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Abstract

Low temperature irradiation embrittlement is one of the major criteria to determine the lifetime of spallation targets.

Embrittlement is especially high at low service temperatures, e.g. 250 �C in liquid-mercury sources. It was the aim of the

present study to investigate the effect of post-irradiation annealing on the mechanical properties of irradiated structural

materials. The specimens used were obtained from spent target components of operating spallation facilities (Los

Alamos Neutron Science Center, LANSCE, and the Spallation Neutron Source at Rutherford-Appleton Laboratory,

ISIS). The investigated materials include a nickel-based alloy (IN718), an austenitic stainless steel (AISI 304L), a mar-

tensitic stainless steel (DIN 1.4926) and a refractory metal (Ta) which experienced 800 MeV proton irradiation to flu-

ences of several 1025 p/m2. The specimens were annealed from 300 �C to 700 �C for 1 to 10 h, respectively, and their

mechanical property changes were subsequently investigated at room temperature and 250 �C by tensile testing and

fracture surface analysis conducted by scanning electron microscopy (SEM). The results showed that the ductility

recovered to a large degree in 304L and DIN 1.4926 materials while their strength remained almost unchanged. Espe-

cially for DIN 1.4926, the ductility recovery is remarkable already at 400 �C. Together with its favorable thermo-

mechanical properties, this makes martensitic steel a candidate for structural materials of spallation targets.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Structural materials issues are an important part of

the R&D programs for spallation neutron sources of

the MW class [1–3]. Some critical components such as

beam windows and especially beam entrance windows

of the mercury target container are subject to severe

loads in terms of thermal stress, pressure waves and

radiation dose, due to the high power and pulsed proton
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beam injection. These loads can cause mechanical fail-

ure, pitting, fatigue and radiation-induced embrittle-

ment which determine the performance and lifetime of

the components.

To select the optimum materials for the target sta-

tions of spallation neutron sources in the MW class,

an extensive international materials R&D program

focusing on radiation effects has been initiated in 1996,

and a large number of papers in this topic have been

published (see [4–7] for summaries). A wide class

of materials is included in this program, for instance,

nickel-based super alloys, austenitic stainless steels,

ferritic/martensitic stainless steels, aluminum alloys and

refractory metals. The published experimental results

[4–7] have indicated that high energy proton irradiation
ed.

mailto:jiachao.chen@psi.ch


228 J. Chen et al. / Journal of Nuclear Materials 343 (2005) 227–235
causes a substantial amount of hardening and a severe

reduction in the ductility of metals and alloys, which

are similar or even more critical compared to the case

of reactor neutron irradiation. The most problematic

radiation effect is embrittlement in the low irradiation

temperature regime (<300 �C or saying below the recov-

ery stage V) for all materials. Unfortunately this is the

operating temperature regime for spallation neutron

source with mercury targets. Because of critical embrit-

tlement, it has been recommended that the SNS target,

using 316LN (one of the best materials against irradia-

tion embrittlement at low temperature) as a structural

material, should be removed for examination after

5 dpa have been accumulated. This corresponds to only

around 2 months of full power operation [2].

Microstructural studies have revealed that the domi-

nant damage microstructures in the materials irradiated

in a spallation environment at low temperatures are dense

arrays of clusters of self-interstitial atoms (SIAs) and

stacking fault tetrahedra (SFTs), referred to as �black

dots�, and some interstitial Frank dislocation loops. Such

defects formed in materials during irradiation act as

obstacles for dislocation motion causing irradiation

hardening, which can be accompanied by a loss of ability

to work-harden (for a detailed discussion on the influence

of irradiation-induced changes in the microstructure on

the plastic deformation of different materials, see [8,9]).

It is expected that post-irradiation annealing above

the irradiation temperature can probably anneal the

irradiation-induced defects and partially recover the

ductility. This means that, besides materials selection,

there is another possible way to extend the target lifetime,

i.e. to develop an operation modus where radiation

induced embrittlement can be partially annealed out.

Up to now, only a few experiments on copper and its

alloys [10–13] have been performed in this connection.

The data base for designing an optimum operation

modus of the target station of spallation neutron sources

is far away from being sufficient. In this paper we pres-

ent preliminary tensile results on INCONEL 718, pure

Tantalum, AISI 304L and DIN 1.4926 after post-irradi-

ation annealing at temperatures in the range from

300 �C to 700 �C and annealing times from 1 to 10 h.

