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Abstract

The fatigue performance of pure copper of the oxygen free, high conductivity (OFHC) grade and a dispersion

strengthened copper alloy, Glid CopTM CuAl-25 was examined with and without irradiation exposure. Mechanical

testing was carried out to establish the fatigue lives of these materials in the unirradiated and irradiated states. Fatigue

specimens of these two materials were irradiated with ®ssion neutrons in the DR-3 reactor at Risù with a ¯ux of

�2.5 ´ 10ÿ17 n/m2 s (E > 1 MeV) to ¯uence levels of 1.5±2.5 ´ 1024 n/m2 (E > 1 MeV) at �47 and 100°C. Specimens

irradiated at 47°C were fatigue tested at room temperature, whereas those irradiated at 100°C were tested at the ir-

radiation temperature. These investigations demonstrated that, while irradiation causes signi®cant hardening of the

materials, the hardening appears to have no negative impact on fatigue performance. In fact, the fatigue performance of

the CuAl-25 alloy is considerably better in the irradiated than that in the unirradiated state tested both at 22°C and

100°C. Microstructural observations of the fatigue microstructures and the fracture surfaces are useful in understanding

this conclusion. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The ITER design conditions require the use of high

thermal conductivity materials for heat sink applications

in ®rst wall, limiter and divertor components and copper

alloys provide the best potential for meeting these re-

quirements. Fatigue behavior is central to materials se-

lection since the vacuum vessel components will be

subjected to thermal cycling, and thus thermal-me-

chanical cycling, as a result of the cyclic plasma burn

operation of the system. Design requirements set the

limits of useful fatigue testing in the range between

around 10 to around 106 cycles to failure. Three alloys

are currently under consideration including one disper-

sion strengthened (DS) alloy, Glid Cop CuA1-25, and

two precipitation hardened (PH) alloys: CuCrZr and

CuNiBe. The dispersion strengthened CuAl-25 alloy is

the primary candidate alloy. The current work, which is

part of a much larger experimental e�ort on a number of

copper alloys [1,2], examines the fatigue performance of

the dispersion strengthened alloy as compared to the

performance of unalloyed copper in the form of oxygen

free high conductivity (OFHC) Copper. The fatigue

performance of these materials in the unirradiated con-

dition at room temperature has been reported in earlier

studies [3,4]. The current work centers on the in¯uence

of irradiation and test conditions up to 100°C.

2. Materials and experimental procedure

The materials used in the present investigations were

oxygen free, high conductivity (OFHC) copper and

dispersion strengthened Glid Copä CuAl-25 (LOCL).

The OFHC-Cu was supplied by Tr�e®m�etaux (France) in

the form of 20 mm thick plates. The Glid Copä CuAl-25

(LOCL), hence forth referred to as CuAl-25, was sup-

plied by OGM Americas (formerly SCM Metals, Inc.) in
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the form of 15 and 20 mm diameter rods in the as-ex-

truded (i.e. wrought) condition. The chemical composi-

tion and the thermo-mechanical treatments given to

these materials prior to testing and irradiation are listed

in Table 1. Values of the average grain size (dg) of these

materials are also quoted in Table 1.

The dislocation density in OFHC-copper was found

to be rather low (<1012 mÿ2) [5]. In contrast, the CuAl-

25 alloy in the as-wrought condition was found to

contain a dislocation density of 1.5 ´ 1015 mÿ2 [5]. Most

of these dislocations were associated with alumina par-

ticles. In addition to the dislocation structures in the

CuAl-25 alloy, a reasonably high density of alumina

particles (2.2 ´ 1022 mÿ3) was present. The alumina par-

ticles were of �8.7 nm average diameter, but distributed

very heterogeneously. Both particle size and density

varied very considerably throughout the alloy [1,5]. The

subsize fatigue specimens of OFHC-Cu and CuAl-25

were irradiated with ®ssion neutrons in the DR-3 reactor

at Risù at the reactor ambient temperature (�47°C) and

100°C. All specimens were irradiated with a neutron ¯ux

of �2.5 ´ 1017 n/m2 s (E > 1 MeV) which corresponds to

a displacement damage rate of �5 ´ 10ÿ8 dpa (NRT)/s.

The OFHC-Cu specimens received a ¯uence of

�2.5 ´ 1024 n/m2 (E > 1 MeV) corresponding to a dis-

placement dose level of �0.5 dpa. Specimens of CuAl-25

received a ¯uence of �1.5 ´ 1024 n/m2 (E > 1 MeV) cor-

responding to a displacement dose level of �0.3 dpa.

The main e�ect of irradiation with ®ssion neutrons at

�47°C was the introduction of interstitial-and vacancy-

type defect clusters in high densities. A cluster density of

�5 ´ 1023 mÿ3 was found in both OFHC-Cu and CuAl-

25 irradiated with ®ssion neutrons at �47°C to a dose

level of 0.2 dpa [5].

