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Abstract Creep-fatigue interaction behaviour of a dispersion strengthened cop-
per alloy was investigated at 22 and 250°C. To determine the effect of irradia-
tion a number of fatigue specimens were irradiated at 250°C to a dose level of
0.3 dpa and were tested at 250°C. The creep-fatigue interaction was simulated
by applying a certain holdtime on both tension and compression sides of the cy-
clic loading with a frequency of 0.5 Hz. Holdtimes of 0,2, 5, 10, 100, and 1000
seconds were used. For a given holdtime, the real lifetime and the number of
cycles to failure were determined at different strain amplitudes. Post-
deformation microstructures and fracture surfaces were investigated using
transmission and scanning electron microscopes, respectively.

The main results of these investigations are presented and their implications
are briefly discussed in the present report. The central conclusion emerging
from the present work is that a holdtime of 10 seconds or less causes a drastic
decrease in the real lifetime as well as in the number of cycles to failure, par-
ticularly at low levels of strain amplitudes. A combination of higher tempera-
ture, higher strain amplitude and longer holdtime, on the other hand, may lead
to an improvement in the lifetime. The irradiation at 250°C to a dose level of 0.3
dpa does not play any significant role in determining the lifetime under creep-
fatigue testing conditions
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1 Introduction

Currently, two copper alloys, one dispersion strengthened GlidCop CuAl-25
and one precipitation hardened CuCrZr, are being evaluated for their use in the
first wall and divertor components of ITER. In service, both these components
will be exposed to an intense flux of fusion (14 MeV) neutrons and will experi-
ence thermo-mechanical cyclic loading as a result of the cyclic nature of plasma
burn operations of the system. Consequently, the structural materials in the re-
actor vessel will have to endure not only the cyclic loading but also the stress
relaxation and microstructural recovery (i.e. creep) during the "plasma-on" and
"plasma-off' periods. In order to evaluate the impact of this interaction (i.e.
creep-fatigue), investigations were initiated to determine the lifetime of CuAl-
25 and CuCrZr alloys under the conditions of creep-fatigue interaction. In the
present report the results of such investigations on the GlidCop CuAl-25
(LOCL) carried out at 22 and 250°C are reported. The present report also in-
cludes the results of post-deformation microstructure and fracture surface inves-
tigations using transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Results of similar investigations on the CuCrZr alloy will
be reported separately. It should be mentioned that the low cycle fatigue behav-
iour of the CuAl-25 (LOCL) alloy at different temperatures and the related pre-
and post-deformation microstructures in the unirradiated and neutron irradiated
conditions have already been reported in detail [1-3].

2 Material and Experimental Proce-
dure

The material used in the present investigations was a dispersion strengthened
copper alloy, GlidCop™ CuAl-25 (LOCL). The alloy was 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 alloy contained 0.25% Al
as oxide particles (0.46 wt.% A12O3).

A number of subsize fatigue specimens (see Fig. 1 for geometry and dimen-
sions) of CuAl-25 were irradiated with fission neutrons in the DR-3 reactor at
Ris0 at 250°C. The neutron flux during irradiation was =2.5 x 1017 n/m2s (E > 1
MeV which corresponds to a displacement damage rate of ~5 x 10"8 dpa/s
(NRT). Specimens received a fluence of =1.5 x 1024 n/m2 (E > 1 MeV) corre-
sponding o a displacement dose level of ^0.3 dpa. The irradiation was per-
formed in a temperature-controlled rig where the irradiation temperature was
monitored and controlled continuously throughout the whole irradiation ex-
periment.

