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Abstract

According to speci®c materials testing needs, the available irradiation volume of the International Fusion Materials

Irradiation Facility (IFMIF) has been partitioned into a high-¯ux region that has an irradiation damage rate for iron of

greater than 20 displacements per atom (dpa) per full-power year (fpy), a medium-¯ux region with 1±20 dpa/fpy, a low-

¯ux region with ¯uence levels between 0.1 and 1 dpa/fpy, and a very low-¯ux zone with an annual accumulation of less

than 0.1 dpa. A set of test assemblies, which is located immediately downstream from the neutron producing Li-target,

vertically supports (1) test modules used for long-term irradiation of specimens in the high- and medium-¯ux regions,

and (2) an array of tubes used for inserting test capsules in the low- and very low-¯ux regions. Based on this ar-

rangement and on small specimen test technologies, IFMIF is capable of providing su�cient volume and appropriate

irradiation environments to meet the requirements de®ned by the user community. Ó 1998 Elsevier Science B.V. All

rights reserved.

1. Introduction

The need to develop a structural material that can

withstand the high-energy neutron ¯ux environment

expected for the ®rst wall and blanket regions of deu-

terium±tritium (D±T) fusion reactors is recognized as

one of the key challenges remaining in producing com-

mercial fusion power. In response to this need, the In-

ternational Fusion Materials Irradiation Facility

(IFMIF) project started in 1994 under sponsorship of

the International Energy Agency (IEA). IFMIF's mis-

sion is to (1) provide a neutron source with an energy

spectrum simulating that of fusion neutrons at su�cient

intensity and irradiation volume to test samples of

candidate materials up to about the full lifetime of an-

ticipated use in a fusion DEMO reactor and (2) calibrate

data generated from ®ssion reactors and particle accel-

erators. The international design team formed to con-

duct the Conceptual Design Activity (CDA) phase of

IFMIF completed a conceptual design and initial cost

estimate for all major IFMIF systems and facilities in

1996 [1].

Earlier e�orts, including the Fusion Materials Irra-

diation Test (FMIT) facility project [2] and the technical

evaluation project activity of the Energy Selective Neu-

tron Irradiation Test (ESNIT) facility [3], concluded

that the most cost-e�ective approach for providing the

necessary test conditions in terms of technical feasibility

of the irradiation facility and suitability for fusion ma-

terials testing utilizes a high-energy deuteron beam,

which generates neutrons in a nuclear stripping reaction

with a liquid lithium target. The deuteron accelerator

and lithium target systems proposed for IFMIF are

described elsewhere [1]. This paper addresses the design

concepts for the IFMIF materials irradiation test as-

semblies and establishes that these test assemblies are

able to ful®ll major user requirements. More detailed

discussions of the requirements set by the user commu-

nity and an overview of the entire test facilities (in-

cluding the two-test cells that house the test assemblies,

remote handling equipment, and hot-cell facilities) are

presented in related papers [4,5].
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2. Key test assembly requirements

The materials under consideration for fusion energy

systems encompass a variety of metals and nonmetals

and a broad range of loading conditions. According to

materials testing needs, the available irradiation volume

of IFMIF has been partitioned into a high-¯ux region

which has an irradiation damage rate for iron of greater

than 20 displacements per atom (dpa) per full-power

year (fpy), a medium-¯ux region with 1±20 dpa/fpy, a

low-¯ux region with ¯uence levels between 0.1 and 1

dpa/fpy, and a very low-¯ux zone with an annual ac-

cumulation of less than 0.1 dpa. The IFMIF test cell and

specimen testing areas must accommodate the wide

range of environments associated with fusion reactor

materials [6±8]. The test assemblies in the high-¯ux re-

gion must be capable of providing an irradiation envi-

ronment that maintains test specimens at temperatures

between 520 and 1270 K, whereas the facility must be

capable of irradiation temperatures of 520±1070 K in the

medium-¯ux region, 80±800 K in the low-¯ux region,

and 4±600 K in the very low-¯ux region.