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 primarily in a load

controlled mode in an servo-electrical mechanical test

stand. The characteristics of the loading cycle were

monitored and controlled by computer. The loading

cycles were always fully reversed (i.e. R�ÿ1) so that the

maximum tension load was the same as the maximum

compressive load. The loading frequency was typically

0.5 Hz. The specimens tested in fatigue were cycled to

failure, where failure was de®ned as separation of the

specimen into two halves.

For elevated temperature testing, the specimens were

heated by electrical resistance furnaces such that the

heat was conducted through the specimen grips. This

resulted in accurate temperature control and no mea-

surable temperature gradient along the specimen length.

Following fatigue of both unirradiated and irradiated

materials, fracture surfaces were examined in a JEOL

5310 low vacuum scanning electron microscope (SEM).

For transmission electron microscopy investigations, 3

mm discs were cut from the gauge sections (close to the

fracture surface) perpendicular to the fatigue axis. The

discs were mechanically thinned to �0.1 mm and then

twinjet electropolished in a solution of 25% perchloric

acid, 25% ethanol and 50% water at 11 V for about 15 s

at �20°C. The thin foils were examined in a JEOL 2000

FX transmission electron microscope.

3. Experimental results

3.1. Fatigue life evaluation

The fatigue performance of OFHC-Cu is indicated in

Fig. 1 for unirradiated and 50°C irradiated specimens;

Table 1

Chemical composition and thermomechanical treatments

Material Composition Thermomechanical processing

OFHC-Cu Cu ± 10, 3, <1, and <1 ppm of Ag, Si, Fe and Mg,

respectively

Annealed at 550°C for 2 h in vacuum (<1.33 MPa):

dg� 100 lm

CuAl-25 Cu ± 0.25% Al as oxide particles (0.46% Al2O3) As-supplied, i.e. as wrought, no subsequent heat

treatment; dg < 1 lm

Fig. 1. Fatigue life (Nf ) as a function of stress amplitude for

unirradiated and irradiated OFHC-Cu tested at room temper-

ature in vacuum. Irradiation was carried out at �47°C to a dose

level of �0.5 dpa (NRT). Note, that both stress- and strain-

controlled tests give similar fatigue life, Nf . Furthermore, the

fatigue life appears to increase due to irradiation.
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both types of specimens were tested at room tempera-

ture. The results suggest that the fatigue life of the ir-

radiated specimens of OFHC-Cu may be longer than

that of the unirradiated specimens at stress amplitudes

lower than �150 MPa (i.e. at Nf > 103 cycles). However,

in view of the limited number of results, this trend must

be taken to be only tentative in nature. The comparison

is further complicated by the fact that while unirradiated

specimens were tested in the strain-controlled mode, all

irradiated specimens were tested under stress control. It

should be noted that the stress and the strain-controlled

tests tend to yield similar results, particularly at lower

cycles to failure. However, there are not enough results

to con®rm this trend.

The fatigue responses of CuAl-25 shown in Fig. 2,

indicate a clear improvement in fatigue lives following

irradiation to 0.3 dpa at 50°C as compared to the un-

irradiated condition. For most of the lives longer than

about 500 cycles to failure, a modest increase in fatigue

life over the unirradiated condition is found. The slopes

of the fatigue curves appear to be nearly parallel in this

region, but indicate about a factor of two increase in life

for ®xed load conditions. At short lives, the irradiated

condition has a larger margin of life over the unirradi-

ated condition. A comparison of the strain controlled

and load controlled fatigue lives is also shown in Fig. 2

for unirradiated CuAl-25. The two sets of data match

very closely. This indicates that the current load con-

trolled tests are directly comparable to strain controlled

tests; this issue will be addressed in more detail later. The

CuAl-25 material shows an improvement in fatigue

performance following irradiation and testing at 100°C

(Fig. 3). In some cases, an improvement of nearly a

factor of ten in fatigue lives at a ®xed loading condition

is found for the CuA1-25 in fatigue lives following ir-

radiation to 0.3 dpa (Fig. 3).

A comparison of all of the fatigue results shown in

Figs. 1±3 indicates that, for ®xed loads, CuAl-25 pro-

vides the markedly better fatigue performance than

OFHC-Cu.

3.2. Cyclic stress±strain evaluation

In order to provide useful information regarding the

cyclic hardening or softening behavior of the two ma-

terials and to better correlate the results of stress-con-

trolled and strain-controlled fatigue tests, a series of

cyclic stress±strain curves were generated with cyclic step

tests. In these tests, fully reversed fatigue loading was

carried out at an initially low applied strain level, one in

the elastic range. The specimen was cycled for a mini-

mum of 20 cycles at the ®xed strain range. The strain

range was then increased by a small increment, and at

least 20 cycles of loading were applied at each strain

level while the load was monitored and recorded. Fol-

lowing stable or nearly stable cycling at each strain

range, the strain range was increased by a small incre-

ment and the process repeated. Where possible, these

tests were performed by ®rst increasing the strain range

incrementally to up to about 2% total strain and then

decreasing the strain ranges back down in small incre-

ments to very low (i.e. elastic) strain ranges. This al-

lowed for an analysis of residual hardening or softening

which can take place during the loading cycles. Tests

were performed on both unirradiated and irradiated

materials. Examples of the cyclic stress±strain curves for

OFHC-Cu are shown in Fig. 4 which demonstrates the

Fig. 2. Fatigue life (Nf ) as a function of stress±amplitude for

unirradiated and irradiated CuAl-25 alloy (in as-wrought con-

dition) tested at room temperature in vacuum. Irradiation was

carried out at �47°C to a dose level of �0.3 dpa. Note, that the

fatigue life is not a�ected by the testing mode. It should be

noted, however, that the neutron irradiation causes a signi®cant

increase in the fatigue life.