Mechanical testing was carried out in an Instron machine with a specially con-
structed vacuum chamber where the specimen could be gripped and loaded.
Tests were conducted in a strain-controlled mode in a servo-electrical mechani-
cal test stand. The characteristics of the loading cycles were monitored and con-
trolled by computer. The loading cycles were always fully reversed (i.e. R -1)
so that the maximum tension strain was the same as the maximum compressive
strain. The loading frequency was 0.5 Hz. The creep-fatigue interaction condi-
tion was simulated by applying a certain holdtime on both tension and compres-
sion sides of the cyclic loading (see Fig. 2). Holdtimes of 2, 5, 10 100, and 1000
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seconds were used. The specimens tested with and without holdtimes were cy-
cled to failure, where failure was defined as separation of the specimens into
two halves. For a given holdtime, the number of cycles to failure was deter-
mined at different strain amplitudes.
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Figure 1. Geometry and dimensions of specimens used in creep-fatigue interac-
tion tests.
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Figure 2. An example illustrating variations of stress and strain as a function of
time in a creep-fatigue interaction test with a holdtime of 100s. Note the relaxa-
tion of stress level during the holdtimes. The strain level does not change since
the test is carried out in strain-controlled mode at a predetermined and fixed
strain amplitude level.
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The creep-fatigue interaction tests were carried out at 22 and 250°C. For ele-
vated temperature testing, the specimens were heated (in vacuum) by electrical
resistance furnaces such that the heat was conducted through the specimen
grips. This resulted in an accurate temperature control and no measurable tem-
perature gradient along the specimen length.

Following creep-fatigue interaction tests, fracture surfaces were examined in a
JEOL 5310 low vacuum scanning electron microscope (SEM). For transmission
electron microscopy (TEM) investigations, 3 mm discs were cut from the gauge
sections (close to the fracture surface) perpendicular to the creep-fatigue axis.
The discs were mechanically thinned to =0.1 mm and then twin-jet electro-
polished 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 examined in a JEOL 2000
FX transmission electron microscope.

3 Experimental Results

3.1 Pre- and Post-irradiation Microstructure
In order to understand the deformation behaviour of the CuAl-25 alloy, it is im-
portant to know the microstructural details of the alloy in the undeformed state.
Fig. 3(a) shows the grain structure of the CuAl-25 alloy taken in a transmission
electron microscope. As can be seen in Fig. 3(a), the grain size of this alloy is
less than 1 jam. The CuAl-25 alloy in the as-wrought condition was found to
contain a dislocation density of 1.5 x 1015 m'2 [4]. Most of these dislocations
were associated with alumina particles (see Fig. 3(b)). The density of alumina
particles was found to be 2.2 x 1022 m"3 [5] with an average particle size of-8.7
run in diameter. The particle size distribution is shown in Fig. 4. It should be
mentioned that the spatial distribution of alumina particles was found to be very
heterogeneous; both particle size and density varied very considerably [4, 5].

The main effect of irradiation with fission neutrons at 250°C to a dose level of
^0.3 dpa was the introduction of a high density of mainly vacancy type defect
clusters in the form of stacking fault tetrahedra (SFTs) of an average size of
~2.5 nm [4, 5,6], The density of alumina particles was not affected by the irra-
diation.

3.2 Stress Relaxation during Holdtime
Since the creep-fatigue experiments are carried out in strain-controlled mode,
during the holdtime period both in the tension and compression parts of the
loading cycles, the strain on the specimen is maintained at a pre-determined
fixed level. Consequently, during the holdtime period, the specimen experiences
a certain level of stress corresponding to the applied strain amplitude. Thus, dur-
ing this period the specimen is likely to creep under the influence of the applied
stress. During this creep process, the stress on the specimen will relax due to
recovery of the dislocation microstructure as a function of time under the influ-
ence of the applied stress during the holdtime period. The nature and the magni-
tude of this stress relaxation may help understand certain aspects of the dynam-
ics of this recovery process and hence the operating deformation mechanism. In
the following, we, therefore, present some relaxation results for different test
temperatures, holdtimes and strain range values.
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Figure 3. Microstructure of the unirradiated CuAl-25 (LOCL) alloy showing (a)
the grain size and (b) particles and dislocations in the as-supplied condition.
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Figure 4. Size distribution of alumina particles in the unirradiated and as-
supplied CuAl-25 (LOCI) alloy.

Fig. 5 shows the level of stress and its relaxation as a function of test time in
creep-fatigue experiments carried out at 22°C with a strain range value of 0.5%
(both in tension and compression) and holdtimes of 10,100, and 1000 s. These
tests were carried out on unirradiated CuAl-25 specimens. As can be easily seen
in Fig. 5 (a, b, c), during the holdtime the stress relaxes very rapidly (both in
tension and compression) first and then slows down. Both the nature and the
magnitude of the stress relaxation are very similar to the tension and the com-
pression parts of the cyclic loading. The magnitude of stress relaxation for dif-
ferent holdtimes is quoted in Table 1. The fact that the magnitude of the stress
relaxation increases with the holdtime (Table 1) shows that the stress continues
to relax during the whole holdtime period eventhough with a continuously de-
creasing rate. It should be noted that the magnitude of the stress relaxation does
not seem to change in any significant way as a function of test time (i.e. strain).