Seven di�erent miniaturized specimen geometries

were identi®ed [1,4,9] for use in the high-¯ux region

IFMIF during the past years. These specimens will de-

termine key properties such as density and microstruc-

ture, tensile strength, creep-fatigue endurance, fracture

toughness, crack growth, impact behavior, and irradia-

tion creep. The overall dimensions and quantity for each

type of specimen in a ``standard'' loading with enough

specimens to obtain data at three-di�erent temperatures

are identi®ed in Table 1. This loading contains almost

1400 specimens. The total volume occupied by the

packets in the reference loading is estimated to be 325

ml. Additional space required for the module structure

and coolant brings the total volume of the high-¯ux

module to about 0.5 l. It should be emphasized that to

ensure an e�ective use of this high-¯ux volume and to

establish an international standardization of testing

procedures, ongoing collaborative e�orts towards fur-

ther development of miniaturized specimens and related

testing techniques are necessary.

Su�cient access and space for in situ testing must be

provided in the medium- (1±20 dpa/fpy), low- (0.1±1

dpa/fpy), and very low-¯ux (0.01±0.1 dpa/fpy) regions of

IFMIF. Anticipated in situ tests in the medium-¯ux re-

gions include creep-fatigue, stress-corrosion, and crack-

growth tests on metals and tritium-release measurements

in ceramic breeding materials. In situ tests that may be

performed in the low-¯ux regions include electrical re-

sistivity and dielectric property (loss tangent at about 50

MHz to 100 GHz) measurements on ceramic insulators,

optical property measurements on optical ®bers and

window materials, and in situ tests of diagnostic com-

ponents. Cryogenic in situ irradiation tests on organic

insulation and superconducting materials would be

performed in the very low-¯ux regions.

3. Test assembly design

As described in more detail in Ref. [5], vertical test

assemblies (VTAs) will accommodate test modules for

specimens in the high- and medium-¯ux regions, while

vertical irradiation tubes (VITs) are foreseen for test

capsules in the low- and very low-¯ux regions. In the

reference design the high-¯ux region consists of either

sodium±potassium eutectic (NaK) cooled test modules

for low and medium irradiation temperatures or heli-

um gas-cooled test modules for high-temperature

applications with the strong option to replace the NaK-

cooled version after the feasibility of the helium concept

has been demonstrated through a series of fabrication

and thermal-hydraulic tests. The major advantages of

helium gas instead of NaK are ¯exibility with respect to

irradiation temperatures and safety and maintenance

considerations. Either simultaneous in situ push±

pull creep-fatigue tests on three individual specimens or

in situ tritium-release tests on breeder materials are

foreseen in the medium-¯ux region. The VIT system in

Table 1

Material test specimens in a reference high-¯ux module

Type of test specimen Geometry (mm) No. of specimens a/vol. of specimen packets (cm3)

Microstructure TEM disk (3 diam. ´ 0.25) 800/4

Tensile Sheet tensile specimens (25 ´ 4.8 ´ 0.76) 156/45.2

Fatigue Cylindrical specimens (25 ´ 4.8 ´ 1.52) 96/55.7

Fracture toughness Disk compact tension (11.5 ´ 11.5 ´ 4.6) 66/89.1

Crack growth Disk compact tension (11.5 ´ 11.5 ´ 2.3) 40/31.5

Dynamic fracture toughness Notched bar (3.3 ´ 3.3 ´ 25) 120/61.6

Creep Pressurized tube (25 ´ 2.5 diam.) 104/37.4

Total 1382/325

a Dimensions were determined according to standard packing arrangements used for ®ssion neutron irradiation capsules.
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the low- and very low-¯ux region is presently dedicated

to special purpose materials like ceramic insulators,

radio frequency (rf) windows, diagnostic materials, or

superconducting materials. Design details of the two

types of VTAs and the VIT are described in Sec-

tions 3.1±3.3.

3.1. High-¯ux test assemblies

VTA-1 contains the 0.5 l high-¯ux (volume with a

damage rate of greater than 20 dpa/fpy for iron) module.