Fig. 3. Same as in Fig. 2, but irradiated and tested in vacuum at

100°C. Note, a signi®cant improvement in fatigue life at all

stress amplitudes.
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cycle by cycle softening behavior for loading conditions

in the upper yield area on an irradiated specimen of

OFHC-Cu specimen. It should be noted that the mate-

rial is gradually softening during each loading cycle at

any given applied strain range. Thus the ®nal stress level

at any given strain depends on the total number of cycles

at that condition. The amount of softening per cycle at

each strain level, however, does seem to decay to smaller

values as the number of cycles increases. In any case, the

tendency to cyclically soften is clear in all of the irradi-

ated conditions.

The results of these tests are shown in Figs. 5 and 6

for OFHC-Cu and CuAl-25, respectively. These tests

were carried out at room temperature. It can be noted

that in all cases the irradiated materials exhibit a higher

cyclic `yield' point than do any of the unirradiated ma-

terials. In addition, there is an apparent upper and lower

yield phenomenon similar to those seen in the mono-

tonic tensile behavior of the irradiated specimens [5].

Following the initial post-yield drop in cyclic strength

in the irradiated conditions, the balance of the cyclic

stress±strain curves remains relatively ¯at, but at much

reduced stress levels compared to the initial irradiation-

hardened case. This post-yield drop in the cyclic strength

is a clear indication of the softening e�ect induced by

defect cluster removal by dislocation sweeping and lo-

calized deformation. In the cases of both of the alloys, a

somewhat elevated strength persists as compared to the

unirradiated curves. In the case of OFHC-Cu (Fig. 5),

however, once the cyclic softening is induced, the curve

very closely follows that of the unirradiated case. In

other words, after the initial yield drop the OFHC-Cu

shows clear evidence of work hardening. This is a sig-

ni®cantly di�erent behavior compared to the commonly

observed behavior of irradiated copper during tensile

tests, where plastic instability follows the yield drop and

the material looses its ability to work harden [5±7].

The work reported here is based primarily on tests

conducted under load control, where the specimen is

cycled between ®xed load limits. It is more common,

where possible, to conduct low cycle fatigue tests in the

strain controlled mode, where the specimen is cycled

between ®xed strain (extension) limits. The current work

Fig. 4. Section of a cyclic stress±strain curve for OFHC-Cu

irradiated at �47°C to a displacement dose level of �0.5 dpa

and tested in the strain controlled mode at room temperature,

showing the stress response in individual cycles. The progressive

softening at each cycle at ®xed loads can be seen.
Fig. 5. Cyclic stress±strain curves for OFHC-Cu tested at room

temperature in the unirradiated and irradiated (0.5 dpa at

�47°C) conditions. Note the occurrence of a prominent yield

drop in the irradiated OFHC-Cu.

Fig. 6. Same as in Fig. 5, but for the CuAl-25 alloy in the

unirradiated and irradiated (�0.3 dpa at 47°C) conditions.

Note that the irradiated CuAl-25 does not exhibit a clear yield

drop.
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indicates, however, that similar results are obtained

from both test methods (see Figs. 1 and 2). In order to

make the load controlled results more compatible and of

broader use, the cyclic stress±strain curves are used to

determine the cyclic hardening curves. The total cyclic

strain can be represented as

Detotal � Deelastic � Deplastic � Dr=E � �Dr=K 0�1=n0
:

This formulation assumes the standard Ramberg±Os-

good-type relationship for strain hardening in the plastic

regime, where K 0 is the cyclic strength coe�cient, n0 the

cyclic strain hardening exponent. The original formula-

tion was applied to strain hardening under monotonic

loading conditions such that

etotal � eelastic � eplastic � r=E � �r=K�1=n;

where K is the strength coe�cient and n the strain

hardening exponent. These relationships, while empiri-

cal, provide an excellent representation of the material

deformation behavior from the elastic regime through a

large portion of the post-yield response for a wide va-

riety of metals and alloys. These relationships provide a

useful constitutive relationship, where the applied stress

or stress amplitude, at any point in the loading can be

directly correlated with a unique strain or strain range.

Once the constants in either equation have been deter-

mined, it is straightforward to convert stresses (or loads)

to strain and vice versa.