The stress relaxation behaviour of the unirradiated CuAl-25 alloy tested at
250°C with a strain range value of 0.5% and with holdtimes of 10, 100, and
1000 s is shown in Fig. 6 (a, b, c). A number of CuAl-25 specimens irradiated at
250°C to a displacement dose level of-0.3 dpa were also tested at 250°C under
the same conditions as the unirradiated ones. For comparison, the results for the
irradiated specimens are also shown in Fig. 6 (a, b, c). The general pattern of the
relaxation behaviour both for the unirradiated and the irradiated CuAl-25 alloy
tested at 250°C is very similar to that at 22°C. The magnitude of the stress re-
laxation for both irradiated and unirradiated specimens tested with different
holdtimes with the strain range value of 0.5% are given in Table 1. The results
show that the stress relaxation at 250°C is more marked at 250°C than that at
22°C at least for the holdtimes of 10 and 100s.

Although the magnitude of the stress relaxation for the holdtime of 1000 s are
very similar at 22 and 250°C (see Table 1), the nature of the relaxation is differ-
ent at 250°C from that at 22°C in that at 22°C the relaxation occurs as a function
of time whereas at 250°C the relaxation occurs in an irregular (almost a wavy)
fashion. It can be also seen from Table 1 that the magnitude of the relaxation is
not affected by irradiation in any significant way. It is worth mentioning that in
the tests carried out at 22°C, the magnitude of the stress relaxation did not vary
much with increasing testtime (i.e. strain) (see Fig. 5). At 250°C, on the other
hand, the unirradiated specimens exhibit noticeable cycle to cycle variations in
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the magnitude of the stress relaxation eventhough there was no indication of a
systematic variation as a function testtime (i.e. strain). The irradiated specimens,
however, did not show such cycle to cycle variations.
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Table 1. Values of stress relaxation (-Aor) at 22 and 250° C for different hold-
time (ty) and strain range (ej.

(%)
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0.5
0.5
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0.5
0.2
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th
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Ttek

(°C)
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Figure 7. The same as in Figure 5 but for tests carried out with a strain range
value of 0.2%andaholdtime of 100s (a) at22°Cand(b) at250°C.
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Figure 7 compares the stress relaxation behaviour of CuAl-25 alloy tested at
22 and 250°C in the unirradiated condition) at a strain range value of 0.2% and a
holdtime of 100s. The stress relaxation values are given in Table 1. It is interest-
ing to note that at the holdtime of 100s, the stress relaxation is less for the strain
range value of 0.2% than that with 0.5% whereas at 250°C the magnitude of
stress relaxation at 0.2% and 0.5% strain range values is very similar.

3.3 Lifetime as a Function of Strain Range Values
As indicated in section 2, in the creep-fatigue interaction experiments, the life-
time of a specimen is taken to be the time that specimen takes to fracture into
two pieces. This real lifetime is plotted in Fig. 8 against the strain range values
used for different holdtimes of 0, 2, 5, 10, and 100s. The lifetime values ob-
tained for different tests carried out at 22°C are quoted in Table 2. It can be seen
in Fig. 8 and Table 2 that for the holdtimes of 2, 5, and 10s, the lifetime de-
creases continuously with decreasing holdtime. However, the decrease in life-
time at the 100s holdtime is found to be less than that at the 10s holdtime
eventhough the lifetime at the 100s holdtime is still considerably shorter than
that at zero holdtime. It should be noted that the experiment carried out at a
strain range value of 0.5% shows that the holdtime of 1000s yields a noticeably
longer lifetime than that in the experiment with zero holdtime (see Table 2) (see
fig. 9 for further such results at 250°C). The results shown in Fig. 8 clearly sug-
gest that the decrease in lifetime due to applied holdtime gets worse with de-
creasing strain-range values.
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Figure 8. Fracture lifetime as a function of strain range in creep-fatigue inter-
action tests with different holdtime carried out at 22°C on the unirradiated
CuAl-25 (LOCL) alloy.
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Table 2. Lifetime and cycles to failure for the unirradiated CuAl-25 (LOCL)
alloy tested at 2TC with different strain range values and holdtimes.

