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Abstract The fatigue behaviour of a dispersion strengthened and a precipita-
tion hardened copper alloys was investigated with and without irradiation expo-
sure. Fatigue specimens of these alloys were irradiated with fission neutrons in
the DR-3 reactor at Ris0 with a flux of -2.5 x 1017 n/m2s (E > 1 MeV) to influ-
ence levels of 1.0 - 1.5 x 1024 n/m2 (E > 1 MeV) at 250 and 350°C. These irra-
diations were carried out in temperature controlled rigs where the irradiation
temperature was monitored and controlled continuously throughout the whole
irradiation experiment. Both unirradiated and irradiated specimens were fatigue
tested in vacuum at the irradiation temperatures of 250 and 350°C in a strain
controlled mode with a loading frequency of 0.5Hz. Post-fatigue microstruc-
tures were examined using transmission electron microscopy and the fracture
surfaces were investigated using scanning electron microscope. The present in-
vestigations demonstrated that the fatigue life decreases with increasing tem-
perature and that the exposure to neutron irradiation causes further degradation
in fatigue life at both temperatures. These results are discussed in terms of the
observed post-fatigue microstructures and the fracture surface morphology. Fi-
nally, the main conclusions and their implications are summarised.
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1 Introduction

The ITER (International Thermonuclear Experimental Reactor) design condi-
tions require the use of high thermal conductivity materials for heat sink appli-
cations in the first wall, limiter and divertor components and copper alloys pro-
vide the best potential for meeting these requirements. As regards the effect of
irradiation on the thermal conductivity, studies have shown that while the con-
ductivity degrades with increasing irradiation, the decline is predictable and not
very strong even at very high doses [1,2].

Fatigue behaviour of copper alloys to be used in an ITER - like machine is of
a critical importance since the vacuum vessel components will be subjected to
thermal cycling, and thus thermal-mechanical cycling, as a result of cyclic
plasma burn operation of the system. Design requirements set the limits of use-
ful fatigue testing in the range between -10 and 106 cycles to failure. Currently
two copper alloys are under consideration for their application in ITER-like ma-
chines including one dispersion strengthened (DS) alloy, Glid Cop™ CuAl-25,
and one precipitation hardened (PH) alloy, CuCrZr. The dispersion strengthened
CuAl-25 alloy is, at least at present, the primary candidate alloy. The current
work is a part of a much larger experimental effort on evaluating the effect of
neutron irradiation on the microstructure and mechanical properties [3-7] and
electrical conductivity [8] of a number of copper alloys and the base material
OFHC (oxygen free high conductivity) copper. Fracture toughness behaviour of
CuAl-25 and CuCrZr alloys has been also studied both in the unirradiated and
irradiated states (e.g. [9-11]. The effect of post-irradiation annealing on the me-
chanical properties and electrical conductivity of copper and copper alloys has
been also reported [12,13].

The low cycle fatigue performance of these materials in the unirradiated con-
ditions at room temperature has been reported earlier [14,15]. The effect of
neutron irradiation on the fatigue behaviour and post-fatigue microstructure of
OFHC copper, CuAl-25 and CuCrZr alloys at -47 and 100°C have been re-
ported in previous studies [16,17]. The present work reports the results of fa-
tigue tests and post-fatigue microstructural investigations on CuAl-25 and
CuCrZr alloys irradiated and tested at 250 and 350°C. The present report also
includes the results of the post-fatigue microstructural examinations on unirra-
diated and irradiated (at ~47°C) CuCrZr alloy tested at 50°C.

2 Materials and Experimental Pro-
cedure

The materials used in the present investigations were precipitation hardened
CuCrZr and dispersion strengthened Glid Cop™ CuAl-25 (LOCL), CuAl-25
(IGO), (ITER Grade 0) and CuAl-60. The CuCrZr was supplied by Trefime-
taux (France) in the form of 20 mm thick plates. The Glid Cop™ CuAl-25
(LOCL) were supplied by OGM Americas (formerly SCM Metals Inc.) in the
form of 15 and 20 mm diameter rods in the as-extruded (i.e. wrought) condition.
The CuAl-25 (IGO) alloy plate (20 mm thick) was in cross-rolled condition.
The chemical composition of these materials is listed in Table 1 and the ther-
momechanical treatments given to these materials prior to testing and irradia-
tions are described in Table 2.
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Table 1. Chemical Composition

CuCrZr:
CuA125
CuAl-60:

Cu
Cu
Cu

-0.8% Cr, 0.07% Zr, 0.01% Si
- 0.25% Al as oxide particles (0.46 cot.
- 0.6% Al as oxide particles (1.1 wt.%

% A12O3)
AI2O3)

Table 2. Thermomechanical Treatments

CuCrZr(HT"E"):

CuCrZr (HT"C):

CuAl-25 (LOCL)

CuAl-25 (IGO):

Solution annealed at 975"C for 30 min. in vacuum
(<1.33 MPa), water quenched, aged at 475°C for 30 min.
in vacuum (<1.33 MPa) and water quenched

CuCrZr (E) + re-ageing at 475°C for 30 min. followed
by furnace cooling + annealing at 350°C for lOOh fol-
lowed by furnace cooling

As supplied, i.e. as wrought, no subsequent heat treat-
ment (D')

Annealed at 980°C for 2h

The subsize fatigue specimens (see [17] for details) of CuCrZr, CuAl-25 and
CuAl-60 were irradiated with fisison neutrons in the DR-3 reactor at Ris0 at 250
and 350°C. All specimens were irradiated with a neutron flux of -2.5 x 1017

n/m2s (E > 1 MeV) which corresponds to a displacement damage rate of ~5 x
10"8 dpa (NRT)/s). Specimens of CuCrZr, CuAl-25 and CuAl-60 received a
fluence of -1.5 x 1024 n/m2 (E > 1 MeV) corresponding to a displacement dose
level of -0.3 dpa. All irradiations were carried out in temperature controlled
rigs where the irradiation temperature was monitored and controlled continu-
ously throughout the whole irradiation experiment.

Mechanical testing was carried out in an Instron machine with a specially
constructed vacuum chamber where subsized fatigue specimens could be
gripped and loaded. Fatigue tests were conducted in a strain controlled mode in
an servo-electrical mechanical test stand. The characteristics of the loading cy-
cle were monitored and controlled by computer. The loading cycles were al-
ways fully reversed (i.e. R = -1) so that the maximum tension strain was the
same as the maximum compressive strain. The loading frequency was typically
0.5 Hz. The specimens tested in fatigue were cycled to failure, where failure
was defined as separation of the specimen into halves.