In the current study, the cyclic stress±strain curve

provides the means for determining the relevant con-

stants. The stress (or load) based fatigue life curves can

be converted to strain-based information using the above

equation once the values of the constants have been

determined. The values of the current constants are given

in Table 2. Figs. 7 and 8 show the elastic strain range

only, and cyclic hardening results for converting the load

controlled tests to strain versus life curves. The conver-

sions are compared to previous strain-controlled tests.

Figs. 7 and 8 indicate the viability of converting fa-

tigue performance based on load (stress) controlled tests

to the more common strain-life representation. This is

accomplished by either using strains calculated from the

elastic modulus, E, or strain calculated from the plastic

strain hardening coe�cient, K or K 0, and the strain

hardening exponent, n or n0. In the case of the OFHC-

Cu, the ®ts are very good. The case of CuAl-25 is

somewhat more complicated; the comparisons are not as

satisfactory as for the case of OFHC-Cu. It should also

be noted here, that most of the fatigue life data fall into

the regime, where both the elastic and plastic strain

contributions are important. The elastic strain predic-

tions are close to the elastic portion of the strain range,

whereas the plastic or cyclic hardening conversions lie

Table 2

Monotonic and cyclic strength coe�cients and hardening ex-

ponents for unirradiated conditions

Material Monotonic Cyclic

K N K0 n0

OFHC-Cu 53.4 0.356 205.3 0.318

CuAl-25 358.9 0.525 509 0.303

Fig. 7. Fatigue life (Nf ) as a function of the measured and

calculated (from cyclic stress±strain curves) strains for the un-

irradiated and irradiated (0.5 dpa at �47°C) OFHC-copper

tested at 22°C.

Fig. 8. The same as in Fig. 7, but for CuAl-25 irradiated (0.3

dpa at 47°C) and tested at 22°C.
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substantially above the actual plastic strain curve, but

marginally below the actual total strain±life curve for

unirradiated material. This indicates that some caution

must be taken in this case, at least, when converting

from fatigue life data taken from stress controlled tests

to strain-based formulations.

3.3. Characterization of fatigue-induced microstructural

evolution

The post-fatigue microstructure of OFHC-Cu tested

at room temperature in the unirradiated condition is

dominated by equiaxed and elongated cells. At the high

load level (180 MPa, Nf � 1121) the cell formation oc-

curs throughout the entire specimen. However, the cell

formation occurs in an inhomogeneous fashion in that

the cells in some areas are equiaxed and in other areas

narrow and elongated (Fig. 9). At the low load level of

120 MPa (Nf � 21646), most of the cells are narrow and

elongated, but some areas of the specimen contain loose

dislocation walls and very long cells.

The microstructural evolution in the irradiated

specimens of OFHC-Cu during fatigue testing is found

to be substantially di�erent from that observed in the

unirradiated OFHC-Cu. A general comparison of the

microstructural features of unirradiated and irradiated

conditions is given in Table 3. The post-fatigue micro-

structure in the irradiated specimens is rather complex

and varies signi®cantly with the stress amplitude. Fig. 10

illustrates selected features of the post-fatigue micro-

structure of the irradiated OFHC-Cu for stress ampli-

tudes from 80 to 250 MPa. At the highest stress

amplitude of 250 MPa (Nf � 32), the microstructure is

found to contain small cells with loose dislocation walls,

Fig. 9. Post-fatigue microstructure of the unirradiated OFHC-Cu tested at room temperature showing formation of equiaxed and

elongated cells: (a,b) 180 MPa, Nf � 1121.

Table 3

Comparison of microstructural observations in fatigue tested (at room temperature) OFHC-Cu with and without irradiation exposure

Nf r (MPa) Microstructure

Unirradiated

1121 180 Mixture of equiaxed and very elongated cells

21646 120 Microstructure dominated by elongated cells ± in some cases with loose walls; very

elongated cells only in some areas

Irradiated (47°C, 0.5 dpa)

32 250 Complicated microstructure containing:

� Small cells with loose dislocation walls

� Slip bands and `cleared' channels

� Areas with defect clusters and grown-in dislocations

189 220 Mostly equiaxed cells but some areas contain homogeneous distribution of dislocations

424 200 Mostly equiaxed cells; however, some areas contain `cleared' channels. Areas were also

found where the as-irradiated microstructure had survived and where no dislocations

were generated

1604 160 Tendency to form cells with loose walls, homogeneous distribution of dislocations,

clusters appear to have been wiped out.

515988 80 No sign of extensive global plastic deformation, defect clusters are seen everywhere,

bands of dislo-cations, no indication of cell formation
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slip bands, and `cleared' channels. The interior of the

cells and the slip bands (Fig. 10(a)) contain very few or

no defect clusters produced during irradiation. A clear

example of `cleared' channels is shown in Fig. 11. It

should be noted here that in the regions away from the

cleared channel there is no evidence of dislocation gen-

eration during the cyclic deformation even at the stress

level of as high as 250 MPa. This is consistent with the

lack of dislocation generation in the irradiated OFHC-

Cu tensile tested at room temperature [5].