The analysis of fracture surface observations is also

given.
2. Experimental

The investigated spent targets and components are a

LANSCE Water-Degrader, a LANSCE Beam-Window,

a PSI Window irradiated in LANSCE and an ISIS tar-

get. The details of the materials, dimensions and opera-

tion conditions can be found in [4]. Only a brief

description is given here. The Water-Degrader consisted

of two concentric spherical shells made of IN 718 (outer
shell) and AISI 304L (inner shell), respectively. It was

irradiated with 760 MeV protons to a total charge of

5.3 Ah (= Ampere hours) at a maximum temperature

of 250 �C. The LANSCE Beam-Window made of IN

718 is a hemispherical double-shell with cooling water

flowing between the two shells and was used to separate

the vacuum of the beam line and the target area. It was

exposed to a total charge of approximately 3.4 Ah at

around 400 �C. The water-cooled double-shell PSI-Win-

dow made of DIN 1.4926 was manufactured in the Paul

Scherrer Institut, Switzerland and irradiated in LAN-

SCE with 800 MeV protons to a total charge of 2.8 Ah

at 6230 �C. The ISIS target consisted of a target con-

tainer with a window made of AISI 304L stainless steel

and 23 water-cooled Ta plates which served as spallation

material. The target was irradiated with a short-pulsed

800 MeV proton beam at temperatures lower than

200 �C. The total accumulated charge on the target

was 1.7 Ah.

To specify the irradiation conditions, the profiles of

the proton beam impinging on the spent target compo-

nents were measured by c-scans in the hot cells of FZ-

Juelich. From the parameters of the distributions, the

position of samples and the total charges, the following

proton fluences of 2.3 · 1025 p/m2 for AISI 304L,

6.4 · 1025 p/m2 for IN 718, 2.2 · 1025 p/m2 for DIN

1.4926 and 1.3 · 1025 p/m2 for pure Ta were obtained.

Taking displacement damage cross-sections of 2900b

for 304L and IN 718 [14], 2600b for DIN 1.4926 [15]

and 6650b for Ta [16], the corresponding displacement

doses are 6.7, 20, 5.8 and 8.4 dpa for AISI 304L, IN

718, DIN 1.4926 and pure Ta, respectively. To deter-

mine the He- and H-concentrations in the materials,

the production cross-sections of rHe = 0.58b and

rH = 1.8b for 304L and DIN 1.4926 [17], rHe = 0.52b

and rH = 2.0b for IN 718 [17] and rHe = 0.34b for Ta

[16] were used, and the resulting He- and H-concentra-

tions are found to be 1300 and 4200 appm for 304L,

3330 and 13000 appm for IN 718 and 1300 and

4000 appm for DIN 1.4926, respectively. Because of

the unknown cross-section of H-production in Ta, only

the He-concentration is calculated to be 540 appm.

A summary of the irradiation conditions is given in

Table 1. It should be noticed that the contribution of

the fast neutrons to dpa and transmutation products is

not included. At the position of the Water-Degrader,

the LANSCE- and the PSI-Window, the flux of neutrons

was very low and their contributions were estimated to

be less than a few percent of the proton-induced values

in the beam centre, while it is somewhat higher in the

case of the ISIS target.

To prepare the miniaturized tensile specimens chosen

for the present study, slabs of 15 mm length and 3 mm

width were cut from the spent components and then

polished down to 0.5 mm thickness. Finally dog-bone

shaped tensile specimens with a gauge volume of



Table 1

Irradiation conditions

LAMPF Beam-Window ISIS target LAMPF Water-Degrader PSI Windows

IN718 Ta AISI 304L DIN 1.4926

Proton energy (MeV) 800 800 760 760

Proton fluence (p/m2) 6.4 · 1025 1.3 · 1025 2.3 · 1025 2.2 · 1025

Irrad. temp. (�C) 400 200 250 250

dpa 20 8.4 6.7 5.8

He (appm) 3300 440 1300 1300

H (appm)a 13000 – 4200 4000

a The values represent the hydrogen produced in materials. Because of the diffusional losses, the retained concentration of hydrogen

should be lower.
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5 · 1.5 · 0.5 mm3 were machined. All specimen prepar-