Strain range

(%)
0.5
0.5
0.5
0.2
0.3
0.3
0.2
0.5
0.5
0.2
0.2

Test temp.

(°C)
22
22
22
22
22
22
22
22
22
22
22

Hold time

(s)
10

100
1000

100
100

10
10
2
5
5
2

Life time

(s)
994

9494
67235

140066
26428

3878
14736

216
396

6804
4416

Cycles to failure

(Nf)
45
47
34

694
130
176
670
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33
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736
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Figure 9. The same as in Figure 8 but for tests carried out at 250°C on CuAl-25
(LOCL) alloy in the unirradiated (250°C, 0.3 dpa) conditions.

Figure 9 illustrates the dependence of lifetime on the strain range values for
creep-fatigue tests carried out at 250°C with different holdtimes in the range of
2 to 1000s. Figure 9 also contains the results for CuAl-25 specimens that were
irradiated at 250°C to a displacement dose level of =0.3 dpa and subsequently
creep-fatigue tested at 250°C with different holdtimes. The figure also includes
the results of zero holdtimes both for the unirradiated and irradiated CuAl-25
specimens. The lifetime values obtained at 250°C for different test conditions
are quoted in Table 3. Clearly, the holdtimes of 2 to 10s shorten the lifetime at
all levels of the strain range values. Furthermore, the decrease in the lifetime
generally becomes worse at lower strain range values. At the holdtime of 100s
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the behaviour is somewhat complicated in that the lifetime improves considera-
bly at the strain range value of 0.5% and at 0.2% strain range value the lifetime
decreases significantly.

Table 3. Lifetime and number of cycles to failure for unirradiated and irradi-
ated CuAl-25 (LOCL) alloy tested at 250°C with different strain values and
holdtimes.

Strain range
(%)

0.2
0.2
0.2
0.3
0.3
0.5
0.5
0.5
0.5
0.5
0.5
0.2
0.3
0.2
0.3
0.15

0.5
0.5
0.2
0.2
0.3
0.3

Test temp.
(°C)

250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250

Hold time
(s)

10
100

1000

100
1000

10
100
1000

10
100
1000

100
100
10
10
10
5
2
5
2
5
2

Dose
(dpa)

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Irradiation temp.
ro
250
250
250
250
250
250
250
250
-
-
-
-
-
-
-
-
-
-
-
-
-
-

Life time
(s)

10641

66280

379467

12650

90023

576
5931

30009

587
8080

48212

104232

22256

9724

3083

29049
456
174

7344

4477

1992

900

Cycles to
failure

483
329
190
63
45
26
29
15
26
40
24
516
110
442
140
1320

38
29
612
746
166
150

As regards the effect of irradiation (at 250°C) it does not seem to have any sig-
nificant negative effect on the lifetime at the high level of strain range value. At
the strain range value of 0.5%, for example, the holdtime of 10s decreases the
lifetime only very slightly. The holdtimes of 100 and 1000s, on the other hand,
lead to an increase in the lifetime very significantly compared to the lifetime of
the irradiated specimens with zero holdtime. The magnitude of this improve-
ment decreases with decreasing strain range value and becomes zero for the
1000s holdtime at the level of 0.2% strain range value. In the case of the 100s
holdtime, the lifetime even decreases very markedly at 0.2% strain range value.
It should be noted that for a given holdtime and strain range value, the effect of
irradiation on the lifetime is not very significant.

One remarkable result shown in Figure 9 is the behaviour found for the unir-
radiated material with a 10s hold time at a strain range of 0.15%. The result
shows a fatigue life of only ~30,000 s (~ 1,500 cycles to failure) compared to a
value which is much greater than 106 s (>106 cycles to failure) without a hold
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period. In fact, the strain range of 0.15% is below the apparent fatigue limit of
this material for fatigue loading conditions at 250°C. The fact that a hold time,
even a relatively short hold time, can completely wipe out the fatigue limit is
extraordinary. This has wide-ranging implications for materials applications
where a fatigue limit, i.e. the ability to sustain an infinite number of cycles at
and below the fatigue limit strain range, is eliminated by the application of a
short hold period. The datum at 0.15% follows the trend for other lifetimes with
hold times of 10s. Based on the behaviour for the 10s hold period, it would be
anticipated that similar highly diminished fatigue lives would be found for other
conditions consistent with their trend curves.