Fig. 10(b) shows the microstructure observed in the

irradiated specimens of OFHC-Cu following cyclic de-

formation at a stress amplitude of 200 MPa (Nf � 424).

A mixture of equiaxed and elongated cells can be seen in

Fig.10(b). Again, the cells contain very few or no defect

clusters.

Fig. 11. An example of `cleared' channels formed in the OFHC-Cu irradiated at 47°C to 0.5 dpa and fatigue tested at room tem-

perature at a stress amplitude of 200 MPa (Nf � 424). Similar channels were also observed at the stress amplitude of 250 MPa

(Nf � 32). Note the lack of dislocation generation in regions between the `cleared' channels.

Fig. 10. Post-fatigue microstructure of the OFHC-Cu irradiated at 47°C to 0.5 dpa and tested at room temperature at di�erent stress

amplitudes: (a) 250 MPa (Nf � 32), (b) 200 MPa (Nf � 424), (c) 160 MPa (Nf � 1604) and (d) 80 MPa (Nf � 56634).
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The fatigue-induced microstructure of irradiated

OFHC-Cu tested at a stress amplitude of 160 MPa

(Nf � 1604) is shown in Fig. 10(c). At this stress level,

although there is a tendency towards cell formation, but

the formation of proper cells is not completed. The

microstructure is dominated, instead, by the high density

of fatigue-induced dislocations with a reasonably ho-

mogeneous distribution. At this test condition, there is a

tendency for dislocations to segregate in the form of

loose bands. It is signi®cant that at the stress amplitudes

of 160 MPa and below, elongated cells and very long

dislocation walls or veins are not formed. This would

suggest that both generation and the mobility of dis-

locations were seriously reduced in the irradiated

materials.

At the stress amplitude of 80 MPa, there is no indi-

cation of formation of cells and subgrains (Fig. 10(d)).

However, as can be seen, dislocations have a tendency to

cluster, segregate and form bands of dislocations.

The post-fatigue microstructures of the CuAl-25 al-

loy in the unirradiated and irradiated conditions are

shown in Figs. 12±14 and the main features are sum-

marized in Table 4. The most signi®cant aspect of these

observations is that the overall activities of dislocations

(generation, interactions and segregation) are drastically

reduced in CuAl-25 compared to that in the OFHC-Cu.

At the stress amplitude of 440 MPa (Nf � 262), there is a

tendency to form some very small (100±200 nm diame-

ter) and rather loose cells (Fig. 12(a)) in some parts of

the specimens. Generally, the microstructure is domi-

nated by the presence of small dislocation segments

pinned probably by the oxide particles (Fig. 12(b)). No

indication of cell formation was observed in the unir-

radiated CuAl-25 fatigue tested at a stress amplitude of

360 MPa (Fig. 13). Fig. 14 shows the dislocation mi-

crostructure of the irradiated CuAl-25 after fatigue

testing at stress amplitudes of 540 MPa (Fig. 14(a)) and

320 MPa (Fig. 14(b)). No indication of cell formation

Fig. 12. Post-fatigue microstucture of the unirradiated CuAl-25 alloy tested at room temperature at a stress amplitude of 440 MPa

(Nf � 262): (a) small cells with loose dislocation walls and (b) rather homogeneous distribution of dislocations.

Fig. 13. Same as in Fig. 12, but tested at a stress amplitude of 360 MPa (Nf � 2994) showing homogeneous distribution of dislocations

at (a) low and (b) high magni®cation. Note, the lack of long-range dislocation transport and interaction.
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was observed in these specimens. In the specimen tested

at 320 MPa not all the grains seem to have deformed

plastically; a large number of grains still contain as-ir-

radiated cluster and dislocation microstructures. The

lack of dislocation generation during the fatigue exper-

iment at 320 MPa can be seen in Fig. 14(b).

3.4. Fracture surface analysis

The fracture surfaces of the fatigue specimens were

examined by SEM to identify signi®cant features that

could relate to the fatigue performance. A comparison

of the macroscopic features of the unirradiated and ir-

radiated fracture surfaces is shown in Fig. 15 for OFHC-

Cu and in Fig. 16 for CuAl-25. A comparison of the

irradiated and unirradiated conditions indicates that,

while the fracture surfaces are reasonably ¯at in the case

of unirradiated materials, the irradiated conditions in-

dicate a signi®cant amount of necking during the ®nal

stages of fatigue loading. This is thought to be directly

related to the cyclic hardening in the unirradiated ma-

terials which should not lead to necking, and the cyclic

softening in the case of irradiated materials which could

lead to necking. This should also be evident from the

upper yield point phenomenon shown by the cyclic

stress±strain curves for the irradiated materials.

A closer examination of the failure surfaces provides

more information regarding the nature of the fractures.

A comparison of the unirradiated and irradiated

OFHC-Cu fracture surfaces indicates that in the unir-

radiated condition specimens failed by the classic fatigue

crack initiation and growth mechanism. The fatigue

striations are clearly evident on the failure surfaces

Fig. 14. Post-fatigue microstructure of the irradiated (0.3 dpa, 47°C) CuAl-25 alloy tested at room temperature at a stress amplitude of

(a) 540 MPa (Nf � 129) and (b) 320 MPa (Nf � 49506). At the stress amplitude of 320 MPa there appears to be no evidence of dis-

location generation and migration.

