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Abstract

Crack nucleation and growth behaviour are important parameters in deciding about the applicability of the dis-
persion strengthened copper alloy CuAlI25 in components such as the first wall and divertor in ITER. The effective
strain to fracture of notched tensile specimens decreased with increasing stress state triaxiality and with increasing
temperature at constant constraint level following the Rice and Tracey model for void growth. In three point bend tests,
the strain for stable crack initiation decreased significantly with increasing temperature. The CuAl25 alloy failed by a
ductile microvoid mechanism where extensive void nucleation occurred at very low strains at grain boundaries with
increasing stress state triaxiality. At elevated temperatures the fracture surface morphology changed from microvoid to
intergranular fracture in three-point bend tests. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Dispersion strengthened copper alloys are of tech-
nological interest due to their high thermal and electrical
conductivity combined with a relatively high mechanical
strength. These alloys have been shown to be thermally
stable and resist recrystallisation during thermal an-
nealing at temperatures approaching the melting tem-
perature of copper. The current design for ITER utilizes
copper alloys in the first wall and divertor components
and the anticipated operating temperature for copper
alloys is in the range of 100-350°C.

On the basis of the currently available data, the dis-
persion strengthened CuAl25 alloy is being considered
as the primary candidate alloy for ITER first wall
components. Recent experimental results indicate that
the loss of strain hardening capacity, the loss of uniform
elongation, the marked reduction in fracture toughness
and the strain rate sensitivity are serious deficiencies in
the performance of the CuAl25 alloy at elevated tem-
peratures under neutron irradiation [1-6]. The experi-
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mental results on notched tensile and three-point bend
specimens are presented and the fracture mechanisms
are discussed in the present paper.

2. Experimental details

The copper alloy GlidCop® CuAl25 IGO0 (ITER
Grade 0) produced by OMG Americas was studied. The
details of the microstructure of CuAl25 IGO0 alloy is
presented in [1,7-9]. Smooth and circumferentially not-
ched round tensile specimens with varying notch root
radius were tested at room temperature (22°C) and
150°C to establish the stress-state dependency of the
fracture strain. The initial notch root radii 0.5, 2 and
4 mm were applied at a constant initial notch root di-
ameter of 6 mm with the nominal outer diameter of 10
mm. The applied strain rate was 2 x 107 s7! and both
the axial extension and the diametric contraction were
measured with strain gages. The initial stress state
triaxiality (oy,/0q) in the central region of the specimen
and the effective plastic strain at fracture (ef) were esti-
mated based on the Bridgman analysis [10] as a ratio of
the mean stress (gy,) to the flow stress (ay) and as a ratio
of diametric contraction, where d is the initial and d; the
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final notch root diameter and r is the notch root radius,
respectively, by

om/on = 1/3 + In(d /4r + 1), (1)
€ = 21n(d1/d1) (2)

Single edge bend SE(B) fracture toughness specimens
of dimensions 3 x 4 x 27 mm*® were machined from
plates of the above described copper alloy and were
tested both in the unirradiated and neutron irradiated
conditions. The notch with a radius of 0.15 mm and the
20% side grooves were machined by applying electric
wire discharged machining. Specimens with a sharp
prefatigued crack as well as specimens with a blunt
notch had the same initial crack or notch length to
specimen width ratio of about ay/W = 0.5. Fracture
resistance curves were determined using a displacement-
controlled three-point bend test with a constant
displacement rate of 1.5 x 1072 mm min~'. Fracture
resistance tests at elevated temperatures were carried out
in a silicon oil bath. Load, displacement and crack
length were measured using the direct current potential
drop (DC-PD) method and were recorded during test-
ing. The fracture resistance curves were determined
following the ASTM 1737 standard procedure.

3. Results
3.1. Notched tensile tests

The effective plastic strain to fracture as a function of
the stress state triaxiality or constraint ratio for CuAl25
IGO0 at 22°C and 150°C is presented in Fig. 1. The ef-
fective plastic strain to fracture decreased significantly
with increasing constraint ratio, and at constant con-
straint ratio it decreased with increasing temperature. As
a first approximation, the fracture strain dependence
with stress state triaxiality were fitted to a theoretical
estimate based on Rice and Tracey’s equation developed
for void growth [11] in the form

& = aexp(—fom/on). (3)

The least-squares curve fit was employed to deter-
mine the parameters o and f§ at both test temperatures,
giving values of 1.6-1.7 and 1.1-1.6, respectively. The
theoretical value for the stress state sensitivity parameter
p according to Rice and Tracey’s model is 1.5, which is
reasonably close to the obtained values of 1.1 and 1.6.