For elevated temperature testing, the specimens were heated by electrical re-
sistance furnaces such that the heat was conducted through the specimen grips.
This resulted in accurate temperature control and no measurable temperature
gradient along the specimen length.

Following fatigue of both unirradiated and irradiated materials, fracture sur-
faces were examined in a JEOL 5310 low vacuum scanning electron micro-
scope (SEM). For transmission electron microscopy investigations, 3 mm discs
were cut from the gauge sections (close to the fracture surface) perpenticular to
the fatigue axis. The discs were mechanically thinned to -0.1 mm and then
twin-jet electropolished in a solution of 25% perchloric acid, 25% ethanol and
50% water at 11 V for about 15 seconds at ~20°C. The thin foils were exam-
ined in a JEOL 2000 FX transmission electron microscope.
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3 Experimental Results

3.1 Pre- and Post-irradiation Microstructure
In order to understand the cyclic deformation behaviour of these materials, it is
important to know the details of the pre-fatigue microstructure before and after
irradiation. Figure 1 (a,b) shows optical micrographs of the CuCrZr after the
heat treatment specified in Table 2. The average grain sizes were found to be
about 27 and 45 jam for CuCrZr with heat treatment HT"E" and HT"C", re-
spectively [5]. The CuAl-25 has a grain size of < 1 )J.m which is too small to
reliably measure using optical metallography. Figure 1 (c) shows the grain
structure of CuAl-25 taken in a transmission electron microscope (TEM). The
dislocation density in CuCrZr is found to be rather low (< 1012 m"2) [4]. The
CuAl-25 alloy in the as-wrought condition was found to contain a dislocation
density of ~1012 m2. Most of these dislocations were associated with alumina
particles (e.g. Figure 2). The density of A12O3 particles in the unirradiated
CuAl-25 (LOCL) was found to be 2.2 x 1022 m3 (see Table 3). The size distri-
butions of A12O3 particles before and after irradiation at 350°C to 0.3dpa are
shown in Figure 3. The fact that both the size distribution and the mean particle
size are very similar in the unirradiated and irradiated cases illustrates the inher-
ent stability of aluminium oxide particles against neutron irradiation. It should
be pointed out here that the spatial distribution of alumina particles was found
to be very heterogeneous; both particle size and density varied very considera-
bly [4, 5].

The microstructure of the prime aged and unirradiated CuCrZr was dominated
by the high density of coherent platelets and small spherical precipitates [4] (see
Table 3). The spatial distribution of these precipitates was fairly homogeneous.
The density of alumina particles in the CuAl-25 alloy was significantly lower
(2.2 x 1022 m"3) than the precipitate density in the CuCrZr alloy (see Table 3).
On the other hand, the alumina particles were considerably larger in size (-8.7
nm in diameter) than the precipitates in the CuCrZr alloy. The precipitate size
distributions for the unirradiated and irradiated (at 250 and 350°C to 0.3dpa)
CuCrZr (HT "E") are shown in Figure 4. Figure 4 illustrates that the precipitates
in the CuCrZr alloy, unlike the alumina particles in the CuAl-25 (LOCL) alloy,
are not stable against irradiation at 250 and 350° C (see also Table 3).

The main effect of irradiation with fission neutrons at 250 and 350°C was the
introduction of interstitial and vacancy type defect clusters in high densities (see
Table 4).

Table 3. Particle and precipitate densities and sizes in CuAl-25 (LOCL) and
CuCrZr (HT "E"), before and after irradiaton to 0.3 dpa, at 250 and 350°C.

Material

CuAl-25
(LOCL)

CuCrZr
(HT "E")

Before Irradiation

Density (m~3)

2.2xlO22

5.9xlO22

Size (nm)

8.7

2.9

After Irradiation

Density (m"3)

250°C

1.8xlO22

4xlO22

350°C

1.8xlO22

1.8xlO22

Size (nm)

250°C

-

5.5

350°C

9.4

4.3

Ref.

[4,5,6]

[4,5,6]
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Table 4. Cluster densities in neutron irradiated CuAl-25 (LOCL) and CuCrZr
(HT "E") to 0.3 dpa at 47, 250 and 350°C.

Material

CuAl-25
(LOCL)

CuCrZr
(HT "E")

47°C*

5.8xlO23

5.2xlO23

Cluster Densities (m'3)

250°C

4.3xlO22

1.0-1.6xl023

350"C

8xlO20

lxlO22

Ref

[4,5,

[4,5,

6]

6]

*Refers to a dose level of 0.2 dpa

3.2 Fatigue Life Evaluation
In the following the results of fatigue life evaluation carried out on dispersion
strengthened (CuAl-25 (LOCL), CuAl-25 (IGO) and CuAl-60) and precipitation
hardened (CuCrZr) copper alloys are reported. The fatigue behaviour was de-
termined both in the unirradiated and irradiated conditions at irradiation and
testing temperatures of 250 and 350°C. These results are useful compliments to
the results on the same materials reported earlier [16, 17] for the irradiation
temperatures of 50 and 100°C. In the earlier work, the fatigue life of the various
materials (i.e. OFHC-Cu and CuCrZr) tested in the irradiated condition was
found to be very similar to that in the unirradiated condition. However, the be-
haviour of the CuAl-25 (LOCL) was an exception in that the fatigue life of this
alloy was longer in the irradiated than that in the unirradiated condition. This
improvement was even more evident following irradiation and testing at 100°C.

The fatigue performance of various dispersion strengthened copper alloys
(i.e.Cu-Al-25 (LOCL), CuAl-25 IGO and CuAl-60) irradiated and tested at 250
and 350°C is indicated in Figure 5. The results shown in Figure 5(a) suggest that
the fatigue life of the CuAl-25 (LOCL) is slightly reduced due to irradiation at
250°C particularly at higher strain amplitudes. This is in contrast with the im-
provement observed at the lower temperatures [16, 17]. A dose level of only
O.ldpa seems to be sufficient for inducing this reduction in the lifetime. It is
important to note that at 250°C the fatigue performance of the CuAl-60 alloy
containing nearly twice the amount of alumina particles than that in the CuAl-
25 (LOCL) alloy is significantly reduced already in the unirradiated condition.
It should be noted that the irradiation at 250°C to a dose level of 0.3dpa does not
cause any further reduction in the lifetime of the CuAl-60 alloy.