ing work was done in the hot-cells at Forschungszentrum

Juelich. Post-irradiation annealing was performed iso-

thermally in vacuum of about 10�3 Pa at temperatures

ranging from 300 �C to 700 �C for 1 and 10 h. Afterwards

tensile test were conducted with a strain rate of about

10�3 at room temperature and 250 �C, using a 2 kN

MTS tensile machine equipped with a video-extensome-

ter. Subsequently, the fracture surfaces were observed

by scanning electron microscopy, SEM (Hitachi S4100).
Fig. 1. Ultimate tensile strengths (j) and total elongations (d)

as a function of post-irradiation annealing temperature for

INCONEL 718 alloy. The points on the ordinate refer to

reference data. The solid and dashed lines serve as a guide to the

eye.
3. Results

3.1. INCONEL 718 alloy

Because of the estimated irradiation temperature of

about 400 �C, the IN 718 specimens irradiated to

20 dpa were annealed at 500 �C and 700 �C, respectively,

for 1 h. The specimens at both annealing tempera-

tures were tensile tested at room temperature. Like the

as-irradiated specimen [4], the tensile curves showed that

the annealed specimens also failed without any plastic

deformation, indicated by load drop just after the elastic

portion of the curve. The changes in ultimate tensile

strength and total elongation as a function of annealing

temperature are shown in Fig. 1. The points on the ordi-

nate refer to reference data. Assuming that no changes

will occur if the specimen are annealed below the irradi-

ation temperature, the as-irradiated data are plotted at

both room and irradiation temperature in the figure.

From a comparison between the reference and the as-

irradiated data, a slight irradiation softening can be

found. But the elongation drops to zero after irradiation

to 20 dpa. The ultimate strength is slightly higher at an

annealing temperature of 500 �C but shows a big jump

to about 1700 MPa at 700 �C, even exceeding the refer-

ence value. Nevertheless the elongations are still zero

after annealing. In the previous study [4], the IN 718

specimens showed fully intergranular fracture behaviour

at 20 dpa. A similar fracture mode is anticipated because

of the same failure behaviour in the tensile curves for all
specimens. Therefore SEM investigations were not per-

formed on post-irradiation annealed specimens.

3.2. Tantalum

Fig. 2 presents the tensile curves for pure Ta before

irradiation, as-irradiated and after post-irradiation

annealing, tested at room temperature. The tensile

results showed irradiation hardening and a somewhat

reduced elongation. However, the tensile stress after

post-irradiation annealing is increased instead of its

expected decrease and the tensile elongation is decreased

instead of the expected increase for post-irradiation

annealed specimen. We should mention that the speci-

men annealed at 700 �C for 1 h broke into pieces during

handling with the manipulator in the hot-cells, suggest-

ing that the Ta suffered enhanced hardening and embrit-

tlement during post-irradiation annealing.

3.3. AISI 304L austenitic stainless steel

The stress–strain curves for the un-irradiated,

as-irradiated and post-irradiation annealed AISI 304L



Fig. 2. Stress–strain curves of pure tantalum specimens tested

at a strain rate of 10�3/s at RT.

Fig. 3. Stress–strain curves of AISI 304L specimens tested at a

strain rate of 10�3/s at RT.

230 J. Chen et al. / Journal of Nuclear Materials 343 (2005) 227–235
specimens, tested at room temperature, are given in

Fig. 3. The tensile curve of the irradiated specimen

shows the normal trend of an irradiation-induced in-

crease in strength and decrease in ductility. Note that

the flat top of the curve indicates an almost complete

loss of engineering work hardening ability. On the other

hand, the behavior after post-irradiation annealing is

substantially different. Though the yield strength is sim-

ilar to the as-irradiated one, the uniform elongation is

almost doubled. The most interesting feature is that

the post-irradiation annealed specimen exhibits a sub-

stantial amount of work hardening and the tensile

strength becomes even higher than in the irradiated case.

SEM micrographs of the fracture surfaces are given

in Fig. 4 for the un-irradiated, as-irradiated and post-

irradiation annealed specimens. The fracture surface of
Fig. 4. Scanning electron micrographs show the fracture morphology

(a) un-irradiated, (b) as-irradiated, (c) post-irradiation annealed.
the un-irradiated specimen is shown in Fig. 4(a) which

illustrates a typical dimpled transgranular ductile frac-

ture mode. For the irradiated specimen, Fig. 4(b), the

fracture mode changes to partial (60%) intergranular

brittle failure. After post-irradiation annealing treat-

ment, the fracture mode is completely the same as the

un-irradiated one, see Fig. 4(c). The reduction-in-area

is 73%, 25%, and 63% for un-irradiated, as-irradiated

and post-irradiation annealed specimens, respectively.

