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Abstract

Tensile properties have been investigated on the low activation F82H ferritic/martensitic steels for both unirradiated

and irradiated material. The irradiations have been carried out with protons of medium energy (590 MeV) at the

PIREX facility and doses from 0.2 up to 1.75 dpa have been reached for temperature ranging between 310 and 673 K.

The irradiation induced hardening has been systematically measured at room temperature for the di�erent irradiation

conditions (dose and irradiation temperature). The tensile tests have been supplemented with stress relaxation exper-

iments in order to determine the activation volume of the rate controlling mechanism for dislocation motion. The e�ects

of irradiation on the tensile properties and activation volumes are presented. Ó 1998 Elsevier Science B.V. All rights

reserved.

1. Introduction

Fusion reactor structural materials will be exposed to

high energy neutron ¯uence. The accumulated dis-

placement damage on the ®rst wall of a commercial

power fusion reactor is estimated to attain more than

100 dpa. Such a ¯uence is much higher than the ¯uence

that will be attained in the experimental fusion devices,

where austenitic steels are the candidate materials. For a

commercial reactor, the use of austenitic steels is limited

because of dimensional change caused by severe void

swelling at higher doses [1]. Ferritic/martensitic steels are

alternative structural materials to austenitic steels be-

cause of their good resistance to void swelling, high

thermal conductivity, low thermal expansion and satis-

factory mechanical properties; they are promising can-

didate structural materials for the blanket and ®rst wall

of commercial fusion reactors.

High recoil energies and high cross sections for

nuclear transmutations characterize the interaction of

energetic fusion neutrons with the nuclei of the materials

surrounding the plasma. The transmutations lead in

particular to hydrogen and helium production rates

which can degrade the mechanical properties. Typical

values of the rate productions in ferritic steels are 10

appm/dpa helium and 50 appm/dpa hydrogen. One way

to investigate the ¯uence and helium e�ects on the me-

chanical properties in ferritic steels is, on the one hand,

to irradiate specimens with protons of medium energy

(several hundred MeV) which introduce helium by spa-

llation reactions together with displacement damage

produced by high energy recoiling ions after nuclear

reactions. The Proton Irradiation Experiment (PIREX)

at the Paul Scherrer Institute in Switzerland, which uses

a proton beam of 590 MeV, has a measured typical rate

of about 100 appm/dpa helium in ferritic/martensitic

steels. On the other hand, another set of specimens can

be irradiated with neutrons in ®ssion reactors, where no

substantial helium generation occurs, at doses and

temperatures similar to those of protons irradiated in

order to make a cross comparison and to separate the

helium e�ect to those of ¯uence, if any. Irradiations are

still in progress in PIREX and the neutron irradiations

have been completed in the R2 reactor at Studsvik

Material in Sweden where virgin and proton pre-irra-

diated specimens have been set up in the irradiation rig.
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In order to study the mechanical behavior after ir-

radiation, tensile tests have been carried out between 300

and 673 K. These deformation tests have been supple-

mented with stress relaxation experiments. The stress

relaxation technique has often been used to obtain in-

formation characterizing the microscopic mechanisms

that control plastic deformation on a wide range of

materials, e.g., [2±5]. When the plastic deformation is

modeled as having an exponential stress dependence,

i.e., in terms of a thermally activated process, an acti-

vation volume can be determined [6]. This parameter is

of prime importance since it characterizes the stress

dependence of the dislocation mobility and it has typical

values and stress dependences for each atomic process.

Thus, the determination of the activation volume before

and after irradiation must provide useful information

about the nature of the irradiation defects and about

their interactions with the moving dislocations. In this

paper, we report the preliminary results of the tensile

tests and stress relaxation experiments performed on the

specimens irradiated in PIREX as well as on unirradi-

ated specimens.

2. Experimental procedure

The ferritic/martensitic steel F82H, an IEA standard

material internationally investigated on irradiation be-

havior, has a composition of about 7.65 wt% Cr, 2 wt%

W, and Mn, V, Ta, Ti, Si and C below 1 wt% in sum

total, the balance being Fe [7].

The specimens have been irradiated with a 590 MeV

proton beam in the PIREX facility [8] at PSI. The ir-

radiations were carried out at four di�erent tempera-

tures (310, 523, 623 and 673 K), to a displacement range

between 0.17 and 1.75 dpa. Due to the heat deposited by

the protons, thin specimens have been used.