Figure 5(b) shows the result of fatigue tests carried out at 350°C on the unir-
radiated as well as irradiated (at 350°C to 0.3dpa) specimens of CuAl-25
(LOCL) and CuAl-25 (IGO) alloys. It is evident that the irradiation causes a
significant decrease in the fatigue lifetime in the whole range of strain ampli-
tudes and that the decrease in lifetime is more than that observed at the irradia-
tion and test temperature of 250°C. The results for the unirradiated specimens
indicate, on the other hand, that the lifetimes at 250 and 350°C are not signifi-
cantly different.

The fatigue lives of the precipitation hardened CuCrZr alloy determined both
in the unirradiated and irradiated conditions at 250 and 350°C are presented in
Figure 6. The results show a general trend that the fatigue lives both at 250 and
350°C in the unirradiated and irradiated states are rather similar as was reported
earlier for lower temperatures [16]. It is worth noting, however, that the results
shown in Figure 6 (a) for irradiation and testing at 250°C do suggest that the
irradiation may have some adverse effect on the lifetime of the prime aged
(marked "E") CuCrZr when tested at high strain amplitudes. There is also indi-
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cation that at higher strain amplitudes the stronger CuCrZr alloy (marked "C")
[5] has longer fatigue lives even after irradiation than the prime aged CuCrZr
alloy. This illustrates the sensitivity of this alloy for heat treatments and thus the
initial precipitate microstructure prior to irradiation. The fatigue lifetime results
for the prime aged CuCrZr alloy irradiated and tested at 350°C (Figure 6 (b))
show a week tendency that the irradiation may cause some reduction in the fa-
tigue lifetime even though the decrease may be rather small.

The separate elastic and plastic portions of the fatigue life response have been
plotted in Figures 7 through 11 for CuAl-25 (LOCL and IGO) and CuCrZr
(HT'E" and HT"C") alloys tested at 250 and 350°C in the unirradiated and irra-
diated conditions. This perspective is useful to understand certain features of the
fatigue life response for the various material, irradiation and test conditions.
Note that the slopes of the elastic and plastic strain curves are in accordance
with typically accepted values. The slopes of the elastic strain curves are on the
order of -0.1 with the CuAl-25 values uniformly below this value and the
CuCrZr values for the most part, above this value. Likewise, the slopes of the
plastic strain curves are on the order of -0.5, in accordance with typically ac-
cepted values. The CuAl-25 values are all close to a value of -0.4, while the
CuCrZr values are mostly around -0.6. Both of these values fall within a stan-
dard accepted range. Nevertheless, these distinct differences between CuAl-25
and CuCrZr alloys are an indication of the differences in elastic and plastic
strain response of the two alloys. In this respect, it is further noteworthy that the
contribution of the elastic portion of the strain response dominates the total
strain for the CuAl-25 alloy for most of the failure lives. Note that the transition
life, defined as the point where the elastic and plastic strain curves cross, lies at
lives around 400 cycles to failure at 250°C, and around 600 cycles to failure at
350°C (Figures 7-9). For many materials, the transition life is more typically
around ten thousand cycles. In the case of CuAl-25, the low value of transition
life is an indication that most of the fatigue response is borne by the elastic re-
sponse of the material. This attests to the comparatively high yield strength of
this material, and the somewhat limited ductility. By contrast, in most of the
cases of CuCrZr alloy, the transition life lies closer to ten thousand cycles (Fig-
ures 10-11), which would be expected based on the lower yield strength and
greater tensile ductility of this alloy.

A direct comparison of the fatigue response of the CuCrZr alloy (Figures 10-
11) and CuAl-25 (Figures 7-9) indicates that, as expected, the more ductile al-
loy, CuCrZr has better fatigue life performance at high strain ranges and low
lives, whereas CuAl-25 has superior fatigue response at lower strain ranges and
long lives. This is consistent with the standard understanding that materials
ductility affects low cycle (short life) fatigue performance, and higher strength
is beneficial for high cycle (long life) fatigue performance. The difference be-
tween the performance of the two materials is clearly seen from the steeper
slope of the CuCrZr curves (Figs. 10-11) compared to the flatter slope for the
CuAl-25 (see Figures 7-9).

The CuAl-25 response shows that the plastic strain range performance is
similar for all test conditions (Figures 7-9). However, the elastic strain range
response decreases slightly with tem-perature and with irradiation (see Figures
7-9)

A comparison of the two alloys indicates that the elastic strain response of
CuAl-25 is higher than that for CuCrZr, also consistent with better high cycle
fatigue performance (see Figures 7-9 and 10-11). The slopes of all the elastic
curves for both alloys are similar.

A comparison of the plastic strain response for the two alloys (e.g. Figures 7
and 8(b) with Figures 10(a) and 10(b), respectively) shows that the plastic fa-
tigue performance of CuCrZr is superior to that of CuAl-25 at high strain ranges
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(i.e. at short lives). At the low strain ranges, on the other hand, the fatigue per-
formance of the CuAl-25 alloy is always superior to that of the CuCrZr alloy.

3.3 Post-deformation Microstructure and Fracto-
graphy

3.3.1 Dispersion Stengthened Copper Alloys

Several of the material conditions for the unirradiated and irradiated specimens
were examined by TEM and the fracture surfaces by SEM to establish a micro-
structural basis for rationalizing the results of the mechanical properties testing.
Results for the room temperature and 100°C studies were reported earlier [16,
17]. In the current study, specimens taken from the shortest and longest fatigue
lives at 250 and 350°C were examined.

The microstructure of the unirradiated material tested at 250°C is shown in
Figure 12 for a low and a high strain range. The low strain range microstructure
appears to be very similar to the as-received microstructure, confirming that
very little dislocation activity occurs at this test temperature at low applied
strain ranges. This is consistent with the fact that the material behaved elasti-
cally under those loading conditions. The microstructure found following the
higher strain range test does show some amount of plasticity as indicated by the
formation of dislocation tangles and cell boundaries that are evident in the mi-
crograph.