3.4. DIN1.4926 martensitic stainless steel

Due to its favorable thermo-mechanical properties,

martensitic stainless steels are interesting materials for

MW class spallation neutron sources. But this type of

materials suffers a severe decrease in the uniform elonga-

tion already at a dose level of about 1 dpa [4,6,18] at low
of AISI 304L after tensile tests at a strain rate of 10�3/s at RT,



Fig. 6. Yield stresses (0.2% offset), ultimate tensile strengths,

uniform elongations and total elongations are plotted as a

function of post-irradiation annealing temperature. Filled and

empty symbols indicate stress and strain, respectively. The

points on the ordinate refer to reference data. The lines in the

figure serve as a guide to the eye.
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irradiation temperatures (<300 �C). According to its

application interests, the post-irradiation annealing is

performed at temperature of 300 �C, 350 �C, 400 �C
and 700 �C, respectively, for 1 h and tensile tested at

room temperature. Additionally, two specimens have

been annealed at 350 �C for 10 h and tested at RT and

250 �C, respectively.

The stress–strain curves for DIN 1.4926 irradiated to

5.8 dpa and annealed at different temperatures are given

in Fig. 5, showing the effects of annealing tempera-

ture. For comparison, the stress–strain curve for

the un-irradiated specimen is also included. Clearly,

compared to the un-irradiated case, the yield stress of

as-irradiated specimen is increased by a factor of 2.4.

The material loses its work hardening capability and

begins necking after small strains (<1%). The most inter-

esting feature of the results presented in Fig. 5 is that by

increasing the annealing temperature, the yield strengths

decrease only slightly, but the dropping portion of the

curves are bending up gradually to become comparable

to the un-irradiated material at 700 �C. This is con-

nected to a large amount of recovery in uniform elonga-

tion. The yield stresses, ultimate tensile strengths,

uniform elongations and total elongations as a function

of annealing temperature are summarized in Fig. 6. The

points on the ordinate refer to un-irradiated material.

Similar to Fig. 1, as-irradiated data are plotted at both

RT and irradiation temperature. Note that the tensile

stresses remain almost constant during annealing, but

the elongations recover remarkably until being almost

complete at 700 �C.

The effects of annealing time and test temperature are

illustrated in Fig. 7(a) and (b), respectively. The tensile

properties of the specimens annealed at 350 �C for 1
Fig. 5. Stress–strain curves of martensitic stainless steel DIN

1.4926 after post-irradiation annealing at various temperatures.

For comparison, un-irradiated and as-irradiated specimens are

also included. The tensile tests were performed at a strain rate

of 10�3/s.

Fig. 7. Stress–strain curves of martensitic stainless steel

DIN 1.4926 un-irradiated, as-irradiated and post-irradiation

annealed, tested at RT (a) and at 250 �C (b).
and 10 h are rather similar, indicating a minor influence

of annealing time. The specimens tested at 250 �C show

similar recovery of uniform elongation whereas the yield

stress is reduced more strongly in comparison with spec-

imens tested at RT.

Despite severe reduction of uniform elongation,

the failure mode of DIN 1.4926 was found to be duc-

tile for all cases, i.e. un-irradiated, as-irradiated and

post-irradiation annealed materials, tested at RT

and 250 �C. This is significantly different from classic
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embrittlement. One example of SEM investigation is gi-

ven in Fig. 8, showing a typical transgranular ductile

failure. From SEM micrographs, the reduction in area

(RA) after tensile testing was measured and is plotted

in Fig. 9 as a function of annealing temperature. The
Fig. 8. Scanning electron micrographs of the fracture mor-

phology of 6 dpa martensitic stainless steel DIN 1.4926 after

post-irradiation annealing at 350 �C for 10 h (a). (b) is shows an

enlarged part of (a).

Fig. 9. Reduction in area of martensitic stainless steel DIN

1.4926 as a function of the post-irradiation annealing temper-

ature. The data from different annealing times and test

temperatures are also included. The points on the ordinate

refer to reference data. The line in the figure serves as a guide to

the eye.

