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Abstract

The present design of the ITER plasma facing components consists of a copper alloy heat sink layer between plasma
facing materials and stainless steel structure. The main option for manufacturing these components is hot isostatic
pressing (HIP) method and several HIP thermal cycles are foreseen for manufacturing of the complete blanket module.
Mechanical characterisation of HIP joints between dissimilar metals is a complicated issue, where information on
mechanical properties of base alloys, metallurgy of the HIP joints and mechanical testing methods will be required. The
tensile and three point bend tests produced different fracture modes, depending on test temperature, applied HIP
thermal cycles and neutron irradiation. The fracture mode was either ductile fracture of copper alloy or joint interface
fracture. The mechanical properties of the HIP joint specimens were dominated by strength mismatch of the base alloys
which was affected by HIP thermal cycles and neutron irradiation. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The present design of the ITER plasma facing com-
ponents consists of a copper alloy heat sink layer be-
tween plasma facing materials and stainless steel
structure. Hot isostatic pressing (HIP) is applied for
bonding copper alloys to stainless steel. In the present
design several HIP thermal cycles is foreseen in manu-
facturing the complete divertor or blanket modules.
Limited amount of experimental results exist on the ef-
fects of successive HIP thermal cycles on the properties
of the base alloys and the joints. In this study metal-
lurgy, tensile and fracture toughness properties of HIP
joints between CuAl25 IGO0 and CuCrZr alloys and 316
L(N) stainless steel have been investigated in unirradi-
ated and neutron irradiated condition.

Tensile [1-5], shear [6], impact [5] and fracture
toughness [6-11] tests have been applied to characterise
the mechanical performance of the HIP joint interface
between copper alloys and austenitic stainless steel. The

* Corresponding author. Tel.: +358-9 456 6859; fax: +358-9
456 7002.
E-mail address: seppo.tahtinen@vtt.fi (S. Tdhtinen).

common observation of all these experiments have been
that the failure does not occur at the joint interface be-
tween copper alloys and stainless steel but in the copper
alloys. In the present paper, tensile and fracture tough-
ness test results on HIP joint specimens of CuAl25 IGO0
and CuCrZr alloys with stainless steel 316 L(N) are
presented and the effects of multiple HIP thermal cycles,
neutron irradiation and testing methods are briefly
discussed.

2. Experimental

Two types of copper alloys, dispersion strengthened
CuAl25 IGO0 (OMG Americas) and precipitation hard-
ened CuCrZr (Outokumpu Oy), and their joints with
austenitic stainless steel 316L(N) IG were studied. The
joints were produced by HIP at 960°C for 3 h at a
pressure of 120 MPa followed by 1 h furnace cooling
and subsequent heat treatment at 460°C for 2 h for
CuCrZr alloy HIP joint. Multiple HIP thermal cycles
were simulated by giving two additional heat treatments
at 960°C for 3 h followed by furnace cooling and sub-
sequent heat treatment at 460°C for 2 h for CuCrZr HIP
joint specimens. Test specimens were machined by using
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electric discharge machining from the plates of the above
described copper alloys and from the joints. The tensile
and the three point bend specimens of the joints were
taken across the joint interface so that the tensile axis
occurred across the joint interface in tensile tests and
crack propagation occurred along the joint interface
during fracture resistance tests. The thickness and the
gauge length of the tensile specimens were 0.3 and 20
mm, respectively. Tensile testing was performed at a
strain rate of 1.3 x 1073 s~! and at the elevated temper-
atures tests were carried out in a vacuum of about 1073
torr. Three point bend test specimens of dimensions
3 x 4 x 27 mm? were used for fracture toughness testing.
All specimens were precracked to the initial crack length
to specimen width ratio of about 0.5 and 20% side
grooved. The fracture resistance curves were determined
at temperatures in the range of 22-350°C in a silicon oil
bath following the ASTM E1737-96 standard procedure.
The tensile and fracture toughness specimens were
irradiated with fission neutrons in the DR-3 reactor at
Risg National Laboratory at temperatures in the range
of 50-350°C to a neutron fluence of 1.5 x 10** n/m?
(E>1 MeV) corresponding to a displacement dose of 0.3
dpa (NRT). Irradiations were carried out with a neutron
flux of 2.5 x 10'7 n/m? s corresponding to a damage rate
of 5 x 10~ dpa (NRT)/s. Irradiations were performed in
the atmosphere of helium or a mixture of helium and
argon. Irradiations at 200 and 350°C were carried out in
temperature controlled rigs where the irradiation tem-
perature was monitored, controlled and recorded con-
tinuously throughout the whole irradiation period.

