation rates of copper alloys. The
fatigue crack growth rate of CuAl25 was found to be
higher than that of CuCrZr at a lower stress intensity
range, AK; at room temperature.5 ¥ Crack growth rates
of CuCrZr and CuAl25 alloys increase with increas-
ing temperature.*””’

4.20.5 Irradiation Effects in
Copper and Copper Alloys

The irradiation behavior of copper and copper
alloys has been extensively studied up to high doses
(>100dpa) for irradiation temperatures of ~400—
500 °C.%° Most of the irradiation experiments of cop-
per and copper alloys have been done in mixed
spectrum or fast reactors, such as HFIR, Fast Flux
Test Facility (FFTF), or EBR-IIL. It should be noted
that the accumulaton rate of helium in copper in
fusion reactors is significantly higher than in fission
reactors (~10appmdpa' in fusion reactors vs.
0.2 appmdpa " in fast reactors).”” Attention must be
paid to transmutation effects such as helium when the
irradiation data of copper and copper alloys from
fission reactors are applied for fusion reactor design.
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4.20.5.1 Effect of Irradiation on
Physical Properties of Copper and
Copper Alloys

Neutron irradiation leads to the formation of trans-
mutation products and of irradiation defects, dis-
location loops, stacking fault tetrahedra (SFT),
and voids. All these features result in reduction of
electrical and thermal conductivities.”**"*'"*" At
irradiation temperatures between 80 and 200°C,
the electrical resistivity is controlled by the forma-
tion of dislocation loops and stacking fault tetra-
hedra and transmutation products. The resistivity
increase from radiation defects increases linearly
with increasing dose up to ~0.1 dpa and saturates.
The maximum measured resistivity increase at room
temperature is about ~6%. At irradiation tempera-
tures above ~200°C, the conductivity change from
extended radiation defects becomes less significant,
and void swelling becomes important to the degrada-
tion of the electrical conductivity.

Fusion neutrons produce a significant amount of
gaseous and solid transmutation products in copper.
The major solid transmutation products include
Ni, Zn, and Co. The calculated transmutation rates
for copper in fusion first wall at 1 MW-year m ™~ are
190 appmdpa™' Ni, 90 appmdpa™' Zn, and 7 appm
dpa~' Co.” Ni is the main transmutation element that
affects the thermal conductvity of copper. It should
be noted that water-cooled fission reactors would
produce significantly higher transmutation rates of
copper to Ni and Zn (up to ~5000 and 2000 appm

dpa~', respectively) because of thermal neutron
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0.3dpa T =373K
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reactions. The data from fission reactor irradiation
experiments must be treated with care when they are
applied for fusion design.

4.20.5.2 Effect of Irradiation on Mechanical
Properties of Copper and Copper Alloys

4.20.5.2.1 Tensile properties

Irradiation causes large changes in tensile properties
of copper and copper alloys. Copper and copper
alloys can be hardened or softened by irradiation,
depending on the irradiation temperature and the
amount of the cold work prior to irradiation. Irra-
diation hardening of copper and copper alloys due
to defect cluster formation is significant at irradia-
tion temperatures <300 °C. Irradiation softening oc-
curs at irradiation temperatures >300 °C because of
radiation-enhanced recrystallization and precipitate
coarsening in PH copper alloys.

Low-temperature neutron irradiation of pure
copper leads to development of a yield drop and
significant hardening. Typical stress—strain behavior
of pure copper and copper alloys irradiated to low
doses at low temperatures is illustrated in Figure 8.
The data of irradiated copper are from the work
of Edwards er a/,°* and the data of irradiated CuCrZr
from Li er al'* Trradiation significantly changes the
work hardening behavior of pure copper. Work hard-
ening capability is progressively reduced with increas-
ing doses. Appreciable work hardening stll exists at
the dose of 0.1 dpa. The effect of irradiation on the
tensile behavior of copper alloys can be quite different.
A complete loss of work hardening capability and
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Figure 8 Engineering stress-strain curves for OFHC copper (left) neutron irradiated at 100 °C and for precipitation-
hardened CuCrZr (right) neutron irradiated at 80 °C. The plot for copper is from the reference. Reproduced from Edwards,
D. J.; Singh, B. N.; Bilde-Sgrensen, J. B. J. Nucl. Mater. 2005, 342, 164.
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uniform elongation occurs at 0.14dpa in neutron-
irradiated CuCrZr in the prime-aged condition. Irra-
diation to 1.5 dpa further reduces the yield strength,
and recovers some total elongation in CuCrZr.

The dose dependence of radiation hardening in
copper at irradiation temperatures of 30-200°C
1s summarized by Zinkle er a4/, and shown in
Figure 9.°°°° Radiation hardening in copper can be
observed at a dose as low as 0.0001 dpa. The yield
stress increases dramatically with increasing dose and
saturates at ~0.1 dpa. Significant radiation hardening
is accompanied by loss of strain hardening capabil-
ities, resulting in prompt necking upon yielding.