A comparison of the unirradiated and irradiated microstructures for the high
strain range (0.65%) tests at 250°C is shown in Figure 13. Again, indications of
dislocation tangles and some cell boundaries are evident in both cases, though
many of the grains appear to have little dislocation activity. The dislocation
activity is found to be restricted to a greater extent following irradiation due to
the effects of the irradiation damage structure.

The microstructures of the unirradiated CuAl-25 tested at low and high strain
ranges at 35O°C are shown in Figure 14. Dislocation structures are seen at both
conditions, but only a moderate amount of dislocation activity is found. At the
higher strain range, almost all grains have some amount of observable disloca-
tion activity, whereas at the lower strain range several grains show little or no
activity. This is as expected due to the larger amount of plasticity seen in the
tests at the higher strain range.

The microstructures of the irradiated CuAl-25 tested at low and high strain
ranges at 350°C are shown in Figure 15. The dislocation activity is clear in the
specimen at the high strain range. Dislocations are clearly visible at the lower
strain range, but there has been little apparent interaction during deformation.

The microstructure of CuAl-60 was examined by TEM to compare with the
other DS alloys. The microstructures for the CuAl-60 alloy irradiated and tested
at 250°C at a low and a high strain range are shown in Figure 16. A dislocation
population is evident in the microstructure. The dislocation structure in Figure
16 (a) is all associated with the existing particles and there is no evidence of
deformation-induced dislocation-dislocation interactions. This is consistent
with the picture in the CuAl-25 material, particularly at low strain ranges and
longer fatigue lives. The high strain range condition for the irradiated material
shows that the dislocation population is still interacting primarily with the high
particle density and is not significantly rearranged by deformation-induced in-
teractions.
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It should be noted that in all of the cases investigated, the grain structure and
the particle structure remain generally unaffected by the irradiation exposure or
by the fatigue loading, even at elevated temperatures.

The fracture surfaces were examined using SEM technique. The examination
showed little indication of crack growth striations in any of the cases tested
here. Rather, as with the lower temperature structures [16, 17], the fracture sur-
faces were reasonably rough with fine fracture steps on the order of the grain
size in this material. In some places, smoother fracture surfaces were found, but
this may also be a feature of the crack closure during continuous cycling. The
surface features showed no substantial difference between unirradiated and irra-
diated specimens, between those tested at 250°C and 350°C or between those at
high and low strain ranges. This is demonstrated by a comparison of one unirra-
diated and one irradiated fracture surface for the CuAl-25 (LOCL) tested at
250°C, both at a low strain range in Figure 17 and at a high strain range in Fig-
ure 18. In all cases, the fracture surfaces are comprised of many very small
steps, apparently between grains. Some larger steps are apparent where the
crack has grown in one direction and then switched to another. Nevertheless,
there is very little evidence of any large-scale plasticity in the fracture surfaces.

Another example of the fracture surface morphology of CuAl-25 (LOCL) al-
loy tested in the unirradiated and irradiated conditons at 350°C are shown in
Figure 19. Again, little plasticity is evident in the fracture surfaces and small,
grain-size steps are apparent. The fracture surfaces of two CuAl-25 (IGO)
specimens, one unirradiated and one irradiated, tested at low strain range, long
life conditions at 350°C are shown in Figure 20 (note the differnce in magnifi-
cation beteween the two fractographs). Both the CuAl-25 (IGO) irradiated and
unirradiated conditions show similar fracture features including the rougher and
smoother fracture surfaces. The smoother surface features are more common in
the higher temperature and longer life tests where both the deformation tem-
perature and the large number of crack closure cycles can tend to smooth out
surface features. Note also the directionality of the fracture ledges, which is
common feature of the fracture nature, likely due to the directionality of the mi-
crostructure from the materials consolidation and processing steps. This feature
is most noticable in the CuAl-25 (IGO) condition that was cross-rolled and an-
nealed. In all cases at both testing temperatures, some amount of secondary
crack was observed. A clear example is shown for the unirradiated condition in
Figure 20a, but such features were found in all conditions examined in this
study.

The fracture surfaces of CuAl-60 irradiated and tested at 250°C were also ex-
amined. The surfaces show reasonably ductile fracture morphology as can be
seen in Figure 21. The lower strain range conditions shows ductile fracture
ridges with some large features and some finer features on the order of the grain
size. The higher strain range condition shows a much flatter, and less ductile,
fracture morphology with most of the features similar to the grain size. In both
surfaces, there is clear evidence of a prominent texture to the fracture surfaces.
There is one preferred texture orientation which is a major feature of both frac-
ture surfaces. This texture is thought to arise from the original material fabrica-
tion process.

3.3.2 Precipitation Hardened CuCrZr

The microstructure of the unirradiated CuCrZr (HT"E") fatigue tested at 50°C is
shown in Figure 22 for a low and a high stress amplitude. The low stress am-
plitude microstructure appears to be similar to the as-received microstructure,
but with a noticable dislocation structure associated with the precipitates. Little
evidence of dislocation-dislocation interactions was found, consistent with the
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primarily elastic response in fatigue loading. Most of the elastic effect is con-
sidered to come from dislocation pinning at existing precipitates. At the higher
stress condition, the material clearly contains significant amount of dislocation
activity and dislocation tangles are found. This is also consistent with the larger
plastic strain component when cycling at high stress levels. The dislocaiton
interactions with the existing percipitate population are also seen as a significant
contribution to the strengthening of this material during fatigue.

The microstructures for the irradiated conditions tested in fatigue at 50°C are
shown in Figure 23 for both low and high stress amplitudes. In both cases, the
irradiation-induced microstructures are readily evident. The effect of the fa-
tigue loading is seen to be that clear deformation channels are produced. The
high stress micrograph shows dislocations line segments in the channels. Mi-
crographs for both low and high stress conditions indicate that the channels run
tangent to larger inclusions (some of which were lost from the foils during the
TEM prepartion process). This provides evidence that the large inclusions can
act as initiating points for the formation of channels. The location of the chan-
nels adjacent to existing precipitates suggest that the channels are formed by
dislocations near the precipitate-matrix interface. The fact that these are found
even in the low stress condition which is essentially fully elastic indicates that
the channel form relatitevly easily under moderate loading conditions.