3. Results
3.1. Microstructure and composition of joints

The microstructures of the joints between copper
alloys and 316 L(N) austenitic stainless steel developed
during the HIP thermal cycle were characteristic for the
copper alloys in question. In the CuCrZr alloy joint,
zirconium carbonitrides precipitated readily at the joint
interface with 316 L(N) stainless steel. Due to the sub-
sequent decrease in the stability of the austenite — de-
crease in nitrogen, carbon and nickel contents — a ferrite
layer about 3 pm thick formed within the austenitic
stainless steel side of the joint. The multiple HIP thermal
cycles further enhanced diffusion of alloying elements
and as a result, for example, zirconium carbonitride
formed almost a continuous layer, ferrite layer extended
to about 7 pm and iron—chromium-rich precipitates
appeared within copper alloy side of the joint. The
corresponding microstructure of the CuAlI25 1GO joint
was characterised by the formation of iron—chromium-
rich precipitates in copper alloy within a distance of
about 30-40 um from the joint interface after the single

HIP thermal cycle. The repeated HIP thermal cycles
seemed to increase the size and density of the precipi-
tates and after triple HIP cycles the zone containing
precipitates extended to about 50-60 um from the in-
terface. The multiple HIP cycles also led to the forma-
tion of fine scale porosity along and close to the joint
interface. In both copper alloys there was a clear indi-
cation that after HIP thermal cycles the joint interface
shifted, less than 1 pm, into the stainless steel side of the
joint interface.

3.2. Tensile tests

Figs. 1 and 2 illustrate the tensile behaviour of single
and double HIP specimens of CuCrZr and CuAl25 1G0
alloys with stainless steel both in unirradiated and neu-
tron irradiated conditions. Double HIP joint specimens
showed consistently lower tensile strength values in both
copper alloys HIP joints when compared with single
HIP joint specimens. In both copper alloys HIP joint
specimens the neutron irradiation induced a significant
increase in yield strength and decrease in work harden-
ing ability at temperatures below 200°C. In tensile tests
conducted at 350°C some hardening and a clear recovery
in work hardening was observed in the CuCrZr alloy
HIP joints whereas almost no ductility was observed in
CuAl25 IGO0 alloy HIP joint specimens after neutron
irradiation.

3.3. Three point bend tests

Figs. 3 and 4 illustrate the normalised load and load
line displacement curves of single and triple HIP joint
specimens of CuCrZr and CuAl25 IGO alloys with
stainless steel in unirradiated and neutron irradiated
conditions at different test temperatures. The observed
displacement values at maximum loads were about an
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Fig. 1. Tensile stress-strain curves for single and double HIP
joint specimens of CuAl25 IGO0 alloy with stainless steel 316
L(N) in unirradiated and neutron irradiated conditions at
200°C.
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Fig. 2. Tensile stress-strain curves for single and double HIP
joint specimens of CuCrZr alloy with stainless steel 316 L(N) in
unirradiated and neutron irradiated conditions at 200°C.
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Fig. 3. Normalised load and load line displacement curves for
single HIP joint specimens of CuAl25 IGO0 alloy with stainless
steel 316 L(N) in unirradiated and neutron irradiated condi-
tions at different temperatures.

order of magnitude smaller in CuAl25 IGO alloy com-
pared to that in CuCrZr alloy HIP joint specimens. In
CuCrZr alloy HIP joints the crack deviated from the
joint interface and propagated in the CuCrZr matrix at
temperatures below 200°C. The fracture mode changed
to joint interface fracture, along the zirconium carbo-
nitride layer, in both single and triple HIP CuCrZr alloy
joint specimens at 350°C. In single HIP CuAlI25 IGO0
alloy joints crack propagated in copper matrix close and
parallel to HIP joint interface at all test temperatures.
After triple HIP thermal cycle, the fracture mode
changed to joint interface fracture. The multiple HIP
joint specimens showed consistently lower load values in
both copper alloys HIP joints when compared with
single HIP joint specimens.

The effect of neutron irradiation on the normalised
load and load line displacement curves of single HIP
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Fig. 4. Normalised load and load line displacement curves for
single HIP joint specimens of CuCrZr alloy with stainless steel
316 L(N) in unirradiated and neutron irradiated conditions at
different temperatures.

CuCrZr alloy joints showed significant hardening and
lower displacement values at maximum load at tem-
peratures below 200°C when compared with those in
unirradiated condition. In the CuAI25 IGO0 alloy HIP
joints, the measured loads and displacements after
neutron irradiation were lower than those in the unir-
radiated condition. The corresponding fracture tough-
ness of CuAl25 IGO alloy HIP joints were an order of
magnitude lower than that of CuCrZr alloy HIP joints
both in unirradiated and neutron irradiated conditions.