The temperature dependence of radiation hard-
ening of pure copper at different irradiation tempera-
tures was summarized and discussed by Fabritsiev
and Pokrovsky.”” The radiation hardening decreases
with increasing irradiation temperature in copper.
The magnitude of radiation hardening is ~200 MPa
at 80°C, while only ~40MPa at 300°C at a dose
of 0.1dpa. Annealing at temperatures higher than
0.4 T;, can effectively reduce the defect cluster den-
sity in copper. Annealing at 300°C for 50h after
irradiation of copper to 0.01-0.3 dpa at 100°C and
annealing at 350°C for 10h after irradiaton of
CuCrZr 1G and GlidCop Al25 IG to 04dpa at
150 °C can essentially recover the ductility of the cop-
per and copper alloys.®*® However, postirradiation
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Figure 9 Radiation hardening in copper. Reproduced
from Zinkle, S. J.; Gibson, L. T. Fusion Materials
Semi-annual Progress Report; DOE/ER-0313/27; Oak
Ridge National Laboratory, 1999; p 163.

annealing also reduces the critical stress for flow
localization in pure copper.”

Irradiation creates a large increase in strength and
decrease in ductility in copper alloys for irradiation
temperatures below 300 °C. The strengthening effect
decreases with increasing temperature. The crossover
to radiation softening occurs at approximately 300 °C.
The radiation softening effect in CuAl25 alloy is
not as strong as for CuCrZr alloy where precipitate
stability may be an issue. Neutron-irradiated copper
alloys exhibit low uniform elongation after low-dose,
low-temperature irradiation. The uniform elongation
1s recovered to near unirradiated values at 300°C.
Figure 10 compiles the yield strength data for PH
CuCrZr and DS copper alloys (CuAl 25, CuAllj,
MAGT 0.2) as a function of dose for the irradiation
temperature of ~100°C."*”" Both alloys show signifi-
cant radiation hardening at low doses and an apparent
saturation at ~0.1 dpa. Irradiation-induced harden-
ing is accompanied by the loss of strain hardening
capability and a complete loss of uniform elongation,
while the total elongation remains on the level
of ~10% for doses up to 2.5 dpa for CuCrZr.

The strain rate dependence of tensile properties
in neutron-irradiated CuCrZr was investigated at
room temperature by Li ez al'* The strain rate sensi-
tivity is small at room temperature in unirradiated
CuCrZr. The measured strain rate sensitivity param-
eter, m, is <0.01 for CuCrZr. The strain rate sensitiv-
ity parameter increased to ~0.02 in CuCrZr after
neutron irradiation to 1.5 dpa. Zinkle ez al® observed
a small strain rate dependence of tensile strength in
GlidCop All5 and MAGT 0.2 neutron irradiated
to ~13dpa at 200°C with m~0.02 for GlidCop
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Figure 10 Dose dependence of the yield strength in
CuCrZr and DS copper alloys irradiated at low
temperatures.
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All5 and m<0.01 for MAGT 0.2. In general, the
strain rate and temperature dependence of flow stres-
ses is small in fcc metals.

4.20.5.2.2 Fracture toughness

Fracture toughness data for irradiated copper alloys
are scarce. The effect of neutron irradiation on
fracture toughness has been studied in two alloys,
CuCrZr and CuAl25."*°%7? Fracture toughness data
on neutron-irradiated CuAl25 are available to a dose
of 0.3 dpa, and for CuCrZr, the data are available up to
1.5dpa (Figure 11). Neutron irradiation to 0.3 dpa
significantly reduced the fracture toughness of
CuAl25 in the temperature range of 20-350 °C. The
toughness of irradiated CuAl25 1s two to three times
lower than that of the unirradiated alloy. The effect of
neutron irradiation on fracture toughness of CuCrZr
was less pronounced, despite the significant effect on
the tensile properties even at relatively low doses
(0.14-0.15 dpa). Reduction of fracture toughness in
irradiated CuCrZr was small, and the 7q value was
still >200kJ m ™ up to 1.5 dpa (Figure 11)."*

4.20.5.2.3 Fatigue and creep-fatigue

The effect of irradiation on fatigue performance
has been evaluated for PH CuCrZr and DS
CuAl25.”" The fatigue data for unirradiated and
irradiated CuAl25 and CuCrZr in the temperature
range of 20-350°C are compiled and compared in
Figure 12.7%°*7%76 The effect of irradiation on the
fatigue response of CuAl25 is small at low tempera-
ture. However, the fatigue life is reduced significantly
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Figure 11 Fracture toughness of CuCrZr with two heat
treatments as a function of dose. The heat treatment, SCA,
was to simulate the manufacturing cycle for ITER large
components. Reproduced from Li, M.; Sokolov, M. A;;
Zinkle, S. J. J. Nucl. Mater. 2009, 393, 36.

at 250 and 350 °C because of radiation exposure. The
fatigue life of the CuCrZr alloy was reduced follow-
ing irradiation at 250 and 350 °C, similar to CuAl25.
The degradation in the fatigue performance of these
two alloys from irradiation exposure was not as severe
as that in the tensile properties.