The fatigue microstructure for the unirradiated CuCrZr (HT"E") alloy tested
at 250°C at a low and a high strain range are shown in Figure 24. In both cases,
deformation-induced dislocation subcells are seen. The dislocations are more
loosely associated at the lower strain range, and reasonably well formed
boundaries are seen at the high strain range. These dislocation structures are
seemingly independent of the precipitate population which provides less effec-
tive pinning at elevated temperatures. The comparable irradiation microstruc-
tures at 250°C are shown in Figure 25. These structures appear to be very
similar to those in the unirradiated conditions under similar loading contitions.
Again, the pre- and post-irradiation precipitate structures exert little influence
on the dislocation movement and arrangements. The more significant effect
controlling dislocation interactions is the formation of cells.

The fatigue microstructure for the unirradiated CuCrZr (HT'E") alloy tested
at 350°C at a low and a high strain range are shown in Figure 26. Deformation-
induced dislocation subcells are again seen, but with somewhat less dense wall
structures than observed at 250°C. The low strain range condition and the high
strain range condition to a lesser extent show a number of dislocation loops
forming through dislocation dipole interactions. These effects are anticipated to
become a greater part of the dislocation structure evolution as the materials is
deformed at increasing high temperatures. It is also notable that the precipitate
structure plays little role in the deformation evolution at this temperature. In the
irradiated conditions, Figure 27, there is evidence that some stable irradiation-
induced damage structure is playing a role in the deformation dynamics. There
is considerably more evidence of dislocation interactions at the fine precipitate
and cluster structures in these materials, and less evidence of cell formation.
Deformation-induced loop formation is again seen, and is again more prevalent
at the lower strain range. At the higher strain range, the dislocation interactions
are clearer, but less well formed into cell boundaries than was seen in the com-
parable unirradiated condition.

The fracture surfaces of the specimens described above were examined using
SEM techniques and are shown in Figures 28 to 32. The fracture surfaces of
CuCrZr irradiated and tested at 50°C are shown for one low and one high stress
amplitude (see Figure 28). The low stress amplitude fractograph shows several
features including some fatigue striations and the influence on the fracture of a
large inclusion in the large hole at the top of the picture. The high stress am-
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plitude fracture surface is very flat and devoid of any characteristic features.
Some fatigue crack propogation ledges are evident, but there is little evidence of
plasticity in the fracture process. Rather, the plastic deformation has concen-
trated itself in the formation of substantial necking of the specimen. The neck-
ing process is a product of the cyclic softening that takes place in the specimens
that undergo a large increase in yield strength with irradiation exposure when
tested in load control. The localization of plastic strain leads to a large reduc-
tion of specimen area at the point of fracture. This process was also seen for
OFHC Cu irradiated and tested at 50°C [16, 17].

In all of the unirradiated cases at both 250 and 350°C (see Figures 29 to 32),
the fracture surfaces are reasonably smooth with striations visible in most cases,
and percievable flow patterns around larger precipitates and inclusions. The
irradiated conditions all show a rougher fracture surface appearance, but again
striations are found in several cases, and the flow patterns around larger obsta-
cles are also seen. A comparison of the 250 and 350°C conditions indicates that
the flow patterns are on a large scale at the higher temperature as would be ex-
pected from a weaker material condition. In all cases, there is no evidence of
intergranular fracture or a large influence of grain boundaries on the fracture
mode. Only in one case, 350°C irradiated and tested at 0.6% strain range, are
there clear indications of grain boundaries in the fracture surface. Even in this
case, the striations clearly show a transgranular propagation mode, but inter-
rupted by differences in grain orientation at certain points.

4 Discussion

4.1 Elevated Temperature Fatigue Response

4.1.1 Dispersion Strengthened CuAl-25

The fatigue response for the various conditions examined for dispersion
strengthened CuAl-25 were analysed in terms of the elastic and plastic compo-
nent, see Figures 7 through 9. The slopes of the elastic and plastice strain versus
life for the 250°C tests for CuAl-25 for both the irradiated and unirradiated con-
ditions follow expected values of around -0.09 for the elastic curves, and -0.40
for the plastic curves (see Figures 7 and 8). In fact, there is little to distinguish
between the two sets of curves apart from the slightly lower values of life for
the irradiated condition. In both cases, the elastic portion of the strain response
dominates the total strain range for most of the fatigue conditions examined.
Only at lives below about 200 cycles to failure does the plastic strain range be-
come the larger fraction of the total strain.

At 350°C, the values for the slopes are again near the expected range (within
the statistical accuracy that can be obtained from the limited data). It is note-
able however, at this temperature that the plastic contribution to the total strain
is somewhat higher than found at 250°C, particularly for the irradiated material
(see Figure 9). This would be expected from the low strength of the material at
the higher test temperatures.

The values for elastic and plastic strain slopes found at the higher test tem-
peratures are consistent with those found in strain controlled tests on unirradi-
ated materials at lower temperatures. [16, 17].

The tensile response of the CuAl-25 (LOCL) material with and without irra-
diation exposure at 250 and 350°C is shown in Figure 33. The yield strength at
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250°C is around 300 MPa for both the irradiated and unirradiated conditions.
This stress is comparable to the stresses required to reach the highest strain
ranges in fatigue tests carried out at the 250°C. Almost all of the higher cycle
fatigue results are performed at stresses below the yield point. At 350°C, the
materials yield strengths are noteably lower, between 200 and 250 MPa, and
most of the fatigue tests required stress levels above 200 MPa to meet desired
strain ranges.

The fatigue response of the CuAl-25 materials for two irradiation and test
temperatures indicates that irradiation lowers fatigue lives, In the case of
250°C, fatigue lives are only marginally lower than in the unirradiated case.
Tensile curves for the two irradiation conditions, see Figure 33, indicate that
there may be some irradiation-induced hardening in the case of 250°C, and
some reduction in elongation. The modest hardening does not seem to effect
the fatigue life, particularly at high cycles where it might be expected. In fact,
the fatigue life for the irradiated material at 250°C slightly under performs the
unirradiated condition. At 350°C, the unirradiated material is superior to the
irradiated condition over the entire range of conditions examined here.