Fig. 10. Comparison of true fracture stress and ultimate tensile

stress as a function of the post-irradiation annealing temper-

ature. The filled and open symbols indicate true fracture stress

and ultimate tensile strength, respectively. The circles and

triangles are for specimens annealed for 1 h and tested at RT,

and annealed for 10 h and tested at 250 �C, respectively. The

points on the ordinate refer to reference data.
data from specimens annealed at 350 �C for 10 h and

tested at RT and 250 �C are also included. It should

be emphasized that the RA of the material was more

than 50% for all conditions. The true fracture stress

can be calculated from the load in failure determined

from the tensile curves and the corresponding actual

cross-section area measured by SEM. The results for

DIN 1.4926 as a function of annealing temperature are

illustrated in Fig. 10, which demonstrates again the large

local plastic deformation occurring in the necking

region.
4. Discussion and conclusions

The results presented above reveal a quite different

annealing behaviour of the tensile properties for the dif-

ferent materials. To understand those differences, it is

necessary to follow the changes in the microstructural

development, because the mechanical property changes

in irradiated materials are the direct result of the evolu-

tion of the damage microstructure. Irradiation harden-

ing has been treated with a dispersed barrier hardening

(DBH) model (see [19] for a review), where the increase

in yield stress is proportional to the square root of the

product of the size and density of obstacles such as dis-

location loops, SFTs, cavities and other features formed

during irradiation. Recently, to predict the yield drop

and subsequent flow localization observed in materials,

Singh et al. [20] proposed a cascade-induced source

hardening (CISH) model. The main idea is that during

irradiation under cascade damage conditions, the

grown-in dislocations become decorated by clusters of

self-interstitial atoms (SIAs). The decoration effectively



Fig. 11. Microstructural features of AISI 304L irradiated to

8 dpa and subsequently annealed at 700 �C for 1 h, showing the

network dislocations.
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pins the dislocations and prevents them from acting as

dislocation sources until the applied stress reaches a high

level to free the dislocations from the atmosphere of

clusters and loops decorating them. The following dis-

cussion will partly be based on this concept.

In the present experiments INCONEL 718 revealed

an unusual annealing of the hardening and embrittle-

ment. A possible explanation is as follows [21]. In origi-

nal condition the strengthening precipitates such as c 0

and c00 act as hard particle obstacles causing Orowan

hardening. During irradiation, they become disordered

at low doses (<0.6 dpa) [21] and the solutes from the for-

mer precipitates are redistributed gradually in the matrix

with the increase of the doses. The tensile test exhibited

slight softening at high dose. However, according to a

previous study, the precipitates restructured again at

an annealing temperature of 500 �C [22]. Furthermore

helium bubbles formed at 700 �C [22] and the dislocation

density observed in TEM was still very high. This can

qualitatively explain the unusual annealing behavior of

INCONEL 718. But it is still unclear why the material

becomes totally brittle.

The observed annealing behavior of hardening and

embrittlement in pure Ta was probably reflecting arti-

facts of the annealing conditions. The mechanical prop-

erties of refractory metals like Ta and W are very

sensitive to interstitial impurities. Actually, a drastic

embrittlement has already been observed at very low

neutron doses on �technical� Ta [23] which contains high

concentrations of C, N and O. Therefore the most likely

reason for the reported unusual �annealing� behaviour is

interstitial impurities pick-up during our annealing in

poor vacuum (around 10�3 Pa). To fully understand

the changes appearing in INCONEL 718 and pure Ta

is very difficult due to synergy effects between solutes

or impurity atoms and irradiation-induced defects.

In contrast to those findings, our experiments showed

annealing-improved ductility on AISI 304L without

reduction of yield stress. TEM investigation revealed that

the dense population of nano-size defect clusters (�black

dots�) had disappeared and network dislocations were

formed (see Fig. 11) after post-irradiation annealing at

700 �C for 1 h. The network dislocations became the

dominant obstacles which contribute to maintaining

the high strength of the material. Additionally, the net-

work dislocations probably impede the development of

channel bands during tensile testing. Such channel bands

are believed to influence work softening and plastic insta-

bility. In spite of the very high yield stress (800 MPa) in

the specimen after post-irradiation annealing, the mate-

rial can further work harden during the tensile test.

The dislocations alone as obstacles cannot account for

such a high strength because the ultimate tensile strength

is already twice as high as for un-irradiated specimens.