3.4 Lifetime and Number of Cycles to Failure as a
Function of Holdtime
In order to demonstrate the impact of holdtime in the creep-fatigue interaction
tests, the real lifetime of the material and the number of creep-fatigue cycles to
failure are plotted directly as a function of holdtime in Figs. 10 and 11. Fig. 10
shows the results of tests carried out only on unirradiated CuAl-25 specimens at
22°C whereas the results of tests carried out at 250°C both on the unirradiated
and irradiated (at 250°C to 0.3 dpa) specimens are shown in Fig. 11. For both
cases, the results are shown for the highest (0.5%) and the lowest (0.2%) strain
range values. Note, that the high strain range value of 0.5% represents a high
loading condition in service whereas the low strain range value of 0.2% repre-
sents a low loading condition in service.

The results presented in Figs. 10 and 11 clearly demonstrate the following sig-
nificant effects of holdtime in creep-fatigue interaction experiments:

(i) even a holdtime of 2 seconds causes a drastic decrease in the life-time
as well as the number of cycles to failure,

(ii) the decrease is most pronounced at the lowest strain range value and the
shortest holdtime,

(iii) the lifetime increases with increasing holdtime beyond 2 seconds
whereas the number of cycles to failure does not change much at hold-
times longer than 2 seconds,

(iv) at 250°C and at the strain range value of 0.5%, the holdtimes of 100 and
1000s lead to an increase in the real lifetime eventhough the number of
cycles to failure remains rather low; the holdtime of 1000s at the strain
range value of 0.5% may enhance the lifetime even at 22°C. At the low
strain range value of 0.2%, on the other hand, the real lifetime is
unlikely to improve even at a holdtime of 1000s,

(v) the neutron irradiation at 250°C to a dose level of ~0.3 dpa does not
seem to have any significant effect on the lifetime and the number
of cycles to failure as a function of holdtime.
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Figure 10. Fracture lifetime and number of cycles to failure as a function of
holdtime obtained during creep-fatigue interaction tests carried out at 22°C on
the unirradiated CuAl-25 (LOCL) alloy with strain range value of (a) 0.2% and
(b) 0.5%.
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Figure 11. The same as in Figure 10 but tested at 250°C both in the unirradi-
ated and irradiated (at 250°C to 0.3 dpa) conditions with strain range value of
(a) 0.2% and (b) 0.5%.
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3.5 Post-deformation Microstructure
In order to gain insight into the deformation processes operative during creep-
fatigue interaction tests, thin foils were prepared from specimens that had frac-
tured during these tests under different conditions and were examined in a
transmission electron microscope (TEM). These foils were prepared from mate-
rials taken from the region immediately next to the fractured surface. Fracture
surfaces were investigated using a scanning electron microscope (SEM). The
main results of these investigations are described in this section.

Figure 12 illustrates the TEM micrographs of specimens tested at 22°C with a
strain range value of 0.5% and with holdtimes of 10s (Fig. 12a), 100s (Fig. 12b)
and 1000s (Fig. 12c). The microstructure at the holdtime of 10s is dominated by
the formation of dislocation cells and cell walls in the grain interiors. In other
words, under these conditions, the grains get subdivided into subgrains. How-
ever, in some regions of the specimen, dislocations are found to be homogene-
ously distributed. This behaviour is very similar to the one observed in fatigue
tests at 47°C without any holdtime (Fig. 13 a,b) [1]. At the holdtime of 100s the
dislocation cell microstructure begins to thin (Fig. 12 b) and in many areas the
distribution of dislocations is found to be quite homogeneous. The density of
dislocations drops quite significantly and the distribution of dislocation is over-
whelmingly homogeneous (Fig. 12c) at the holdtimes of 1000s and a strain
range value of 0.5%. The specimens tested at 250°C with different holdtimes
generally exhibit lower dislocation density than that found in the specimens
tested at 22°C.

The microstructures of unirradiated specimens tested at 250°C with a holdtime
of 10s and with strain range values of 0.5, 0.2 and 0.15% are shown in Fig. 14
(a,b,c). These micrographs do not show any evidence of extensive dislocation
activity. At the strain range value of 0.15%, only a few dislocations seem to
have been generated and have survived during the test.