Table 4

Comparison of microstructural observations in fatigue tested (at room temperature) glidcop CuAl-25 with and without irradiation

exposure

Nf r (MPa) Microstructure

Unirradiated

262 440 Dislocation generation, interactions and tendency to form small (100±200 nm) loose cells

2994 360 Homogeneous distribution of dislocations in the grains

Irradiated (47°C, 0.3 dpa)

129 540 High density of homogeneously distributed dislocations, most of the defect clusters

appear to have been wiped out or at least they are not visible

247 500 High dislocation density, tendency to form small (�200 nm) loose cells, defect clusters

appear to have been wiped out

3235 400 Density of dislocations generated by deformation rather low, no indication of cell

formation, not all the grains appear to have deformed plastically (these undeformed

grains still contain as-irradiated defect clusters and dislocation microstructure)

49506 320 Only a few grains appear to have deformed plastically and a large number of grains still

contain as-irradiated cluster and dislocation microstructure
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indicating that the crack advanced through the specimen

with little redistribution of plasticity. No secondary

cracking or other crack branching is evident. On the

contrary, the irradiated material shows extensive defor-

mation up to the point of separation (Fig. 15(c)), which

is also a result of ductile fracture. The clear indication of

intersection of ¯ow lines over the entire material surface

indicates the extent to which plastic deformation is dis-

tributed around the neck region.

By somewhat of a contrast, the failure surfaces of

the unirradiated and irradiated CuAl-25 are rather

similar. In both cases the evidence of secondary

cracking is observed. While necking is seen in the ir-

radiated conditions, the nature of the ®nal fracture

surfaces is microscopically similar. A limited amount of

plastic deformation induced void formation is apparent

and the ®nal failures appear to be relatively ductile in

nature. The ductility, however, is constrained to this

very large population of voids, which appears to be

associated with the alumina particle distributions (Fig.

16(c)).

4. Discussion

Since neutron irradiation causes a drastic decrease in

the uniform elongation of copper and copper alloys [6±

8], the possibility that the neutron irradiation may also

impair the fatigue performance of these materials cannot

be ruled out. The present results strongly suggest,

Fig. 15. SEM fractographs of the fracture surfaces of fatigue

tested OFHC-copper at 22°C in (a) unirradiated (Nf � 1121),

(b) irradiated (47°C, 0.5 dpa, Nf � 32) conditions, and (c) same

as (b), but at a higher magni®cation showng extensive defor-

mation.

Fig. 16. SEM fractographs of the fracture surfaces of fatigue

tested CuAl-25 at 22°C in (a) unirradiated (Nf � 262), (b) ir-

radiated (47°C, 0.3 dpa, Nf � 129) conditions, and (c) Same as

(b), but at a higher magni®cation showing a large amount of

plasticity-induced deformation voids.
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however, that this may not be the case at 50°C and

100°C. In fact, the results for the CuAl-25 alloy show

just the opposite in that the irradiation improves the

fatigue lifetime both at room temperature and 100°C

when tested in the post-irradiation condition.

The results of the low cycle fatigue experiments car-

ried out on OFHC-Cu and CuAl-25 both in the unir-

radiated and irradiated conditions have demonstrated

two signi®cant features of the e�ect of irradiation on

their performance. First, the irradiated materials exhibit

a yield drop and softening during the ®rst few cycles of

fatigue experiments. In the case of irradiated OFHC-Cu,

the yield drop is followed by hardening at higher fatigue

cycles. Second, the fatigue life of the irradiated materials

tested at 22°C is noticeably improved by irradiation

(Figs. 1±3). The fact that the e�ect of irradiation on

fatigue life is relatively innocuous or even positive is of

academic as well as of technological interest (e.g. for the

lifetime of components in ITER). In the following, both

of these issues are discussed particularly in terms of the

results of microstructural investigations and fracture

surface analyses.

Let us ®rst consider the origin and implications of the

initial yield drop (cyclic softening) followed by harden-

ing or hardening and plastic instability in the irradiated

OFHC-Cu and CuAl-25. It is relevant to note here that

the initial yield drop is a matter of common observations

in copper irradiated and tensile tested at temperatures

below the recovery stage V (i.e. <0.3 Tm, where Tm is the

melting temperature) to a dose level of about 0.1 dpa or

higher (e.g. [5±7]). The occurrence of a prominent yield

drop in a pure fcc metal is, however, highly unusual.

Generally, the yield drop is a characteristic deformation

feature of the bcc metals containing interstitial impuri-

ties (e.g. carbon and nitrogen in iron). It is well estab-

lished that the impurity atoms segregate at the

dislocations and prevent them from acting as Frank±

Read sources. At the upper yield stress, a large number

of dislocations break away from the atmosphere of the

impurity atoms, causing a yield drop. This is consistent

with the theoretical prediction that a prominent yield

drop is likely to occur when the density of unlocked

dislocations is very low (106±108 mÿ2) [8]. This clearly

suggests that the grown-in dislocations in copper must

get locked during irradiation and it is their release at the

upper yield stress that causes the yield drop. The ques-

tion then arises as to how the grown-in dislocations get

locked during irradiation?