One possibility is that defect clusters, seen as black dots,

and produced during plastic deformation [24] will
contribute to further hardening. If this is true, the

post-irradiation annealing treatment should be an

intriguing method to cure materials in a low temperature

irradiation environment. Choosing suitable annealing

parameters, where nano-size defect clusters are annihi-

lated and network dislocation are formed, the materials

will not only maintain high strength but also have high

ductility. Dislocations are relatively weak obstacles in

materials and will not cause severe embrittlement. On

the other hand, according to the superposition law in

the DBH model [19], the total change in stress is simply the

sum of the contributions of long-range type and short-

range type barriers. It is, however, the square root of

the sum of the squared changes induced by barriers of

the same type. Network dislocations are usually treated

as long-range obstacles whereas the small clusters and

remainders of the irradiation-induced defects are consid-

ered as short-range. Here we give an example. For

instance, one can assume that irradiation-induced defects

alone could produce a typical change of 500 MPa in

strength and the small clusters induced by plastic defor-

mation alone could cause a further change of 50 MPa

in strength during subsequent tensile testing. Then a

total change of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5002 þ 502

p
¼ 502.5 MPa can be

expected. In this case, the work hardening due to small

clusters can be neglected. But if small defects produced

by irradiation are annealed out, work hardening due to

small clusters can contribute 50 MPa to the total change

in strength and the material will indeed exhibit work

hardening. Of course, further investigations are needed

to prove this conjecture.

In principle, the above consideration is also valid for

martensitic steel. Here one fact should be mentioned.

Though the irradiation hardening can reach up about

600 MPa in martensitic steels, the measured density of

visible defect clusters was one order of magnitude lower

than in austenitic steels [18,25]. Does this suggest that



234 J. Chen et al. / Journal of Nuclear Materials 343 (2005) 227–235
clusters formed in martensitic steels are smaller and be-

low the TEM� resolution? It would make an analysis

more difficult. Anyhow, from an engineering application

point of view, very interesting and beneficial changes

were found on DIN 1.4926. The post-irradiation anneal-

ing manifested an annealing-improved ductility of DIN

1.4926. Especially, it eliminated the problem of plastic

instability and restored enough uniform elongation to

make the martensitic stainless steel DIN 1.4926 useful

again. Because the stress loads in a mercury container

made of martensitic stainless steels will be much lower

than in one made of austenitic stainless steels since the

former have higher thermal conductivity and less ther-

mal expansion (see [4] for details), martensitic stainless

steel will be promising candidates if their embrittlement

problem can be solved. The present results demonstrate

the potential to employ post-irradiation annealing treat-

ments for extending the lifetime of these materials. Of

course, the present study is not sufficient to propose an

optimized operation mode. A recent experimental study

on the effects of irradiation-annealing-irradiation cycles

for copper and its alloy [13], indicate rather optimistic

prospects. However, considering the very low doses

and the different material explored in [13], it should be

experimentally verified that the conclusions are valid

also in a high-dose spallation source environment.

Finally it should be mentioned that our results on the

recovery of the tensile properties of martensitic steels

have been confirmed by measurements on specimens im-

planted by helium (up to 2500 appm He and 0.4 dpa)

[26].

Based on the present results and their discussion, the

following summary and conclusion can be drawn.

• Annealing results showed an unusual effect of anneal-

ing hardening in INCONEL 718. The possible mech-

anism is restructuring of precipitates and bubble

formation.

• The observed of hardening and embrittlement due to

annealing of irradiated pure Ta can be assigned to

artifacts of the annealing conditions.

• During post-irradiation annealing (700 �C), AISI

304L showed (1) partial recovery of ductility, (2)

almost complete retention of strength, (3) partial

recovery of work hardening ability and (4) recovery

of the fracture mode (from partial intergranular to

complete transgranular ductile).

• During post-irradiation annealing (P350 �C), DIN

1.4926 revealed (1) almost complete recovery of duc-

tility, (2) almost complete retention of strength, (3)

partial recovery of work hardening ability and (4)

almost no effects on fracture behavior.

• The annealing effects of AISI 304L and DIN 1.4926

can be qualitatively explained in terms of DBH and

CISH models.
We suggest that the possibility to cure the irradiation

induced embrittlement by annealing at relatively modest

temperatures, together with their favorable thermo-

mechanical properties, should lead to a re-consideration

of martensitic steels as candidates for structural materi-

als in spallation targets, especially for sources in the

MW power range.
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