Creep—fatigue behavior of neutron-irradiated
CuCrZr was investigated at a dose level of 0.2—0.3 dpa
at 22 and 300 °C by Singh ez 4/’* Hold times of 10 and
100s were applied during fatigue cycling. Radiation
hardening atlow temperatures (e.g,, 60 °C) is beneficial
to the fatigue performance, while irradiation at high
temperatures (e.g, 300 °C) has no significant effect on
the creep—fatigue life of irradiated CuCrZr. A number
of in-reactor creep—fatigue experiments were per-
formed on a CuCrZr alloy in the BR-2 reactor at Mol
(Belgium) by Singh eral’” The irradiation experiments
were carried out at 70 and 90 °C at the strain amplitude
of 0.5% with hold times of 10 and 100s. The key
finding was that neither the irradiation nor the hold
time has any significant effect on the fatigue life of
CuCrZr during the in-reactor tests.

4.20.5.2.4 Irradiation creep and void swelling
There 1s limited literature on irradiation creep of
copper and copper alloys.”* ™ A study by Witzig*
showed no enhancement of creep rates in copper
relative to thermal creep at 260°C and 69 MPa
under light ion irradiation. Jung’” studied irradiation
creep of 20% cold-worked copper foils at tempera-
tures of 100-200°C and the applied tensile stress
of 20-70 MPa under 6.2MeV proton irradiation
with displacement rates of 0.7-3.5 x 10 °dpas™".
The irradiation creep rate showed a linear stress
dependence with the irradiation creep compliance
of 62x107""Pa~'dpa~' at stresses <50 MPa at
150°C, comparable to that of other fcc metals
such as Ni and austenitic stainless steels. At higher
stresses (>50 MPa), the creep rate showed a power
law relation with the stress exponent of 4.
Ibragimov e al’® investigated in-reactor creep of
copper in the WWR-K water-cooled reactor at a
neutron flux of 2.5 x 10" m™?s™" (E> 0.1 MeV) at
150-500°C and 20-65 MPa. The in-reactor creep
rate of copper was significantly higher than the
thermal creep rate at temperatures below 04 7,
(T 1s the melung point). The stress dependence
of the in-reactor creep rate showed a power law
relation with the stress exponent of ~3.
Pokrovsky er al™ reported irradiation creep data
for DS MAGT 0.2. The irradiation creep experi-
ments were performed using pressurized tubes
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Figure 12 Effect of irradiation on fatigue life of CuAI25 (top) and CuCrZr (bottom) between room temperature and 350 °C.

irradiated in coolant water in the core position of
the SM-2 reactor to ~3-5dpa at temperatures
of 60-90°C. A creep rate as high as ~2 x 107%s™"
was observed at a hoop stress of 117 MPa.
Radiation-induced void swelling in copper
and copper alloys has been studied extensively.
Zinkle and Farrell®*" measured the temperature-
dependence of void swelling in pure copper and a
dilute Cu-B alloy neutron irradiated to ~1.1-1.3 dpa
at a damage rate of 2 x 107 dpas™" at temperatures
of 180-500°C (Figure 13). Maximum swelling
occurs at ~300-325°C in pure copper under
fission neutron irradiation conditions. The lower

temperature limit for void swelling is ~180°C, and
the higher temperature limit ~500°C. Low-dose
irradiation (<0.2 dpa) often leads to inhomogeneous
void formation and nonlinear swelling behavior.”’
A steady-state swelling rate of ~0.5%/dpa is
observed in copper at high doses, and the swelling
level can be as high as 60%.°"*" Variations in dis-
placement damage rate can shift the peak swelling
temperature. An order of magnitude decrease in neu-
tron flux can lower the peak swelling temperature
by ~20°C. The peak swelling temperature shift can
be as high as ~165°C between neutron irradiation
(10" dpas™") and ion irradiation (10~* dpas™").
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Figure 13 Swelling in pure copper and Cu-B alloy. Reproduced from Zinkle, S. J.; Farrell, K. J. Nucl. Mater. 1989,
168, 262; Zinkle, S. J.; Farrell, K.; Kanazawa, H. J. Nucl. Mater. 1991, 179-181, 994.

Residual impurity oxygen can have a significant
effect on void swelling in copper. A number of neu-
tron, ion, and electron irradiation studies have shown
that voids are not formed in high-purity, low-oxygen
copper over the wide range of irradiation tempera-
tures.””*® The oxygen content should be maintained
below ~10wtppm to minimize void swelling in
copper.

The effect of helium production on void forma-
tion and swelling in copper is a significant concern
for its fusion applications.”” Helium effects have
been studied by either dual-beam ion irradiation®*’
or neutron irradiation of Cu—B alloys.* Significant
enhancement of void formation and swelling was
observed in copper under ion irradiation with simul-
taneous helium implantation. Neutron irradiation of
copper containing ~18 wppm '’B to ~1.2 dpa for the
irradiation temperatures of 182—500 °C showed that
the peak swelling temperature and the lower swelling
temperature limit shifted to lower values (Figure 13).
A recent study by Xu ez aL” of materials enriched in
the copper isotopes, **Cu, “**Cu, and “’Cu neutron
irradiated in the Materials Open Test Assembly
(MOTA) in the FFTF at irradiation temperatures of
373—410°C to doses up to 154 dpa found that both
H and He enhanced void swelling in copper. The
H effect 1s important at lower temperatures when
the H production is considerably higher than the

He production. At 410°C the hydrogen effect de-
creases dramatically and void swelling is affected by
the helium concentration.