The macroscopic fracture surface appearance chan-
ged with increasing constraint ratio and testing tem-
perature. The fraction of high constraint area in the
middle of the specimen cross-section with stable crack
growth increased in proportion to the shear area with
increasing triaxial stress state and increasing test tem-
perature. Also the overall roughness within the high
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Fig. 1. The stress state dependent effective plastic strain to
failure for CuAl25 I1GO alloy at 22°C and 150°C together with
numerical fitting of Rice and Tracey’s void growth models. The
effective plastic strain to failure at constant constraint ratio is
lower at elevated temperatures compared to that at the ambient
temperature.

constraint area seemed to increase with increasing con-
straint ratio especially at the ambient temperature. The
microscopic fracture surface morphology showed a
ductile microvoid type of fracture. The dimple size and
distribution were independent of initial constraint level
and only a modest decrease in dimple size from 4-5 to
2-3 pm was observed with increasing temperature.

3.2. Notched three-point bend tests

Fig. 2 illustrates the normalised load and load-line
displacement curves for the CuAl25 IGO0 alloy and the
corresponding normalised potential drop curves at dif-
ferent test temperatures. The crack initiation can be
identified as a point where the potential drop values
deviate from the linear dependence on the load-line
displacement. The load and displacement values re-
quired to initiate stable crack growth were significantly
higher in specimens with a blunt notch compared to
specimens with a sharp fatigue crack at both test tem-
peratures. The extent of plastic deformation — e.g.
blunting of the crack tip area in specimens with a blunt
notch — is clearly illustrated with the linear increase of
potential drop value with increasing load-line displace-
ment.

The fracture surface morphologies of SE(B) fracture
toughness specimens with a sharp fatigue crack and a
blunt notch were basically similar; well-defined stretch
zones prior to stable crack propagation were observed in
both cases on the fracture surfaces at ambient temper-
ature. The stretch zone width increased two-fold from 40
to 80 um when the sharp fatigue crack was replaced with
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Fig. 2. Normalised load and potential drop signals versus load-
line displacement of three-point bend specimens of CuAI25 IGO0
alloy tested at: 20°C and 200°C with sharp fatigue crack and
blunt notch with notch root radius of 0.15 mm. Note that
higher amount of plastic straining e.g. crack tip blunting (linear
increase in DC-PD potential signal) and higher strength level
are required for crack initiation in specimens with blunt notch
(low constraint) compared to sharp crack (high constraint).

a blunt notch with the notch root radius of 0.15 mm. At
elevated temperatures the stable crack propagation
seemed to start immediately from the sharp fatigue
crack tip without any clear indication of a stretch zone.
The fracture surface morphology in the stable crack
growth area at the ambient temperature was a typical
ductile microvoid type of fracture which changed to
intergranular fracture at the elevated temperature as
illustrated in Fig. 3. The fracture surface morphology
during the stable crack propagation was similar in
specimens with a sharp fatigue crack and a blunt notch.

A damage mechanics analysis was performed in
order to evaluate the critical process zone length or the
characteristic distance related to different three-point
bend specimen configurations and to determine the
correspondence between micromechanics of failure and
the predictions of damage mechanics models. This was
carried out by determining the stress and strain fields
ahead of the crack or notch tip using finite element
methods and the modified Gurson model [14]. The at-
tained hydrostatic stress and equivalent plastic strain
fields were combined with the Rice and Tracey de-
scription of critical failure strain as a function of stress
triaxiality, as indicated in Fig. 4, for specimens with a
sharp fatigue crack. The process zone length was 3 and
175 pm for specimens with a sharp fatique crack and a
blunt notch, respectively. It was found that the strain
and stress gradients ahead of a sharp fatigue crack were
orders of magnitude higher compared to the gradients
ahead of the blunt notch.

A A b S
RGBT e
] &

Fig. 3. SEM micrograph of fracture surface morphology of
notched three-point bend specimen of CuAl25 IGO0 alloy with
the notch root radius of 0.15 mm tested at 200°C with constant
load-line displacement rate of 0.015 mm min~"' showing low
ductility grain boundary fracture mode.
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Fig. 4. The calculated equivalent plastic strain and level of
triaxial stress state ahead of a sharp fatigue crack (nominal
crack tip radius 10 um) using modified Gurson model [14] to-
gether with critical plastic strain to fracture measured, with
notch tensile specimens at room temperature. For fracture ini-
tiation, the equivalent plastic strain must exceed critical plastic
strain to fracture within the process zone.