4.1.2 Precipitation Hardened CuCrZr

The fatigue response for the CuCrZr alloys tested at 250°C is shown in Figure
10. A comparison of the unirradiated and irradiated conditions in Figure 10
shows that the irradiated condition has a substantially higher elastic response
curve. This is expected due to the irradiation-induced hardening that is present
in the irradiated material. The effect of the difference in the elastic response on
the fatigue life is not substantial. Of the two heat treatment conditions tested,
results fall around the unirradiated data for the full range of fatigue lives exam-
ined here. The somewhat higher degree of plasticity in the fatigue response for
the unirradiated CuCrZr (HT"E") condition is also evident from the fracto-
graphs (see Figure 30a) where the appearance of a more dimpled structure is
found for the unirradiated condition. In general, the slopes of the elastic and
plastic strain range curves are similar between the irradiated and unirradiated
conditions. The elastic slopes are essentially equal at about -0.12. The plastic
strain range slope is higher for the unirradiated condition, around -0.42, com-
pared to the irradiated condition, around -0.62. The reason for the difference in
slope is not known, but it is clear from the curves that the weaker, unirradiated
structure shows more plastic strain than the irradiated condition. For example,
the transition life shifts from around 30,000 cycles for the unirradiated condi-
tion down to about 3000 cycles for the irrradiated condition.

In comparison to the CuAl-25 material tested at 250°C, the CuCrZr alloys de-
form with much more plasticity than the dispersion strengthened alloys as
would be expected from their lower tensile strengths. The CuCrZr alloys do
have better fatigue performance at the high strain range, but shorter fatigue life
than CuAl-25 at lower strain range at this temperature. This is again due to
plastic deformation abilities of CuCrZr.

At 350°C, the CuCrZr fatigue life response can be compared in the unirradi-
ated and irradiated condition in Figure 11. It is seen that radiation exposure re-
sults in a higher elastic strain range response compared to the unirradiated con-
dition. In this case, however, the irradiated conditions shows inferior fatigue
response over the entire range of condition investigated here (see Figure 6b).
The slopes of the elastic and plastic strain range curves are very similar for the
plastic component in this case, both around -0.63, but are different for the elas-
tic response at around -0.07 for the unirradiated case, and around -0.13 for the
irradiated case. The reasons for this difference are not known, but minor varia-
tions in the already nearly flat elastic response can yield large apparent differ-
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ences in the value of the slope. As with the 250°C conditions, there is clearly a
higher degree of plasticity in the fracture surfaces for the unirradiated condition,
particularly at the high strain ranges (see Figure 32a). This is consistent with
the higher amounts of plasticity seen in the strain range curves in Figure 11.

The results for CuCrZr at 350°C are better than the CuAl-25 response at
higher strain ranges and lower lives, and inferior at lower strain ranges and
longer lives. This is the same trend seen at 250°C and is, again, consistent with
the general conclusion that more ductile materials behave better in high strain
range, low cycle fatigue situations, while higher yield strength materials behave
better at longer lives.

The tensile response of CuCrZr at 250 and 350°C before and after irradiation
is shown in Figure 34. Here it is also clear that while there is irradiation hard-
ening and some reduction in ductility, the material has reasonable residual duc-
tility following irradiation. The higher values of the yield stresses after irradia-
tion account for the higher elastic strain range response seen in Figures 10b and
1 lb in the CuCrZr fatigue response at both temperatures.

4.2 Fatigue Failure Mechanisms
In addition to the extensive tensile and fatigue testing that has been performed
on these materials, a number of test of fracture toughness and crack initiation
properties have been conducted on the dispersion strengthened alloy, CuAl-25
[18 - 20]. These studies indicate that the major failure mechanism in cases of
large triaxial strains is due to extensive microvoid formation at grain boundaries
that then link resulting in a highly localized ductile fracture mode. The facture
process results in a fracture surface morphology with very small plasticity in-
duced voids with close spacing along grain boundaries. Thus the fracture ap-
pearance is intergranular in nature, as seen in the fatigue surfaces. In measure-
ments of the microvoid size and spacing, they appear to be largely unaffected by
test temperature indicating that there are many nucleation sites and they do not
need to be activated by elevated temperature [20]. This would also account for
the intergranular macroscopic appearance of the fracture surfaces. In the cur-
rent case, the failure surfaces show a similar nature where the separation is os-
tensible along grain boundaries with little apparent ductility.

The fracture toughness measurements indicate that the fracture resistance
drops substantially with temperature, to very low values at 35O°C [20]. Irradia-
tion exposure reduces the toughness even further. In the current fatigue work,
similar reductions of properties with temperature and irradiation exposure are
seen. The impact of the low fracture toughness in this context should be seen
most significantly in the high strain range, low life tests. At high strain ranges,
it is known that fatigue cracks nucleate early and the specimen spends most of
its life in crack propagation. At 250°C, the lower fatigue lives are seen rela-
tively uniformly throughout the full ranges of strain that were examined. At
35O°C, more significant changes are seen between irradiated and unirradiated
conditions. The short lives at the higher strain ranges are consistent with easy
crack growth mechanism established from the fracture toughness tests.

Similar systematic studies of the fracture behavior of CuCrZr are not yet
available. The fatigue microstructure suggests that more standard elevated tem-
perature mechanisms are at work in the CuCrZr material. The development of
dislocation cell and organized sub-boundaries indicate that more classical dislo-
cation interactions with precipitates, irradiation-induced defect structures, and
other dislocations are responsible for the deformation response. In these cases,
it is much less likely that the material is highly susceptible to stress states with a
high degree of triaxiality, as is the case for CuAl-25. Further work in this area
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will provide a better indication of the elevated temperature damage mechanisms
at work in CuCrZr.

4.3 Microstructural Response to Irradiation and
Fatigue
The microstructural conditions in the CuAl-25 alloys following testing at high
and low strain ranges both with and without radiation exposure at either 250 or
350°C show little dislocation activity. Some interactions are clear at the higher
strain ranges, and some residual dislocations are found at the lower strain
ranges. Since the lower strain ranges are primarily in the elastic regime, little
dislocation activity is expected or seen. Some tendency for cell formation is
found at the higher strain ranges where substantial amounts of plasticity are
found in the fatigue hysteresis loops. In the case of radiation exposure, the ra-
diation-induced damage loading response is similar at 250°C to the unirradiated
case. At 350°C, the irradiated structure is somewhat lower in strength than the
unirradiated condition. This can be seen in Figure 6 where the stress amplitude
to reach a similar failure life is substantially lower for the 350°C irradiated ma-
terial compared to the unirradiated condition. The lower strength of the irradi-
ated condition is also evident from the tensile curves for those conditions in
Figure 33. There is also microstructural evidence of this difference which can
be seen by comparing the microstructures for the high strain range loading con-
ditions in the unirradiated (Figure 10b) and the irradiated condition (Figure
1 lb). The post-deformation irradiation microstructure shows substantially more
dislocation interaction than in the unirradiated structure. The minor variations
in the particle number densities and size distributions does not provide suffi-
cient information to quantitatively assess the strength differences between the
two conditions. In all cases, at 250 and 350°C, there is no evidence of grain
coarsening or other major microstructural changes, either with or without irra-
diation, to explain the apparent loss of strength following irradiation at 350°C.