Tensile testing has been performed on DIN standard

unirradiated specimens (3 mm diameter, 18 mm gauge

length) as well as on irradiated thin PIREX specimens

(5.5 mm gauge length, 0.3 mm thick). The mechanical

tests have been conducted in an electromechanical

computer controlled Schenck RMC100 machine at a

strain rate of the order of 10ÿ3/min. The stresses and

elongations reported below are the nominal stress

(r�F/S0) and nominal elongations (Dl/l0). The high

temperature tests were done under vacuum (<10ÿ4

mbar).

The stress relaxation technique has been used to in-

vestigate the strain rate sensitivity of the stress. A single

stress relaxation experiment consists in stopping the

crosshead of the testing machine at a given level of the

stress. The load applied on the specimen is allowed to

relax and recorded as a function of time so that, for each

time, the stress and stress rate (equivalent to plastic

strain rate) are known. This yields a complete know-

ledge of the strain rate sensitivity of stress and an ap-

parent activation volume is deduced [6,9,10]. The

activation volumes (Va) are expressed in terms of b3,

where b is the magnitude of the Burgers vector of a 1/

2á1 1 1ñ dislocation (b� 2.68 �A).

3. Results and discussion

The nominal 0.2% o�set yield stress r0:2, ultimate

tensile stress (UTS), uniform elongation (UE) and total

elongation (TE), are plotted as a function of tempera-

ture for the unirradiated material in Figs. 1 and 2. r0:2

decreases from about 520 MPa at room temperature up

to 450 MPa at 723 K. In this temperature range, r0:2 is

distinctly smaller than UTS, indicating that plastic de-

formation is dominated by work-hardening. Uniform

elongations of the order of 6% are obtained at room

temperature, which decrease down to 2% to at 723 K. At

room temperature, a comparison of the tensile proper-

ties of the DIN standard with the ¯at PIREX specimens

has been done. The results show that a good agreement

is found for r0:2, UTS and UE. On the contrary, a dif-

ference of about 4% in elongation has been found be-

tween the total elongation measured on DIN specimen

and the one obtained from PIREX ¯at specimen.

The apparent activation volume Va measured by

stress relaxation experiments at the yield stress are also

reported in Fig. 1. Va presents an important increase

between room temperature and 550 K. Like the other

BCC structures, a strong lattice friction mechanism of

Peierls type is expected at low temperatures. Thus, the

usual decomposition of the ¯ow stress into a thermal rth

and an athermal components rath [11] is well justi®ed

Fig. 1. Yield stress r0:2, UTS and activation volume vs. tem-

perature for unirradiated material.
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r � rath�ep� � rth� _ep; T �;
where rath represents the internal stress due to the long

range interaction with ``large'' obstacles and slowly

varies with the dislocation position on its glide plane

while rth characterizes the e�ective stress corresponding

to short interactions with localized obstacles. At the

athermal temperature of the rate controlling process

(rth� 0), the ¯ow stress becomes independent of the

plastic strain rate and the strain rate sensitivity of the

¯ow stress S � dr=d ln _ep becomes negligible. Since the

activation volume Va is related to S by Va� kT/S [9], Va

is expected to diverge at the athermal temperature and/

or to present a singularity characterizing the change of

the rate controlling mechanisms between the low and

high temperature regimes. The observed activation vol-

ume behavior around 550 � 50 K is then related to the

beginning of the athermal plateau of the low tempera-

ture mechanism for which the corresponding athermal

component of the stress is about 465 MPa. Finally, the

experimental TEM observations showing long screw

dislocations with a Burgers vector of the type á1 1 1ñ
after deformation at room temperature [12] enhance the

interpretation of a Peierls mechanisms governing the low

temperature regime.

For the irradiated specimens, tensile tests have been

performed at room temperature and r0:2 has been de-

termined. Hereafter, the presentation and discussion of

the results is con®ned to the irradiation hardening Dr,

i.e., the di�erence between the yield stress of the irradi-

ated and unirradiated material measured at 293 K. Dr is

the most representative parameter for characterizing the

mechanical changes due to irradiation temperature and

it has been used in many previous irradiation hardening

studies (e.g. [13,14]). Dr will be also used to discuss the

dose e�ect at a given irradiation temperature. Fig. 3

presents the irradiation temperature dependence of the

irradiation hardening measured at room temperature;