The shielding portion of the VTAs consists of a stepped,

stainless steel liner that is ®lled with concrete. Steps in

the test cell shield plug and removable cover conform to

the steps in the shielding portion of each VTA to prevent

radiation streaming. The coolant supply and return lines

for the high-¯ux module are contained within the

shielding body of VTA-1. Conceptual designs for both

helium-cooled and NaK-cooled versions of this test as-

sembly have been developed. Because of materials

compatibility issues associated with NaK, helium must

be used for high-temperature irradiation loadings

( P 870 K). Although the detailed arrangement and

temperature control of test specimens are quite di�erent

for these two coolant schemes, the overall con®guration

for VTA-1 is nearly identical for both coolants. Details

of these arrangements were worked out for both coolant

types and are discussed in other documents [1,10]. For

purposes of brevity, only the helium-cooled version of

VTA-1 is discussed further here.

Typical nuclear heating densities in the high-¯ux re-

gion are about 5 W/g (40 W/cm3) in ferritic/martensitic

steels (i.e., a linear power density of about 75 W/cm).

For the sake of comparison, linear power densities in

modern pressurized-water fussion reactors (PWRs) are

about 400 W/cm, while typical power densities in Ma-

terials Testing Fission Reactors (MTRs) are about 10

W/g. Comparison of the heating rates in IFMIF with

these present-day applications indicates that helium is a

viable option for the coolant in the high-¯ux regions of

the IFMIF test cell.

As shown in Fig. 1, the helium-cooled irradiation

module is a vessel with irradiation rigs. Each rig con-

tains the encapsulated specimens at the desired irradia-

tion temperature. Temperature control is the key

parameter de®ning the specimen's irradiation environ-

ment. Speci®c irradiation temperatures can be achieved

with the use of gas gaps, a common procedure in most

MTRs. This keeps the overall test-cell structure (cap-

sules, rigs, vessel structure) at operating temperatures

well below the specimen temperature. The use of gas

gaps to raise the specimen temperatures means that the

entire irradiation temperature window (520±1270 K) is

independently available for each rig. Precise control of

the size of these gas gaps, which range from 0.1 to 0.5

mm, during fabrication and installation of the rigs is a

critical issue that will be investigated in the next phase of

the IFMIF project.

Apart from the passive temperature control, it is

desirable during normal operation that 15±25% of the

Fig. 1. Helium-cooled, high-¯ux test module with vertical rigs that accommodate the encapsulated specimens.
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total heat deposition in the specimens should be pro-

vided by ohmic rather than by nuclear heating. There-

fore, it is planned to integrate an ohmic heating system

into the specimen capsules. Long-term experience in

various cyclotron irradiation facilities has shown that

temperature shifts because of beam density instabilities

can be compensated with such a technology. This system

is also used for temperature control in beam-o� sce-

narios.

The irradiation rigs contain the capsules that house

the specimens. The internal portions of the rigs are

pressurized with gas (normally helium or argon) to the

coolant pressure to minimize the thickness of the rig

wall. There is a capsule for each type of specimen. The

design goals for the specimen encapsulation include

minimization of thermal gradients and optimization of

coolant surface and available specimen volume.

Helium properties are retained even at temperatures

well above those limits acceptable for structures and

materials. The coolant itself does not, therefore, impose

a limit on allowable temperatures. However, limits are

imposed on the coolant parameters so that the ¯ow

maintains the structure and components within design

limits. Considering these limits, the helium-¯ow pa-

rameters are shown in Table 2. Based on these param-

eters, the requirements placed on the coolant and

associated subsystems (compressors, heat exchangers)

are quite conventional. Existing, well-proven technology

is adequate and cost e�ective for helium-cooling re-

quirements. Together with the ¯ow bypass, the temper-

ature control system is able to maintain specimen

temperatures within accepted limits, even for a complete

loss-of-heating power (both beams o�), ¯ux and energy

oscillations, and increases in nuclear power.