The appearance of deformation channels in the CuCrZr (HT'E") tested in the
50°C irradiated condition (see Figure 23) is consistent with the mechanical
property measurements reported in an earlier report [16]. Dislocation channels
are found in both high and low stress amplitude conditions, and always associ-
ated with inclusions. This indicates that their nucleation is not difficult even
under ostensibly elastic loading conditions. The comparable unirradiated mi-
crostructure shows some dislocation structure but little dislocation activity at
the lower stress amplitude (see Figure 22a). At the higher stress amplitude,
there is a higher dislocation density. Most of the dislocations seem to be tied up
with the precipitate structure, but some indication of deformation-induced dislo-
cation activity can be found. The much more minor dislocation activity in the
unirradiated condition is a result of the material to deform uniformly. Despite
the higher yield strength following irradiation, the dislocation channels, once
formed, are the location of intensive dislocation activity. This is a good indica-
tion of the damaging conditions that arise with flow localization. All of the
strain must be accommodated in very narrow slip paths, but with very high lev-
els of local plastic flow. This also provides a mechanism for highly localized
brittle fracture.

At elevated temperatures, the dislocation structures in CuCrZr form into loose
or tight dislocation cells and cell (i.e. 250 and 350°C) walls. The dislocation
density in the cell walls depends on the strain range: tighter structures at higher
strain ranges. This is particularly evident at 250°C in both the unirradiated and
in the irradiated structures (see Figures 24 and 25). At 350°C, the generation of
dislocation dipole loops and some tendency to form cell walls can be seen in the
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fatigue microstructure (see Figures 26 and 27). Again, the higher the strain
range, the higer the cell wall density. This is offset by low loop densities. In
the irradiated conditions, dislocation interactions with the precipitate and irra-
diation-induced clusters is more evident (see Figure 27). This strengthening
interaction is further evidence of the higher elastic strain range response in this
material following irradiation. Compare, for instance, the much higher elastic
strain range curves in Figures 10 and 11 with the microstructures shown in Fig-
ures 24 through 27. The higher precipitate and cluster interactions, leading to
higher elastic response, are most evident in the 350°C microstructures in Fig-
ures 26 and 27.

4.4 Comparison of the Performance of CuAl-25
and CuCrZr
An overall picture emerging from the present results and the results published
earlier on the microstructural and the mechanical performance of the dispersion
strengthened Glid Cop™ alloys (e.g. CuAl-25 (Loci), CuAl-25 (IGO) and CuAl-
60) is that the high density of alumina particles is very effective in restricting
dislocation generation and migration. Consequently, these alloys were unable
to deform plastically to any large extent. However, since the spatial distribution
of these particles is very heterogeneous (a fraction of grains contain no particles
at all!) and these alloys contain very large volume fractions of grains and sub-
grain boundaries, it is inevitable that at high stresses, the weak components of
the microstructure would begin to deform plastically but only in a localized
form. It is thus possible that at high stresses cracks may nucleate at these weak
boundaries and may propagate along them. All other microstructural evidence
and fractography results are consistent with this picture and help rationalize not
only the fatigue performance, but also tensile, fracture toughness, crack nuclea-
tion and growth behaviour of these alloys [19,20]. This evaluation, of course, is
not very encouraging from the point of practical applications of these alloys in
structural components. Unfortunately, it is not obvious as to how the basic mi-
crostructure of these alloys could be transformed from heterogeneous to homo-
geneous so that these alloys can deform plastically in a homogeneous fashion.
The answer may lie in the improvement of the manufacturing process.

The CuCrZr material presents a different set of problems. This work and the
earlier work indicate that it has certain appealing properties from a structural
standpoint, particularly its residual plasticity that accounts for its fatigue per-
formance at high strain ranges. This performance is predicated on the ability to
obtain an optimal microstructure by heat treatment. As with other precipitation
hardened alloys the size and distribution of the final precipitate population is
very sensitive to proper heat treatment. Like the dispersion strengthened alloys,
heterogeneous microstructures are bound to behave poorly. A further concern
for the CuCrZr alloys is their sensitivity to irradiation. It is clear in the forego-
ing that radiation has a visible effect on the mechanical performance. This is
evident from the microsturctures in the 50°C irradiation case, and the irradiation
hardening effect that is seen in the elastic strain range response (see Figures 10
and 11) and in the accompanying microstructure, particularly evident at 350°C
(see Figures 26 and 27). The challenge in the case of CuCrZr seems to be both
with the potential difficulty of producing optimal microstructures in real com-
ponents, and with the stability of the microstructure under both irradiation and
deformation conditions.
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5 Conclusions

The following conclusions can be drawn from the results of the present study of
the fatigue behaviour of dispersion strengthened (CuAl-25 (LOCL), CuAl-25
(IGO), CuAl-60) and precipitation hardened (CuCrZr) copper alloys before and
after irradiation with fission neutrons:

(i) In general, the low cycle fatigue life at a given stress or strain amplitude
decreases with increasing test temperature.

(ii) At low stress and strain amplitudes, the low cycle fatigue life of CuAl-
25 is longer than that of CuCrZr alloy. At high stress and strain ampli-
tudes, however, CuCrZr yields longer lifetime (at a given stress or
strain amplitude) at 250 and 350°C.

(iii) The effect of irradiation on the fatigue life is temperature and material
dependent: irradiation of CuAl-25 (LOCL) at 50 and 100°C causes an
improvement in the fatigue lifetime (see [17]) but irradiation at 250 and
35O°C degrades the fatigue life of CuAl-25 (LOCL).

(iv) The fatigue life of the CuAl-25 alloys shows an overwhelming depend-
ence on the elastic response of the alloys. This is consistent with the
microstructural evidence showing a lack of dislocation generation. This
is why these alloys perform well at low stress and strain amplitudes and
yield long lifetimes at all temperatures examined (22-350°C).