4. Discussion

During the HIP thermal cycles different elements
diffused across the joint interface and caused phase
transformations and migration of the joint interface.
The apparently different metallurgy of CuCrZr and
CuAl25 IGO0 alloy HIP joints with stainless steel origi-
nates from the differences in the activity or chemical
potentials of elements on both sides of the joint inter-
face. During the HIP thermal cycle at 960°C, the pre-
cipitates in CuCrZr alloy are partly dissolved.
Furthermore, the precipitation of zirconium nitrocar-
bides at the joint interface destabilises the austenite
phase in stainless steel and causes ferrite formation. In
the CuAl25 1GO alloy, the alumina particles are stable
during the HIP thermal cycle. However, diffusion of
iron, chromium and nickel in copper leads to precipi-
tation of iron—chromium rich-precipitates in copper
close to the joint interface. Diffusion of elements, phase
transformations and migration of boundaries change the
local properties of the joint interfaces and further com-
plicates the interpretation of the mechanical test results.
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The mechanical characterisation of the HIP joint
interfaces is not a simple straightforward issue and it
requires a detailed knowledge of the base alloys, met-
allurgy of the joint and the applied testing methods.
Interfaces between different materials are responsible for
local irregularities and strength mismatch which com-
plicates the interpretation of mechanical testing results
of the HIP joint specimens. The general procedures to
determine the tensile and fracture toughness properties
as presented by several testing standards cannot be
considered to be strictly valid for the HIP joint speci-
mens. In the case of tensile testing, the initial yielding
and final fracture is expected to occur within the softer
base material of the HIP joint [3]. The tensile test results
can be considered only as a screening test of the joint
quality showing that the strength of the actual HIP joint
interface is higher than that of the softer material. In the
case of fracture mechanical tests the finite element
modelling on the effect of strength mismatch on the J-
integral solution indicate that the effect of strength
mismatch is relatively small on the macroscopic J-inte-
gral solution [6,12]. However, the strength mismatch
may alter the local conditions at the crack tip which in
turn may affect the fracture process. The plastic strain
have a tendency to localise on the side of the softer
material of the HIP joint due to strength mismatch.
With increasing strength mismatch the plastic strain and
hydrostatic stress concentrate at the joint interface and
at the notch tip as illustrated in Fig. 5 [6].

The strength mismatch of the base alloys and the
local properties of the joint interface depend on the
testing temperature and are also affected by multiple
HIP thermal cycles and by neutron irradiation. Both the
relative amount of softening due to multiple HIP ther-
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Fig. 5. Distribution of normalised equivalent plastic strain at
the crack tip with different values of strength mismatch showing
localisation of plasticity in softer alloy of the joint and at the
joint interface with increasing strength mismatch [6].

mal cycles and the relative amount of hardening due to
neutron irradiation have a tendency to increase the
strength mismatch relative to the single HIP condition.
The increase in strength mismatch causes stronger lo-
calisation of plasticity in the softer alloy and also at the
joint interface. In the case of HIP joint specimens of
CuCrZr and CuAl25 IGO0 alloys with 316 L(N) stainless
steel the situation is complicated and in addition to
initial strength mismatch — yield strength ratio — a
knowledge of work hardening properties of the two al-
loys (i.e., copper alloys and stainless steel) is also needed.

The applied stress and strain states are higher and
more localised at the actual HIP joint interface in three
point bend tests of precracked bend specimens than that
in tensile test with smooth tensile specimens. This dif-
ference in stress and strain states may lead to different
fracture behaviour depending on the strength mismatch
and the local properties of the HIP joint interface. The
HIP joint specimens of CuCrZr alloy showed ductile
fracture in the base material CuCrZr in tensile tests at all
test temperatures but an interface fracture in three point
bend test at 350°C. The transition to joint interface
fracture was also observed in the triple HIP joint spec-
imens of CuAl25 IGO0 alloy at temperatures above
200°C.

Although the tensile and three point bend test results
of the HIP joint specimens are not directly comparable
with those of the corresponding base copper alloys, the
HIP joint specimens showed consistently lower strength
values when compared to strength of the copper alloys
in the prime age condition [6—8]. This strength reduction
is also consistent with the observed decrease in the shear
strength of the copper alloy due to HIP thermal cycles
[6]. The applied HIP thermal cycles consisted of slow
cooling phase, e.g., furnace cooling, after HIP annealing
temperature which is expected to result in a low super-
saturation of alloying elements in CuCrZr alloy and low
strength after precipitation heat treatment. Multiple
HIP thermal cycles further reduced the strength of both
copper alloys HIP joint specimens possibly due to
coarsening of precipitates and grains in CuCrZr alloy
and further recovery of dislocation microstructure in the
CuAl25 1GO alloy.

5. Conclusions

Multiple HIP thermal cycles enhanced the diffusion
of elements across the HIP joint interface between Cu-
CrZr as well as CuAl25 1GO alloys with stainless steel
316 L(N). This led to phase transformations, precipita-
tion, porosity formation and migration of the joint in-
terfaces. Multiple HIP joint specimens showed
consistently lower strength in both copper alloys when
compared to that of single HIP joint specimens.
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The tensile and three point bend tests led to different
type of fracture modes. In tensile tests the fracture
mode was ductile fracture of copper alloys at all test
temperatures and conditions. In three point bend test
with precracked specimens the fracture mode changed
to joint interface fracture in the single and triple HIP
CuCrZr alloy at 350°C and in the triple HIP CuAl25
IGO0 alloy joint specimens at temperatures above 200°C.
The fracture behaviour of HIP joint specimens were
dominated by the strength mismatch between the base
alloys.

After neutron irradiation a substantial amount of
hardening and ductility in tensile and three point bend
tests was observed in CuCrZr alloy HIP joint specimens
compared to that in CuAl25 IGO0 alloy HIP joint speci-
mens.
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