3.2. Medium-¯ux test assemblies

VTA-2 is located directly behind the high-¯ux mod-

ule and houses the medium-¯ux experiments. The useful

volume of VTA-2 (i.e., volume with a damage rate of

greater than 1 dpa/fpy for iron) is 6 l. Several di�erent

types of in situ tests are anticipated to be performed in

the medium-¯ux region, including creep-fatigue testing

of structural materials, tritium-release performance tests

of ceramic breeder materials, and electrical conductivity

tests on ceramic insulators. In addition, it is likely that

some irradiations of vacuum vessel structural materials

and functional (mostly ceramic) materials may be per-

formed in VTA-2. Gaseous helium will be used as the

medium-¯ux module coolant for all irradiation temper-

atures because the available irradiation volume is rather

large, and tritium released from ceramic breeding ma-

terials can be easily separated from helium. It is antici-

pated that specimens in both VTA-1 and VTA-2 would

be changed out rather infrequently, with typical irradi-

ation campaign cycles of about 1 yr.

Design concepts for two-speci®c types of irradiation

experiments (i.e., in situ creep-fatigue experiments on

structural materials and in situ tritium-release experi-

ments on ceramic breeders) were developed during the

CDA phase of the IFMIF project. To e�ectively use the

available irradiation volume, VTA-2 will be equipped

with two independent test modules, such as a creep-fa-

tigue module and a ceramic-breeder module. Concepts

for these two types of test modules are described in the

following.

The creep-fatigue behavior of structural materials

during irradiation in inert or chemical environments

will be examined with a push±pull, creep-fatigue testing

machine (Fig. 2). The specimen is a hollow tube with

coolant ¯ow in the interior to maintain a uniform

temperature. In addition, in situ slow-strain-rate tensile

tests may also be performed using a similar test appa-

ratus. The e�ect of chemical environments such as those

presented by liquid-metal coolants may be used to ex-

maine the impact of stress corrosion processes on the

creep-fatigue and stress-corrosion cracking behavior

during irradiation. It is desirable to have the capability

to perform tests with water as the coolant; however,

this option will require a detailed safety evaluation

before implementation because water is incompatible

with lithium and NaK. The approximate size of the in

situ test equipment is 100-mm high, 80-mm thick, and

400-mm wide. Three creep-fatigue specimens may be

tested independently at one time in this equipment. A

suitable specimen design has already been developed,

and a more detailed description of in situ creep-fatigue

tests is given in [1,11,12] together with a possible test

matrix.

The tritium-release test module can be located at the

position just behind that for the in situ creep-fatigue test,

or when the creep-fatigue test is not performed, another

tritium-release module may be equipped for tests at the

high-¯ux position. After completing the irradiation, the

module will be disassembled to examine the compati-

bility and integrity of the specimens.

Table 2

Thermohydraulic parameters for the helium coolant

Coolant inlet pressure (head) 0.12±0.35

MPa

Equivalent average hydraulic diam. 10.5 mm

Coolant pumping velocity 11.0±25.0 m/s

Reynolds number 3 ´ 104

Ultimate ®lm coe�cient 1030 W/m2 K

Mass ¯ow rate 0.2 kg/s

Volumetric ¯ow rate 0.17 m3/s

Coolant inlet temperature 50°C

Coolant outlet temperature 62°C

Pressure drop <0.04 MPa

Required compression ratio 1.2

Temperature increase due to compression 10 K
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Four subtest modules and the capsules placed in

these subtest modules are contained in the overall triti-

um-release test module (Fig. 3). Ceramic specimens in

the shape of disks, pellets, and pebbles are contained in

each capsule. Three subtest modules are used for triti-

um-release and compatibility tests with disk specimens,

and one subtest module is used for tritium-release tests

with pellet and pebble specimens. Tritium released by

the specimens in the capsules will be swept up by helium

gas ¯owing through the capsules and will be carried

through pipes in VTA-2 to the analyzing equipment

located in the test cell control room. The dimensions of

the subtest modules for pellet/pebble specimens and disk

specimens (including compatibility specimens) are

64 ´ 95 ´ 273 mm3 and 58 ´ 33 ´ 273 mm3, respective-

ly. The irradiation temperature will be controlled by the

gas gap parallel to the specimen surface, and the speci-

mens will be irradiated at three temperature levels

ranging from 570 to about 1170 K. Evaluation of the

compatibility between breeding and structural materials

will also be carried out with disk specimens. Ceramic

specimens and the disk-shaped specimens of metallic

structural materials are encapsulated side by side in a

similar capsule. The capsule for the pebble specimens

will be used to evaluate the performance of the concept

including tritium-release behavior and durability of the

breeding materials during irradiation.