(v) The fractography suggests the surface crack nucleation. However, the
crack growth follows tortuous paths through the specimens, which is
likely to be controlled by the heterogeneity of the microstructure and
the fine grain structure in the CuAl-25 alloys. The presence of a high
volume fraction of grain/subgrain boundaries and their association with
alumina particles in the CuAl-25 alloys is deemed to play a significant
role in controlling the lifetime at high temperatures.

(vi) The low cycle fatigue performance of CuCrZr alloys appears to be con-
trolled by its intrinsic low strength and high ductility. The plastic fa-
tigue performance of CuCrZr seems to be superior to that of CuAl-25
over most of the life range.

(vii) All experimental results on the measured mechanical response of the
CuAl-25 alloys would suggest that the abundance of rather weak and
unstable (mechanically as well as thermally) sub-grain boundaries pres-
ent in these alloys may be the intrinsic microstructural factor controlling
the mechanical properties. In the case of the CuCrZr alloy, on the other
hand, the precipitation kinetics and the properties of the precipitates
seem to determine the mechanical response of the alloys and the stabil-
ity of the microstructure under irradiation.
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Figure 1. Microstructure of the unirradiated (a) CuCrZr (HT"E"), (b) CuCrZr
(HT"C") and (c) CuAl-25 '(LOCL), alloys.
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Figure 2. Transmission electron micrograph showing dislocation and alumina
particles in the unirradiated CuAl-25 (LOCL).
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Figure 12. Post-fatigue microstructure of unirradiated CuAl-25 (LOCL) tested
at 250"C with (a) low (0.2%) and (b) high (0.65%) strain range. Note the lack
of dislocation activity in (a) and the formation of dislocation tangles and cell
boundaries in (b).
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Figure 13. Comparison of post-fatigue microstructures of CuAl-25 (LOCL)
tested at 250"C with a high (0.65%) strain range (a) in the unirradiated and (b)
irradiated (250"C, O.idpa) conditions. Note that the irradiation-induced micro-
structure reduces the amount of dislocation activity (compare (a) and (b)).
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Figure 14. Post-fatigue microstructures of CuAl-25 (LOCL) tested in the unir-
radiated condition at 350"C with (a) low strain range (0.2%) and (b) high strain
range (0.6%).
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Figure 15. Post-fatigue microstructures of CuAl-25 (LOCL) tested in the irra-
diated (at 350"C to OJdpa) condition with (a) low strain range (0.2%) and (b)
high strain range (0.6%).
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Figure 16. Post-fatigue microstructure ofCuAl-60 alloy tested in the irradiated
(at 250"C to OJdpa) condition at 250"C with (a) low strain range (0.25%) and
(b) high strain range (0.4%).
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Figure 17. SEM fractographs of fracture surface of fatigue tested CuAl-25
(LOCL) at 250"C with a low strain range (0.2%) in the (a) unirradiated and (b)
irradiated conditions.
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Figure 18. Same as Figure 17 but tested with a high strain range (0.65%) in the
(a) unirradiated and (b) irradiated conditions.
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Figure 19. SEM fractographs of fracture surfaces of fatigue tested CuAl-25
(LOCL) at 350"C with a high strain range (0.6'%) in the (a) unirradiated and
(b) irradiated conditions.
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Figure 20. SEM fractographs of fracture surfaces of fatigue tested CuAl-25
(IGO) at 350"C with a low strain range (0.2 or 0.15%) in the (a) unirradiated
(0.2%) and (b) irradiated (0.15%) (at 350"C to OJdpa) conditions.

Ris0-R-1128(EN) 39



"I *

. \

Figure 21. Same as Figure 20 but for CuAl-60 alloy irradiated at 250"C to
OJdpa and fatigue tested at 250"C with (a) low (0.25%) and (b) high (0.4%)
strain range.
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Figure 22. Post-fatigue microstructures of the unirradiated CuCrZr (HT"E")
tested at 50"C with (a) low stress amplitude (200 MPa) and (b) high stress am-
plitude (360 MPa).
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Figure 23. Same as in Figure 22 but tested in the irradiated (at 47"C to 0.3dpa)
condition at 50"C with (a) low (220 MPa) and (b) high (360 MPa) stress am-
plitude. Note the localization of plastic deformation in "cleared" channels and
lack of plastic deformation in the material between the channels.
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Figure 24. Post-fatigue microstructures of the unirradiated CuCrZr (HT"E")
tested at 250°C with (a) low (0.15%) and (b) high (0.8%) strain range.
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Figure 25. Same as in Figure 24 but tested in the irradiated (at 250"C to
OJdpa) condition with (a, b) low (0.15%) and (c) high (0.8%) strain range.
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Figure 26. Post-fatigue microstructures of the unirradiated CuCrZr (HT"E")
tested at 350"C with (a) low (0.15%) and (b) high (0.6%) strain range.
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Figure 27. Same as in Figure 26 but tested in the irradiated (at 350°C to
03 dp a) conditions with (a) low (0.15%) and (b) high (0.6%) strain range.
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Figure 28. SEM fractographs of fracture surfaces of fatigue tested CuCrZr
(HT"E") at 50"C in the irradiated (at 47"C to OJdpa) condition with (a) low
(220 MPa) and (b) high (360 MPa) stress amplitude.
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Figure 29. SEM fracto graphs of fracture surfaces ofCuCrZr (HT" E") fatigue
tested at 250"C with a low (0.15%) strain range in (a) unirradiated and (b) ir-
radiated (at 250"C to OJdpa) condition.
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Figure 30. Same as in Figure 29 but tested with a high strain range (0.8%) in
(a) unirradiated and (b) irradiated (at 250"C to OJdpa) condition.
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Figure 31. S EM fracto graphs of fracture surfaces of CuCrZr (HT" E") fatigue
tested at 350"C with a low (0.2% or 0.15%) strain range in the (a) unirradiated
(0.2%) and (b) irradiated (0.15%) (at 350°C to OJdpa) condition.
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Figure 32. Same as in Figure 31 but fatigue tested at 350"C with a high (0.6%)
strain range in the (a) unirradiated and (b) irradiated (at 350"C to O.Sdpa)
condition.
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Figure 33. Stress-strain curves for CuAI-25 (LOCL) tensile tested at 250°C in
the unirradiated and irradiated (at 250"C and 350°C to 0.3dpa) conditions.
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