the respective doses for each point are indicated on the

plot. Dr decreases monotonously with increasing tem-

perature. The predominant irradiation hardening, which

occurs only at temperature below 723 K, is characteristic

of the 9±12% ferritic/martensitic steels and has already

been reported for neutron irradiation; at about 723 K,

the radiation induced hardening and softening are bal-

anced [15]. Abe et al. [16] have already reported irradi-

ation hardening on 9Cr±WVTa steels after neutron

irradiation. They found, for instance at Tirr� 538 K and

0.45 dpa, that Dr is about 80 and 110 MPa for a 9Cr±

1WVTa and 9Cr±3WVTa steel composition, respec-

tively. This is in rather good agreement with the

Dr� 125 MPa at Tirr� 523 K and 0.47 dpa and 47 appm

He for our 9Cr±2W steel proton irradiated. Another

comparison of the irradiation hardening can also be

done with the 12%Cr±steel MANET irradiated under

the Dual Beam Facility of KFK [17] at 0.3 dpa and 500

appm He content. An extrapolation of these last data

down to room temperature yields an irradiation hard-

ening of about 200 MPa that must be compared to our

measured strain hardening of 213 MPa at 0.26 dpa and

26 appm He. Both comparisons show that the He e�ect

does not seem to be detectable by tensile tests up to 500

appm He content. The preliminary result at 673 K irra-

diation temperature (0.17 dpa) shows that the irradiation

Fig. 2. Uniform and total elongation vs. temperature for unir-

radiated material.

Fig. 3. Irradiation induced hardening measured at room tem-

perature vs. irradiation temperature.
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hardening by protons becomes very small at this latter

temperature. This also indicates that the 17 appm He

content, corresponding to 0.17 dpa of the tested speci-

men, is not high enough to stabilize the irradiation de-

fects and does not play a signi®cant role on the strength

of this kind of steel. Irradiation at 673 K and to higher

proton ¯uence (0.5 dpa) and neutron ¯uence up to (0.7

dpa) have been recently carried out. The residual ra-

dioactivity of these specimens is still too high at present

for mechanical testing and another cooling period of six

months is needed before the irradiated specimens can be

tested. The expected weak or absent e�ects of He for

concentration of the order of 100 appm He on the ir-

radiation hardening at temperatures below 673 K has

still to be con®rmed by tensile testing of the latter

specimens.

Fig. 4 shows Dr as a function of the proton ¯uence in

dpa for the di�erent irradiation temperatures. In the

range of ¯uences available at present for testing, Dr
exhibits a linear dependence when plotted against the 1/4

power of the ¯uence. Such a dependence has already

been observed for neutron ¯uence on iron [13], pressure

vessel ferritic steel [14] and 316 austenitic steel [18] at

doses lower than 0.1 dpa and for temperature below 573

K. Our results indicate that the fourth root of the ¯uence

provides a good description for the sets of data at the

di�erent irradiation temperatures and seems to describe

properly the irradiation hardening up to 1.75 dpa. It

must be noted that substantial decrease of the slope of

the ®t takes place with increasing irradiation tempera-

ture. The 1/4 power dependence of the increase in the

yield strength was predicted by calculations that include

the size and number density of defect clusters [19], both

of them increase as the square root of the neutron

¯uence. Let us emphasize that the defect clusters or

helium bubbles produced by irradiation could not be

directly observed by TEM, indicating that, if present,

they are smaller than the resolution of conventional

TEM observations, that is to say below 1 nm.

The apparent activation volumes measured at room

temperature on all the irradiated specimens are presented

in Fig. 5 as a function of the yield stress. As expected, the

activation volume decreases with increasing stress [20]. It

must be noted that no clear in¯uence of the irradiation

conditions (doses and irradiation temperatures) has been

found on the behavior of the activation volume as a

function of stress. The activation volume measured for

the highest dose available (1.75 dpa, 175 appm He) is

comparable to the one measured in the unirradiated

providing an indication that the irradiation hardening

and even this high amount of He does not in¯uence the

rate controlling process. However, Abe et al. [21] have

shown that, for tests performed at low temperatures of

neutron irradiated low activation 9Cr±1V ferritic steel,

the irradiation hardening is the sum of two components;

one being athermal Drath while the other is due to ther-

mally activated obstacles Drth. On the one hand, small

point defects or point defect-solute atom pairs or com-

plexes are supposed to give rise to Drth, while, on the

other hand, invisible small dislocation loops could cause

the measured athermal component of the strain-hard-

ening. In other words, Abe et al. have evidenced a change

in the temperature dependence of the yield stress even-

tually re¯ecting changes in the rate controlling mecha-

Fig. 4. Dose and temperature dependence of irradiation in-

duced hardening. Fig. 5. Activation volume measured at r0:2.
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nisms. At this point, our data are too scarce to clearly

con®rm that the irradiation induced defects do not

change the deformation rate controlling process and

must be completed for both the unirradiated and irra-

diated material over a larger range of temperatures in-

cluding temperatures below room temperature. It is also

worth mentioning that the strain-hardening taking place

during the relaxation yields only to an apparent activa-

tion which should be corrected by a strain hardening

coe�cient in order to obtain the e�ective activation

volume [4,9]. A quite self-consistent analysis would re-

quire to plot the e�ective activation volume as a function

of the e�ective stress acting on the mobile dislocations.