Figure 15 shows the microstructures of irradiated (at 250°C to 0.3 dpa) speci-
mens tested at 250°C with a strain range value of 0.5% and with holdtimes of 10
(Fig. 15a) and 1000s (Fig. 15b). The microstructures indicate that there has been
some dislocation activity both at 10 and 1000s holdtime. In both cases, loose
dislocation walls seem to have formed. In the case of 1000s holdtime, however,
regions containing homogeneously distributed dislocations were also found
(Fig. 15c). The TEM examinations at high magnifications showed that the mo-
tion and rearrangement of dislocations seem to have annihilated the irradiation
induced defect clusters in the form of loops and stacking fault tetrahedral. The
microstructures of the unirradiated and irradiated (at 250°C to 0.3 dpa) speci-
mens tested at 250°C with a strain range value of 0.2% and with a holdtime of
100s are compared in Fig. 16. In both cases, it is evident that during testing dis-
locations are generated. No significant differences can be seen between the irra-
diated and the unirradiated specimens.
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Figure 12. Post-deformation microstructure of CuAl-25 (LOCL) alloy creep-
fatigue tested at 22°C in the unirradiated condition with a strain range value of
0.5% with holdtimes of (a) 10s, (b) 100s, (c) 1000s.
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Figure 13. Post-deformation microstructure of the unirradiated CuAl-25
(LOCL) alloy tested at 22°C at a stress amplitude of 440 Mpa without any hold-
time. The fatigue test was carried out in stress-controlled mode.

Ris0-R-1253(EN) 21



Figure 14. Post-deformation microstructure of the unirradiated CuAl-25
(LOCL) alloy creep-fatigue tested at 250°C with a holdtime of 10s and with
strain amplitudes of (a) 0.5%, (b) 0.2% and (c) 0.15%.
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Figure 15. Post-deformation microstructure of the irradiated (at 250°C to 0.3
dpa) CuAl-25 (LOCL) alloy creep-fatigue tested at 250°C with a strain ampli-
tude of 0.5% and with holdtimes of (a) 10s and (b, c) 1000s.
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Figure 16. Post-deformation microstructure of CuAl-25 (LOCL) alloy creep-
fatigue tested at 250°C with a strain amplitude of 0.2% and a holdtime of 100s
in (a) unirradiated and (b) irradiated (at 250°C to 0.3 dpa) conditions.

3.6 Fracture Surface Analysis
The fracture surfaces of specimens tested in the creep-fatigue mode with differ-
ent test conditions were examined using SEM techniques to identify significant
features which could relate to the creep-fatigue performance and lifetime. In
order to illustrate the effect of holdtime on fracture surface features, fracto-
graphs of specimens tested with a strain range value of 0.5% are shown in Figs.
17 and 18 for tests carried out at 22 and 250°C, respectively. In both cases, frac-
tographs for the holdtimes of 10, 100 and 1000s are shown. Specimens tested
under these conditions were in the unirradiated state.
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Figure 17. SEM fractographs of fracture surfaces of the unirradiated CuAl-25
(LOCL) alloy creep-fatigue tested at 22°C with a strain amplitude of 0.5% and
a holdtimes of (a) 10s, (b) 100s and (c) 1000s.
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Figure 18. The same as Figure 17 but tested at 250°C.
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Figure 19. SEM fractographs of fracture surfaces of the unirradiated CuAl-25
(LOCL) alloy creep-fatigue tested at 250°C with a holdtime of 10s at strain am-
plitudes of (a) 0.15%, (b) 0.2% and (c) 0.5%.
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F/gwre 20. The same as Figure 19 but for the irradiated (at 250°C to 0.3 dpa)
CuAl-25 (LOCL) alloy tested at 250°C with a strain amplitude of 0.5% and with
holdtimes of (a) 10s, (b) 100s and (c) 1000s.
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It can be seen in Figs. 17 and 18 that both at 22°C (Fig. 17) and 250°C (Fig.
18), the holdtime of 10s yields the roughest fracture surface; with increasing
holdtime, the fracture surface becomes smoother. In other words, the number of
secondary cracks decreases with increasing holdtime. This suggests that the
crack opening is larger and cracks advance in larger steps at lower holdtimes.