4. Discussion

The effective plastic strain to fracture decreased ex-
ponentially with increasing stress state triaxiality show-
ing a relatively good correlation with Rice and Tracey’s
void growth model [11]. The effect of stress state triaxi-
ality on ductile fracture, as has been observed in nu-
merous experiments [10,12,13] and presented by the
continuum models (e.g. modified Gurson [14] and Rice-
Tracey [11]) indicates that the relative void growth rate
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increases nearly exponentially with stress state triaxiality.
However, the fracture surface morphology of CuAl25
IGO0 alloy showed that dimple size, spacing and density
were practically independent of constraint ratio and
temperature. Only a minor decrease in dimple size and
spacing was observed with increasing temperature. The
observed microvoid structure cannot be explained ex-
clusively by changes in void growth rate because the rate
of void growth is obviously extremely limited due to
very high density of void nuclei and subsequent coales-
cence even at low stress state triaxiality. It is suggested
that as the constraint affects the stress and strain levels
the resulting void nucleation occurs at very low strain
values at high stress state triaxiality. Also the three-point
bend tests showed initiation of stable crack propagation
at very low displacement values in specimens with a
sharp fatigue crack and blunt notch.

Despite the strain gradient in the notched specimen,
which was an order of magnitude smaller than that in
the precracked specimen, crack initiation was observed
in both types of specimens and the resulting fracture
surface morphologies were practically identical except
for the larger blunting region in the notched specimen.
On the basis of micromechanisms of fracture as de-
scribed above, this can be correlated to the relative
notch sensitivity of the CuAI25 IGO0 alloy. The process
zone length or the characteristic distance for the cracked
specimen was about 3 pm, as illustrated in Fig. 4, and
that for the notched specimen was about 175 um. The
fracture process zone size is a measure of the severity of
the near crack tip stress and strain gradients. As the
process zone length (or the characteristic distance) for
cracked specimens was of the order of the grain size it is
suggested that the ability for the crack to seek locally
weak parts of the microstructure is enhanced and may
result in a decrease in overall macroscopic fracture
toughness. This is consistent with the observed change in
the fracture mode from ductile dimple type to inter-
granular with a corresponding decrease in the fracture
toughness at elevated temperatures [5,6].

It is of interest to point out here that the effect of test
temperature on the fracture mode reported in the pre-
sent work is very similar to the effect observed recently
in low cycle fatigue experiments on the CuAl25 GlidCop
alloy both in the unirradiated and irradiated conditions
at test temperatures of 22 and 100°C. At both temper-
atures, the final failures were found to be ductile in na-
ture and were dominated by large populations of
plasticity-induced voids associated with alumina parti-
cles [15,16]. At test temperatures of 250 and 350°C, on
the other hand, the fracture mode was found to be
clearly brittle in nature, both in the unirradiated and
irradiated CuAl25 GlidCop alloy [17].

The tensile ductility and plane strain fracture initia-
tion toughness are commonly related to second phase
particles and their size, distribution and volume fraction

[18]. Two types of alumina particles have been reported
in CuAl25 IGO0 alloy; a low density of large (~0.1 pum)
particles preferentially located at grain or subgrain
boundaries and a high density of small about 7-12 nm
particles non-homogeneously distributed within grains
[1,7-9]. It is suggested that the combination of the large
volume fraction of grain boundaries and the presence of
alumina particles on these boundaries play a major role
in erasing the observed loss of tensile ductility and
fracture toughness properties. This is also supported by
the estimated process zone size, which correlates well
with the grain size of the alloy.

5. Conclusions

The effective plastic strain to fracture of the CuAl25
IGO0 alloy was found to be strongly dependent on the
stress state triaxiality, and those results were in good
accord with the Rice and Tracey model. At a constant
triaxial stress state level the effective plastic strain to
fracture decreased with increasing temperature. The
fracture mode was found to be ductile microvoid frac-
ture where void nucleation and coalescence were en-
hanced and void growth was restricted with increasing
stress state triaxiality. In precracked three point bend
specimens the fracture surface morphology changed
from ductile dimple at the ambient temperature to in-
tergranular fracture at the elevated temperature. It is
suggested that the large volume fraction of grain
boundaries and the presence of alumina particles on
these boundaries dominate the ductile fracture beha-
viour of CuAl25 IGO0 alloy.
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