This necessitates to determine, after each irradiation

conditions, the actual internal stress that can be modi®ed

by the dose and irradiation conditions. Basically, we

should have a set of measurement of r0:2 and activation

volume on a large range of temperatures for a given dose.

4. Conclusions

Tensile properties of the F82H ferritic/martensitic

steel have been determined on both unirradiated and

proton irradiated specimens. Four irradiation tempera-

tures have been investigated, namely 310, 523, 623 and

673 K with proton ¯uences ranging between 0.3 and 1.75

dpa.

1. For measurements at room temperature, the induced

radiation hardening is shown to decrease rapidly with

increasing irradiation temperature and practically

disappears at Tirr� 673 K

2. For low He contents, no e�ects of He has been clearly

evidenced on the ¯ow stress. Furthermore, the small

activation volume found in specimens irradiated to

higher ¯uences (and therefore higher He content)

seems to rule out any changes in the rate controlling

dislocation motion due to He bubbles that might be

eventually present in the irradiated microstructure.

Acknowledgements

The authors wish to thank Dr. J. Bonneville for his

valuable comments about the manuscript.

References

[1] T. Lechtenberg, J. Nucl. Mater. 133±134 (1985) 149.

[2] F. Povolo, J. Nucl. Mater. 96 (1981) 178.

[3] J. Bonneville, J.-L. Martin, B. Escaig, Acta Metall. 36

(1989) 1988.

[4] P. Sp�atig, J. Bonneville, J.-L. Martin, Mat. Sci. Eng. A 167

(1993) 73.

[5] P. Marmy, J.-L. Martin, M. Victoria, Plasma Dev. Oper. 3

(1994) 49.

[6] F. Guiu, P.L. Pratt, Phys. Status Solidi 6 (1964) 111.

[7] M. Tamura, H. Hayakawa, M. Tanimura, A. Hishinuma,

T. Kondo, J. Nucl. Mater. 141±143 (1986) 1067.

[8] P. Marmy, M. Daum, D. Gavillet, S. Green, W.V. Green,

F. Heged�us, S. Proennecke, U. Rohrer, U. Stiefel, M.

Victoria, Nucl. Instr. Meth. B 47 (1990) 37.

[9] L.P. Kubin, Philos. Mag. 30 (1974) 705.

[10] P. Groh, R. Conte, Acta Metall. 19 (1971) 895.

[11] A. Seeger, J. Diehl, S. Mader, H. Rebstock, Philos. Mag. 2

(1957) 323.

[12] R. Sch�aublin, P. Sp�atig, M. Victoria, these Proceedings.

[13] A. Okada, T. Yasujima, T. Yoshiie, I. Ishida, M. Kiritani,

J. Nucl. Mater. 179±181 (1991) 1083.

[14] H.L. Heinisch, J. Nucl. Mater. 155±157 (1988) 121.

[15] R.L. Klueh, J.M. Vitek, J. Nucl. Mater. 161 (1989) 13.

[16] F. Abe, T. Noda, H. Araki, M. Narui, H. Kayano, J. Nucl.

Mater. 191±194 (1992) 845.

[17] K.K. Bae, K. Ehrlich, A. M�oslang, J. Nucl. Mater. 191±

194 (1992) 905.

[18] N. Yoshida, H.L. Heinisch, T. Muroga, K. Araki, M.

Kiritani, J. Nucl. Mater. 179±181 (1991) 1078.

[19] F.A. Garner, M.L. Hamilton, N.F. Panayotou, G.D.

Johnson, J. Nucl. Mater. 103±104 (1981) 803.

[20] H. Conrad, J. Met. 16 (1964) 582.

[21] F. Abe, T. Noda, H. Araki, M. Narui, H. Kayano, J. Nucl.

Mater. 166 (1989) 265.

P. Sp�atig et al. / Journal of Nuclear Materials 258±263 (1998) 1345±1349 1349