PH and DS copper alloys have superior void
swelling resistance compared to pure copper under
fission neutron irradiation.””" Both PH CuCrZr and
DS CuAl25 showed <2% swelling after irradiation to
150dpa at ~415°C.*>"" When irradiated to 98 dpa
at 450°C, only ~2% swelling was observed in
CuAl25. The CuAl25 alloy appears to have the best
resistance to void swelling among the copper alloys.””
However, the swelling resistance of DS copper alloys
can be significantly reduced when there is a high
generation rate of helium. While CuAl25 showed
negligible swelling after irradiation to 103dpa at
415°C in the FFTE boron-doped CuAll5 showed
11% swelling under the same irradiation condition.”?
Fabritsiev er al”” reported a swelling rate of 1% /dpa
for CuAl25 + B alloy even at a low dose of ~0.5 dpa
at 300 °C, because of high helium accumulation. The
boron-free MAGT 0.2 alloy did not show swelling in
the same experiment. Simultaneous heavy ion irradi-
ation and helium implantation in GlidCop Al60 at
350 °C showed an increase of the swelling rate from
0.01% /dpa (single-beam irradiation) to 0.05% /dpa
(dual-beam irradiation).”*

The initial thermal-mechanical treatment of PH
copper alloys can have a significant impact on their
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swelling resistance. CuNiBe in the cold-worked and
aged condition showed ~28% swelling, while
CuNiBe in the annealed and aged condition swelled
only ~13% after fission neutron irradiation to 98 dpa
at 450 °C.” The susceptibility to radiation-enhanced
recrystallization is more severe in a cold-worked
alloy, leading to the swelling instability.

4.20.5.3 Effect of Irradiation on
Microstructure of Copper and Copper Alloys

4.20.5.3.1 Defect structure in irradiated
copper and copper alloys

Copper is among the most extensively studied
metals in terms of fundamental radiation damage.
Several reviews on the effect of irradiation on the

microstructure of copper and copper alloys are
available in the literature.””’*”” Neutron irradiation
of copper at low temperatures produces small defect
clusters, dislocation loops, and SFTs. At temperatures
above ~150-180°C, the density of defect clusters
starts to decrease with increasing temperature,
accompanied by the formation of voids. This temper-
ature-dependent formation of defect structures is
shown in Figure 14.°° Low-temperature neutron
irradiation produces a high number density of SFTs
and a low number density of dislocation loops in
copper. Edwards er al** reported a number density
of SFTs, ~2—4 x 10 m~* and a number density of
dislocation loops, 5 x 10*' m™* in OFHC copper
neutron irradiated to ~0.01 dpa at 100 °C. Disloca-
tion loops are believed to be of interstitial type.
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Figure 14

(a) Stacking fault tetrahedra and defect clusters produced in OFHC copper during irradiation to 1.9 dpa at

180°C (reproduced from Zinkle, S. J.; Matsukawa, Y. J. Nucl. Mater. 2004, 329-333, 88), (b) voids in copper

irradiated at 300 °C (reproduced from Zinkle, S. J.; Farrell, K. J. Nucl. Mater. 1989, 168, 262). (c) Schematic drawing
showing the temperature dependence of defect cluster formation and void swelling (reproduced from Zinkle, S. J. In Effects of
Radiation on Materials, ASTM STF 1125, 15th International Symposium); Stoller, R. E., et al., Eds.; American Society for

Testing and Materials: Philadelphia, 1992; p 813.
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The size of SFTs is small, ~2-3nm. As doses
increased, the density of SFTs increased to a satura-
tion level at ~0.1 dpa, while the size of SF'T is inde-
pendent of the dose and temperature. In general, the
dislocation loop density is low, and a significant dis-
location network is not formed in irradiated copper.”®

Radiation hardening in copper can be adequately
described by Seeger’s dispersed barrier model, and
the yield strength increase is due to the formation of
defect clusters.” Singh and Zinkle”® summarized the
dose dependence of the TEM-visible defect cluster
density in copper irradiated near room temperature
with fission neutrons, 14MeV neutrons, spallation
neutrons, and 800 MeV protons (Figure 15)’° TEM-
visible defect clusters were observed at a very low
dose (107 dpa). The defect cluster density showed a
linear dependence on irradiation dose at low doses.
The dose dependence of the defect cluster density
shifts to either a linear or a square root relation at
intermediate doses (>~0.0002 dpa). The cluster den-
sity reaches an apparent saturation (~1 x 10°*m™?)
at ~0.1dpa. The dislocation loops range in size
from ~1 to 25nm.”” Differences in the type of
irradiation (fission, fusion, spallation, etc.) have no
significant effect on the defect cluster accumula-
tion behavior in copper. The density of defect clus-
ters in irradiated copper shows strong temperature