This question has been addressed recently in a new

model for radiation hardening called `Cascade Induced

Source Hardening' (CISH) [9]. In this model, the grown-

in dislocations are taken to be decorated by small loops

of self-interstitial atoms (SIAs). The upper yield stress is

the stress necessary to pull the dislocation away from the

atmosphere of loops surrounding the grown-in disloca-

tions. It has been further shown that the decoration is

caused by the one-dimensional glide of small SIA loops/

clusters produced in the cascades [10]. The experimental

evidence showing the decoration of grown-in disloca-

tions by SIA loops is reviewed in [10].

Thus, the observed yield drop behaviour in copper

and copper alloys can be understood in terms of the

CISH model. The fact that the yield drop in the case of

the CuAl-25 alloy is very small can be easily rationalized

in terms of the high density of grown-in dislocations

(1.5 ´ 1015 mÿ2 [5]) and the presence of dispersions of

hard Al2O3 particles acting as strong obstacles to dis-

location motion. In the case of CuAl-25, most of the

grown-in dislocations (introduced during manufacturing

process) are associated with Al2O3 particles and thereby

strongly locked. During deformation, even if some of the

dislocations are unlocked at the upper yield stress, they

cannot move long distances because Al2O3 particles will

block their motion.

In this context, it is worth pointing out that the post-

fatigue microstructures observed in the irradiated

OFHC-Cu and CuAl-25 provide an overwhelming

amount of evidence for a very e�cient removal of the

irradiation-induced defect clusters by the dislocations

generated during the cyclic loading. Once the disloca-

tions are generated, they move under the in¯uence of

applied stress and wipe out practically all defect clusters

in their path by elastic force ®eld interactions between

small loops and gliding dislocations. This implies that

the irradiation-induced defect clusters do not act as

strong obstacles to the dislocation motion and therefore

are unlikely to be the cause of the observed hardening

[9]. Instead, the irradiation produced cascades render the

generation of dislocations more di�cult or impossible

by inducing decoration of the grown-in dislocations by

small loops. This leads to an increase in the upper yield

stress and inhomogeneous and localized deformation

and gives rise to yield drop and plastic instability. This

explains the observation of prominent necking during

cyclic loading of the irradiated OFHC-Cu. The corre-

sponding unirradiated specimens tested under the same

condition, on the other hand, do not exhibit neck for-

mation.

In view of the complicated nature of the deformation

processes operating under cyclic loading conditions, it is

not possible at present to provide a simple explanation

for the observed lack of deleterious e�ects, and even a

positive e�ect (i.e. increase in lifetime) of irradiation on

fatigue lifetime, particularly in the case of the CuAl-25

alloy. It is important to recognize here that while the

unirradiated copper and copper alloy deform homoge-

neously (i.e. without necking), the deformation in the

irradiated materials is dominated by localized defor-

mation producing prominent necking (Fig. 10). It

should be pointed out that the necking is prominent only

in the OFHC-Cu, but not in the case of the irradiated

CuAl-25.
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This di�erence in the deformation behavior between

the unirradiated and irradiated states makes the com-

parison of their lifetime rather questionable. Further-

more, it is reasonable to speculate that the observed

yield drop and necking may be due to the fact that fa-

tigue experiments are conducted in the stress-controlled

mode. The strain-controlled test, on the other hand, may

prevent the localization of deformation and necking.

This may yield a longer lifetime. In other words, the

stress-controlled fatigue tests may underestimate the

lifetime which may be achieved under the condition,

where the cyclic loading may correspond to the strain

controlled experiments (e.g. in the ®rst wall and divertor

components in ITER).

The fatigue lifetime improvement exhibited by the

irradiated specimens of CuAl-25 both at 22°C and

100°C (Figs. 2 and 3) is consistent with the line of ar-

gument presented above. The irradiated CuAl-25 alloy,

for instance, does not su�er from a prominent yield drop

and extensive necking and yields a signi®cantly longer

lifetime in the whole range of the stress amplitudes used

in the present experiments both at 22°C and 100°C. It

should be pointed out that the irradiated CuAl-25 does

not su�er from the yield drop during tensile testing at

22°C [5,7] either.

The post-fatigue microstructural investigations of the

irradiated CuAl-25 alloy demonstrate two signi®cant

features: (a) di�culty in dislocation generation and (b)

the lack of fatigue-damage accumulation in the form of

large elongated cells or subgrains. These observations

are consistent with the results of the cyclic stress±strain

experiments (Fig. 6). These results suggest that although

the alumina particles in the CuAl-25 alloy are strong

obstacles to dislocation motion, the irradiation-induced

decoration of the grown-in dislocations is still e�cient in

preventing dislocation generation.