Figure 19 shows fractographs for the unirradiated specimens tested at 250°C
with a holdtime of 10s and with strain range values of 0,5, 0.2 and 0.15%. As
can be seen in Fig. 19, the roughness of the fracture surface decreases with de-
creasing strain range. In other words, at a given holdtime, the lower the strain
range value, the smother is the fracture surface. It should be noted that a large
number of secondary cracks are formed at the strain range value of 0.5%. At
this high strain range value, grain tearing is commonly observed. The frequency
of secondary crack formation as well as grain tearing decreases with decreasing
strain range value.

A general picture emerging from the results shown in Figs. 17 - 19 is that the
longer holdtime and the lower strain range value lead to smother fracture sur-
faces whereas rougher fracture surfaces are observed at shorter holdtime and
higher strain range values.

Finally, Fig. 20 shows the fractographs for the irradiated (at 250°C to 0.3 dpa)
specimens tested at 250°C with a strain range value of 0.5% and with holdtimes
of 10, 100 and 1000s. A comparison of Fig. 18(a) and Fig. 20(a) shows that the
irradiated specimens tested with a holdtime of 10s yields a rougher fracture sur-
face than the unirradiated specimen tested under the same condition. At longer
holdtimes, the features of the fracture surfaces in the unirradiated and irradiated
cases are rather similar.

4 Summary and Conclusions

The present report describes the main findings of a systematic study of the
creep-fatigue interaction behaviour of a commercial dispersion strengthened
CuAl-25 (LOCL) GlidCop™ alloy. In the present work, the creep-fatigue inter-
action was simulated by applying a certain holdtime on both tension and com-
pression sides of the cyclic loading procedure. The effect of different holdtimes
in the range of 0 and 1000s on the lifetime and the number of cycles to failure
was investigated at 22 and 250°C at different strain amplitude levels. A number
of CuAl-25 (LOCL) specimens irradiated at 250°C to a displacement dose level
of =0.3 dpa (NRT) were also tested at 250°C with different holdtimes and strain
amplitude levels. In addition to determining the mechanical response under
creep-fatigue testing, the post-deformation microstructure was investigated us-
ing TEM and the fracture surfaces were studied using SEM.

On the basis of the results reported here, the following preliminary conclu-
sions can be drawn:

(i) Both at 22 and 250°C, the lifetime as well as and the number of cycles
to failure are significantly reduced at the strain range value of 0.2%.
The largest reduction occurs at the shortest holdtime of 2s.

(ii) At 250°C and at the strain range value of 0.5%, the reduction in lifetime
is observed to occur at holdtimes of shorter than 100s. However, hold-
times of longer than 100s lead to a significant increase in the lifetime.
Even under these conditions, however, the largest reduction in the life-
time and the number of cycles to failure occurred at the holdtime of 2s.
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(iii) The irradiation of 250°C to a displacement dose level of =0.3 dpa does
not appear to have any significant effect on neither the lifetime nor the
number of cycles to failure.

(iv) Under creep-fatigue testing conditions, the number of cycles to failure
is found to be rather low both at 22 and 250°C and 0.2 and 0.5% strain
range values for all values of the applied holdtime.

(v) The combination of a low testing temperature, a low strain range value
and a short holdtime leads to the most dramatic reduction in the lifetime
and the number of cycles to failure.

At this point in time, the effect of holdtime on the mechanical performance and
the lifetime of the CuAl-25 alloy used in the present work remains rather elu-
sive. Even the post-deformation microstructural evidence and the features of the
fracture surfaces do not help much in identifying the physical process(es) con-
trolling the lifetime and the number of cycles to failure under the creep-fatigue
testing conditions. A considerable amount of additional work is deemed neces-
sary to establish a proper understanding of the process(es) controlling the effect
of holdtime. However, at this juncture we may speculate in terms of qualitative
and empirical arguments that the origin of the effect may lie in the nucleation of
cracks during the holdtime and their subsequent healing and growth during the
relaxation periods both on the tension and compression sides of the cyclic load-
ing. According to this argument, high strain amplitudes, high temperatures and
long holdtimes would be expected to contribute significantly to crack-tip blunt-
ing and crack healing. In contrast, no such beneficial effect can be expected at
low strain amplitudes, low holdtimes, and low temperatures.
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