dependence (Figure 16).'" The defect cluster den-
sity 1s essentially independent of the irradiation
temperature between 20 and 180 °C (upper tempera-
ture limit is dependent on dose rate). At higher tem-
perature, the cluster density decreases rapidly with
increasing irradiation temperature. At irradiation
temperatures between 182 and 450 °C, the density of
defect clusters was reduced by over three orders
of magnitude.*”** The saturation dose of the defect
cluster density is similar, ~0.1 dpa, for all irradia-
tion temperatures.”® The size distribution of visible
defect clusters can be described by an exponential
function'”: NM(d)= N, exp(—d/d,), where N(d) is
the number of defects of diameter 4, N,, and 4,
are constants, and their values depend on irradia-
tion conditions and material purity. As the irradiation
temperature decreases, a fraction of small clusters
increases relative to large clusters.

Void formation occurs above ~180 °C in neutron-
irradiated copper.”” The peak void swelling temper-
ature in copper is about 320°C at a dose rate of
2x 107 dpas™". Singh and Zinkle”® summarized
the dose dependence of void density measured by
TEM in copper irradiated with fission and fusion
neutrons at 250-300°C from several studies. The
data showed a large variation (up to two orders
of magnitude differences) of void density between
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Figure 15 Dose dependence of defect cluster density in copper irradiated near room temperature. Reproduced

from Singh, B. N.; Zinkle, S. J. J. Nucl. Mater. 1993, 206, 212.
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experiments. One possible source could be residual
gas atoms in copper that can have a dramatic effect on
void swelling in copper. Zinkle and Lee® discussed in
detail the effect of oxygen and helium on the forma-
tion of voids in copper. The stacking fault tetrahedron
is predicted to be the most stable configuration of
vacancy clusters in copper. A small amount of oxygen
(~10 appm) or helium (~ 1 appm) in copper is needed
to stabilize voids. High-purity copper with low oxy-
gen concentration (<5 wppm) showed no significant
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Figure 16 Measured defect cluster density in 14-MeV
Cu®* ion-irradiated copper as a function of irradiation
temperature. Reproduced from Zinkle, S. J.; Kulcinski, G. L.;
Knoll, R. W. J. Nucl. Mater. 1986, 138, 46.

void formation after 14 MeV Cu ion irradiation to
40 dpa at temperatures of 100~500 °C.'"

The defect microstructure (SFTs and dislocation
loops) in irradiated copper alloys is essentally
the same as in irradiated pure copper.””*”** Neutron
irradiation can affect precipitate microstructure in
copper alloys. When irradiated at 100 °C, the precip-
itate density in CuCrZr was slightly reduced, and
the mean size of the precipitates increased.'”**
Zinkle er al*>*° reported that when GlidCop Al25
and MAGT 0.2 were ion irradiated to 30dpa at
180°C, a high number density (5 x 107 m~) of
defect clusters (primarily SFTs) with a mean size
of 2 nm was produced. The geometry of oxide particles
in GlidCop Al25 was transformed from triangular
platelets to nearly circular platelets, and the particle
size was reduced from 10 to 6nm after irradiation
(Figure 17).>°° The geometry and size of oxide par-
ticles in MAGT 0.2 were essentially unchanged by
irradiation. In general, DS copper alloys showed supe-
rior particle stability under irradiation.

Limited data are available in terms of the effect of
solution additions on the irradiated microstructure
of copper. A study by Zinkle” showed that solute
additions (e.g., Al, Mn, Ni) to 5at% in copper do
not have significant effect on the total density of
small defect clusters at low irradiation temperatures
(<130°C). However, solute additions reduce the
formation of SFTs and enhance the formation of
dislocation loops. The loop density and mean size in
Cu—5% Mn irradiated to 1.6dpa at 160°C were
3x10"'m ™’ and 23nm, and 1.8 x10”m* and
18nm in Cu—5% Ni irradiated to 0.7 dpa at 90°C

Figure 17 Defect structure (left) and Al,O3 particle morphology (right) in 50% cold-worked GlidCop Al25 irradiated
with 3 MeV Ar* ions to 30 dpa at 180 °C. Reproduced from Zinkle, S. J.; Horsewell, A.; Singh, B. N.; Sommer,
W. F. J. Nucl. Mater. 1994, 212-215, 132; Zinkle S. J.; Nesterova, E. V.; Barabash, V. R.; Rybin, V. V.; Naberenkov, A. V.

J. Nucl. Mater. 1994, 208, 119.
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Ty
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Figure 18 Comparison of the dislocation loop microstructure in irradiated pure copper (left), Cu-5% Mn (center) and
Cu-5% Ni (right) alloys. The irradiation conditions were 0.7 dpa at 90°C (Cu), 1.6 dpa at 160°C (Cu-5% Mn), and 0.7 dpa
at 90°C (Cu-5%Ni). Reproduced from Zinkle, S. J.; Horsewell, A.; Singh, B. N.; Sommer, W. F. J. Nucl. Mater. 1994,
212-215, 132; Zinkle S. J.; Nesterova, E. V.; Barabash, V. R.; Rybin, V. V.; Naberenkov, A. V. J. Nucl. Mater. 1994, 208, 119.