It should be recognized though that this irradiation-

induced improvement in the fatigue performance may

not occur in the in-situ experiments corresponding to the

service conditions of ITER. Under the dynamic condi-

tions of ITER, it may be di�cult, or even impossible, to

decorate the grown-in dislocations by small SIA loops,

because of the low displacement dose per burn-up cycle.

In other words, the dislocation generation during the

cyclic deformation under irradiation may occur in the

same manner as in the case of unirradiated materials.

Hence, an improvement in the fatigue lifetime may not

occur. On the other hand, since the mobile dislocations

under the dynamic conditions will keep removing the

defect clusters produced by the cascades, the irradiation

may not cause any deleterious e�ects on fatigue life either.

It may be of interest, therefore, to carry out post-irradi-

ation fatigue experiments on specimens irradiated to low

doses (e.g. �10ÿ2 dpa), particularly on CuAl-25 alloy,

where the positive e�ect of alumina particles on disloca-

tion generation and motion still may be maintained.

5. Summary and conclusions

In the present work, the low cycle fatigue behavior of

the annealed OFHC-Cu and dispersion strengthened

CuAl-25 has been investigated before and after these

materials were exposed to neutron irradiation. Both

materials were irradiated at �47°C and tested at 22°C.

In addition, the CuAl-25 alloy was irradiated and tested

at 100°C. The unirradiated specimens were tested both

in stress- and strain-controlled modes, whereas all irra-

diated specimens were tested only in the stress-con-

trolled mode. In order to determine the cyclic hardening

or softening behavior of these alloys and to establish a

correlation between the results of the stress-controlled

and strain-controlled fatigue tests, a series of cyclic

stress±strain curves were generated with cyclic step tests.

To facilitate a better understanding of the mechanical

performance of these materials, the microstructure and

fracture surfaces were investigated in detail using

transmission and scanning electron microscopy.

On the basis of the results of the mechanical testing

and microstructural investigations, the following main

conclusions may be drawn:

1. The unirradiated specimens tested at 22°C in the

stress- and strain-controlled modes exhibit similar fa-

tigue life.

2. The cyclic step tests clearly demonstrate that the irra-

diated specimens of OFHC-Cu su�er from a promi-

nent yield drop; the irradiated CuAl-25 specimens,

on the other hand, do not exhibit such a prominent

yield drop.

3. All unirradiated specimens deform homogeneously,

whereas irradiated specimens of both OFHC-Cu de-

form inhomogeneously and exhibit extensive necking

during fatigue experiments. The amount of necking

observed in the irradiated CuAl-25 specimens is very

limited.

4. Irradiated specimens of OFHC-Cu and CuAl-25 ex-

hibit a noticeable improvement in the fatigue perfor-

mance due to irradiation. This improvement is quite

signi®cant in the case of CuAl-25 both at 22°C and

100°C.

5. The use of cyclic step tests to generate cyclic stress±

strain curves is a useful means of comparing the e�ects

of cyclic loading to monotonic (tensile) loading, and

to generate a cyclic strength coe�cient, K0, and cyclic

hardening exponent, n0, which are useful for interpre-

ting load control vs. strain control fatigue life data.

6. The data analysis based on cyclic strain hardening be-

havior allows for conversion of fatigue life informa-

tion from load control tests to strain-based

correlations. This conversion must be used with some

care, however, particularly when trying to compare

data from irradiated tests and unirradiated tests

which are obtained with di�erent test control condi-

tions. Nevertheless, the information provides useful
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guidance for interpreting stress controlled test data

when design conditions may require strain-based in-

formation.

7. The observed post-fatigue microstructures indicate

that the di�culty in the generation of fresh disloca-

tions during fatigue deformation limits the scale of

the fatigue damage accumulation and may be respon-

sible for the improvement in the observed fatigue life-

time. In the case of CuAl-25, the presence of Al2O3

particles makes further contribution to this improve-

ment by acting as strong obstacles to dislocation mo-

tion.

8. The irradiation-induced defect clusters do not appear

to act as e�ective obstacles to dislocation motion dur-

ing fatigue deformation; once generated, the mobile

dislocations wipe out the irradiation-induced defect

clusters. A similar behavior has been observed in the

irradiated and tensile tested specimens of OFHC-Cu.

9. The analysis of the present results suggests, however,

that the irradiation-induced improvement in the fa-

tigue lifetime observed in the post-irradiation tests

may not occur during the service condition of ITER,

where the accumulated damage in one burn-up cycle

may not be high enough to decorate the grown-in dis-

locations (by small SIA loops) and render them

immobile. On the other hand, since the mobile dislo-

cations generated during cyclic deformation are quite

e�ective in removing the irradiation-induced defect

clusters, the irradiation may not cause deleterious ef-

fects on the fatigue lifetime of these materials.

10. It is suggested that the post-irradiation fatigue testing

of specimens irradiated to low doses (<10ÿ2 dpa) may

be useful in verifying the above conclusion, particu-

larly in the case of CuAl-25 alloy.
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