Instead of ceramic breeders, the subtest modules can

also be equipped with any other instrumented PIE

specimens. It is also anticipated that in situ tests of

Fig. 2. Test module for in situ creep-fatigue experiments on three independent specimens in the medium-¯ux position.
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blanket insulators in contact with liquid metal coolant

may be performed in this region. The anticipated

irradiation capsule size is about 100-mm high, 50-mm

thick, and 80-mm wide.

3.3. Low- and very low-¯ux test assemblies

The VIT system ± which consists of an array of

tubes, pneumatic pumps, valves, and heat exchangers ±

is designed for rapid insertion and removal of test

specimens in the low-¯ux (damage rate between 0.1 and

1 dpa/fpy) and very low-¯ux (damage rate between 0.01

and 0.1 dpa/fpy) regions of the test cell. This arrange-

ment is particularly useful for in situ test, and short-

term irradiations of damage-sensitive materials such as

superconductors, optical components, organic insula-

tors, etc.

Because tests in these regions are expected to ex-

amine materials used in cryogenic environments as well

as materials operating at elevated temperatures in fu-

sion reactor blanket and vacuum vessel regions, the

temperature range is expected to be from 4 to 700 K.

Liquid helium or nitrogen or gaseous helium will be

used as coolants. The capability to maintain cryogenic

temperatures following irradiation (to prevent anneal-

ing of the radiation damage in specimens irradiated

below room temperature) is considered to be an im-

portant feature for the VIT system. Typical in situ tests

to be performed in this region include dielectric loss

measurements on ceramics and diagnostic materials,

optical absorption of optical ®bers and windows, and

PIE tests of superconducting magnet materials, includ-

ing conductors, insulators, and dielectric materials. It is

anticipated that samples can be rapidly inserted and

Fig. 3. Con®guration of tritium-release subtest module and capsules for disk, pellet, and pebble specimens. The subtest module for disk

specimens and for pellet and pebble specimens houses 14 and 24 capsules, respectively. Tritium released by the specimens in the

capsules will be swept up by helium gas ¯owing through the capsules (all dimensions are in mm).
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removed from the irradiation tubes thereby facilitating

low-¯uence tests.

4. Conclusions

Based on user-de®ned test requirements, a conceptual

design was developed for a set of test assemblies that

incorporate the required miniaturized test specimens,

coolant, and support structure. These assemblies from

an array of three VTAs that provide a test bed for

instrumented and/or in situ experiments in metals and

nonmetals for irradiation loading regimes ranging from

50 to 0.01 dpa/fpy.

The test assembly, VTA-1, positioned in the high-¯ux

region of the test cell, has a usable volume of about 0.5 l

where the damage rate (for Fe) is more than 20 dpa/fpy.

Design concepts using either NaK or helium as the

coolant media were developed for VTA-1. More than

1000 miniaturized materials testing specimens are pro-

vided in this high-¯ux region to gather the data required

for developing and qualifying blanket and ®rst wall

structural materials for advanced fusion devices such as

the so-called DEMO.

The second test assembly, VTA-2, is located directly

behind VTA-1 and is dedicated to more sophisticated

experiments to measure the materials properties under

real-loading conditions. Conceptual designs have been

developed to perform long-term in situ tritium-release

investigations, selected in situ creep-fatigue tests, or

other instrumented experiments in this region.

An array of tubes, referred to as the VIT assembly, is

used for inserting test capsules in the low- and very low-

¯ux regions. Because tests in this region are expected to

examine materials used in cryogenic environments as

well as materials operating at elevated temperatures,

both cryogenic liquids and gaseous helium will be used

as coolants.
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