(Figure 18).”° These loop densities are more than
an order of magnitude larger than the highest loop
density observed in pure copper. The effect of the
stacking fault energy on void formation in copper
alloys was also investigated. Generally speaking, the
lower the stacking fault energy, the less favorable for
the formation of 3D voids. For example, swelling
occurred in Cu-1-2.5% Ge alloys irradiated at
250°C, while no measurable swelling occurred
in Cu-3-5% Ge that has lower stacking fault
energies.”’

4.20.5.3.2 Dislocation channeling

Dislocation channels are frequently observed during
postirradiation deformation of copper and copper
alloys.'”'” Greenfield and Wilsdorf'™* were the
first who observed an area free of irradiation defects
in the middle of a slip-line cluster by TEM in a
neutron-irradiated copper single crystal. Extensive
studies were conducted to establish the correlation
between the deformation behavior and the slip-line
structure in neutron-irradiated copper single crys-
tals." "% Sharp'® ™" studied the deformation and
dislocation channels in neutron-irradiated copper
single crystals in detail, and established a direct cor-
relation between the surface slip steps and dislocation
channels. The channels are nearly free of irradiation-
produced defects, and operate parallel to the primary
{111} slip plane. The cleared channels are formed by
cooperative localized motion of glide dislocations
that interact with and annihilate the preexisting radi-
ation defect clusters. The channel characteristics

have strong dependence on irradiation dose and test
temperatures. The channel width decreases and the
slip step height increases with increasing irradiation
dose, and the channel width and the slip step height
decrease with decreasing deformation temperature.
Howe''' confirmed that the channel width, spacing,
the slip step height, and the average shear per slip
band increase with increasing test temperature in the
temperature range of 4-473K. The reduction in
channel width was considered to be a consequence
of impeded cross-slip.' '

Dislocation channels were also observed in
neutron-irradiated copper single crystals under
cyclic straining."'>'"* The width and average spacing
of channels changed with the number of cycles,
in contrast to channels formed during tensile strain-
ing where the width and spacing of channels were
constant over a large range of strains.'*®

Dislocation channels are formed in neutron-
irradiated copper alloys as well. Sharp''* observed
the channeling effect in three different copper
alloys neutron irradiated at ambient temperature,
that is, Cu—0.8% Co, Cu—Al,O3, and Cu—4% Al
single crystals. The channel spacing in the copper
alloys were 1.2-1.5 pm, about half that observed in
neutron-irradiated copper single crystals (2.3 pm). The
channel width in Cu-0.8% Co alloy is similar to that
for irradiated copper crystal (0.16 um), and the chan-
nels have the uniform width along the length. The
presence of the second-phase particles in Cu—0.8%
Co alloy has little effect on channeling. In the DS
Cu-AlLO; alloy, the channels are wider (0.24 um) and
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more irregular in width. The channel width can vary by
a factor of 2 within a few microns along the length of a
channel. A high density of dislocations surrounding the
particles within the channel was observed in Cu-—
AL O3, indicating great difficulty of dislocations in
bypassing the (nondeforming) second-phase particles.
In the single-phase Cu—4% Al alloy, however, no
dislocation channels were observed.

Edwards'*****'"" studied thoroughly the deformed
microstructure in neutron-irradiated CuCrZr alloys,
and compared with the deformation microstructure in
neutron-irradiated OFHC-Cu (Figure 19). Disloca-
tion channels were observed during postirradiation
deformation of the CuCrZr alloy neutron irradiated
to 0.2-0.3 dpa at 100 °C. Channels were formed even
before the upper yield point, and continued through-
out the tensile deformation process. Some channels
are completely free of defect clusters, and others
contain a sizeable population of defect clusters. The
width of cleared channels varied between about 100
and 250 nm. The channel formation is more pro-
nounced in a higher-dose specimen than in a lower-
dose specimen. In comparison with OFHC-Cu,
CuCrZr showed little difference in deformation
mode and channel characteristics in terms of width
and size. While the channels in the OFHC-Cu were
free of defects and dislocation debris, the channels in
the CuCrZr alloy contained a small fraction of
defects and precipitates. When the irradiated
CuCrZr was annealed and deformed, deformation
occurs in a much more homogeneous fashion, and
no well-defined channels were observed.

The formation of dislocation channels in pure
copper was investigated by iz situ straining experi-
ments on ion-irradiated copper in an electron micro-
scope.''!"” Postirradiation straining of the thin foils
of polycrystalline copper irradiated with 200 keV Kr

ions to about 2x 107" to 0.02dpa at room tem-
perature showed that defect-free channels nucleate
at grain boundaries, or in the vicinity of cracks, sug-
gesting that grain boundaries and crack tips are
nucleation sites for channels.''” Cross-slips were
found to be responsible for channel widening and
defect removal within the channel. Edwards er a/%*
studied the initation and propagation of dis-
location channels in neutron-irradiated OFHC-Cu
(Figure 20) and CuCrZr alloy in an interrupted
tensile test. TEM observations suggested that chan-
nels are initiated at boundaries, large inclusions, or
existing channels. Channels are formed by interac-
tions of newly formed dislocations with irradiation
defects on the glide plane. Once formed, the channels
propagate rapidly in the grain interior undl they
intercept another boundary, interface, or channel
Despite significant efforts, the exact mechanism of
channel formation and evolution still remains unre-
solved, and a clear connection between the slip pro-
cesses, dislocation channeling, and localized flow in
neutron-irradiated metals is still lacking.

4.20.6 Joining

Copper and copper alloys can be joined by a variety
of techniques, including mechanical coupling, weld-
ing, brazing, and diffusion bonding. A comprehensive
overview of joining techniques for copper and copper
alloys can be found in the reference.'"® The welding
techniques commonly used for copper and copper
alloys include arc welding, resistance welding, oxy-
fuel welding, and electron beam welding. Welding is
generally not recommended for joining high-strength
copper alloys. PH copper alloys lose their mechanical
strength because of the dissolution of precipitates

) and CuCrZr (right) irradiated to 0.3 dpa at 100°C.

Edwards, D. J.; Singh, B. N.; Xu, Q.; Toft, P. J. Nucl. Mater. 2002, 307-311, 439; Edwards, D. J.; Singh, B. N.; Bilde-Sgrensen,

J. B. J. Nucl. Mater. 2005, 342, 164.
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Figure 20 Examples of cleared channels formed in the OFHC-Cu irradiated (to 0.3 dpa) and tested at 323 K to different
strain levels: (a) before yield, (b) before yield, (c) 1.5%, and (d) 14.5%. Note that at 14.5% strain level the grain is subdivided by
numerous channels formed on different slip planes. All images shown in this figure were taken in the STEM bright field mode.
Reproduced from Edwards, D. J.; Singh, B. N.; Bilde-Serensen, J. B. J. Nucl. Mater. 2005, 342, 164.

during the welding process. The welded component
must be resolution annealed and aged to recover some
of the initial strength in the joint. Recrystallization
in the melt layer degrades the mechanical property
of the weldment. DS copper alloys cannot be welded
by conventional welding processes because of the loss
of oxide particles and recrystallization in the weld
zone.

Brazing is the most common method for joining
copper alloys. All conventional brazing techniques
can be used to join copper and copper alloys, includ-
ing furnace brazing, torch brazing, induction brazing,
resistance brazing, and dip brazing. A wide range of
filler metals are available, and the most common
brazing filler metals are Cu—Zn, Cu-P, Cu—Ag-P,
and Ag- and Au-based alloys.""® Ag- and Au-based
filler metals are unacceptable in fusion reactor envir-
onments because of concerns of high radioactivity
from neutron-induced transmutation.'"”

Copper alloys are typically brazed at tempera-
tures between 600 and 950°C with hold times at
the brazing temperature ranging from 10s (torch,
resistance, or induction brazing) to 10 min (furnace

brazing).” The brazing process can significantly soften
PH copper alloys as a result of the adverse precipita-
tion process. To reduce the softening effect, a fast
induction brazing technique has been developed to
minimize the holding time at high temperature to
retain sufficient mechanical properties."”” Alterna-
tively, the brazed component can be aged following
furnace brazing to restore part of its initial strength.
Complete recovery of high strength after furnace
brazing by heat treatment in PH alloys is rather diffi-
cult in practice as the component must be heated to a
temperature greater than typical brazing tempera-
tures and rapidly quenched to create a supersatura-
tion of solute prior to aging. Oxide DS copper has
been successfully joined using torch, furnace, resis-
tance, and induction brazing.” Softening is not a seri-
ous concern for the base metal of DS copper alloys
because of their high recrystallization temperature.
The brazed copper joints show good fatigue proper-
ties and relatively low ductility.”

Diffusion bonding is a viable technique to produce
joints with high mechanical strength for DS copper
alloys, but cannot be used to produce high-strength
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joints in PH alloys because of significant softening of
the base metal during high-temperature exposure.
The DS CuAll5 and CuAl25 alloys can be joined
by diffusion bonding with acceptable bond strengths
under the diffusion bonding conditions similar to the
normal HIPing conditions."*!

Techniques for joining copper alloys to beryllium
or austenitic stainless steels have been developed
for the ITER plasma-facing components. A review
of the joining technology was given by Odegard
and Kalin.""” Recent work has focused on small- and
medium-scale mock-ups and full-scale prototypes of
the ITER first wall panels."”* The first wall panels
of the ITER blanket are composed of a composite Cu
alloy/316L(N) SS water-cooled heat sink structure
with Be tile clad. A number of joining techniques
have been explored for joining copper alloys to aus-
tenitic stainless steel, 316L(N), including diffusion
bonding, brazing, roll bonding, explosive bonding,
friction welding, and HIP.'** HIP joining is by far
the most desirable technique. For the PH CuCrZr
alloy, the heat treatment must be integrated with the
bonding cycle, and a high cooling rate (>~50°C
min ') is required to obtain good mechanical proper-
ties of CuCrZr after subsequent aging treatments.
Two alternative processes are recommended'**: the
HIP cycle (1040 °C and 140 MPa for 2 h) followed by
quenching in the HIP vessel, or a normal HIP cycle
with a subsequent heat treatment in a furnace with
fast cooling. Gervash er al'* studied alternative
SS/Cu alloy joining methods, for example, casting,
fast brazing, and explosion bonding. Cast SS/CuCrZr
joint may be suitable for some ITER applications.

Brazing and diffusion bonding have been consid-
ered for joining the beryllium armor to a copper alloy
heat sink. The Be/DS copper alloy joints can be made
by high-temperature HIPing and furnace brazing.'*®
Results from shear tests on small-scale specimens and
from high heat flux tests of the first wall mock-ups
showed good performance of joints brazed with
STEMET 1108 alloy at ~780 °C for less than 5 min."*”
The Be/Cu-Al25 solid HIPing (eg, 730°C and
140 MPa for 1 h) showed good performance from shear
tests, high heat flux tests, and neutron irradiation."*

The development of joining techniques for PH
CuCrCr alloy must consider the loss of mechanical
strength because of overaging at high temperatures.
The HIPing temperature must be reduced to be as
close as possible to the aging temperature. The best
results obtained so far is for HIPing at 580°C and
140 MPa for 2h.'*® A fast induction brazing tech-
nique has also been developed to minimize the

holding time at high temperature. Diffusion bonding
of Be/CuCrZr joints gives much better high heat flux
performance than brazing, and has been selected as
the reference method for the European Union I'TER
components.'*’ A low-temperature Be/Cu alloy bond-
ing process has also been developed that is compatible
with both DS and PH copper alloys."”*'*" In the
United States, several different joint assemblies for
diffusion bonding a beryllium armor tile to a copper
alloy heat sink have been evaluated.'”® To prevent
formation of intermetallic compounds and promoting
a good diffusion bond between the two substrates,
aluminum or an aluminum-beryllium composite
(AlBeMet-150) has been used as the interfacial mate-
rial. Explosive bonding was used to bond a layer of
Al or AlBeMet-150 to the copper substrate that was
subsequently HIP diffusion bonded to an Al-coated
beryllium tile. A thin Ti diffusion barrier (0.25 mm)
was used as a diffusion barrier between the copper
and aluminum to prevent the formation of Cu—Al
intermetallic phases. The Be/Cu alloy joints showed
good strength and failure resistance.

4.20.7 Summary

High heat flux applications for fusion energy systems
require high-strength, high-conductivity materials.
Selection of materials for high heat flux applica-
tions must consider thermal conductivity, strength
and tensile ductility, fracture toughness, fatigue and
creep—fatigue, and radiation resistance. Pure copper
has excellent conductivity but poor strength. PH and
DS copper alloys have superior strength and suffi-
cient conductivity, and are prime candidates for high
heat flux applications in fusion reactors. These two
classes of alloys have their own advantages and dis-
advantages with regard to fabrication, joining, and in-
service performance.

PH copper alloys, such as CuCrZr, are heat-
treatable alloys. Their properties are strongly depen-
dent on the thermomechanical treatments. They
possess high strength and high conductivity in the
prime-aged condition, and good fracture toughness
and fatigue properties in both nonirradiated and
irradiated conditions. However, this class of alloys is
susceptible to softening at high temperatures because
of precipitate overaging and recrystallization. Their
properties can be significantly degraded during large
component fabrication because of their inability to
achieve rapid quenching rates. DS copper alloys such
as GlidCop Al25 have excellent thermal stability, and
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retain high strength up to temperatures near the
melting point. The main disadvantages of this class
of alloys are their relatively low fracture toughness
and difficulty to join.

The effect of neutron irradiation in copper alloys
depends largely on the irradiation temperature. At
irradiation temperatures below ~300°C, radiation
hardening occurs along with loss of strain hardening
capability and complete loss of uniform elongation.
Radiation hardening saturates at about ~0.1dpa in
this temperature regime. At higher temperatures,
radiation-induced softening can occur. Void swelling
takes place between 180 and 500°C, and the peak
swelling temperature is ~300-325°C for neutron
irradiation at damage rates near 10~ dpas™'. PH and
DS copper alloys are more resistant to void swelling
than pure copper. Irradiation slightly reduces the
fracture toughness of copper alloys, and the effect is
stronger in CuAl25 than in CuCrZr. Irradiation has no
significant effect on fatigue and creep—fatigue perfor-
mance. Transmutation products can significantly
change the physical properties and swelling behavior
in copper alloys.

Significant R&D efforts have been made to select
and characterize copper alloys for high heat flux
applications. The ITER Material Property Handbook
provides a comprehensive database for pure copper,
CuCrZr, and CuAl25. For the ITER first wall and
divertor applications, CuCrZr has been selected as
the prime candidate. Current focus is on fabrication,
joining, and testing of large-scale components.
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