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ABSTRACT 

The International Fusion Materials Irradiation Facility 
(IFMIF) project was started in 1994 under sponsorship of the 
International Energy Agency (IEP,). This project, which is in 
its conceptual design phase, is aimed at fulfilling the need for 
a high-flux, high-fluence neutron irradiation facility for fusion 
materials research and development. Initial assessments of the 
materials testing needs have shown that the testing space 
provided in the high-flux region of the IFMIF Test Cell is 
adequate for development of a data base for the engineering 
design of a demonstration fusion power-producing reactor 
(DEMO). Using the proposed set of miniaturized test 
specimens, compact test module configurations have been 
developed for several reference loadings. The test modules 
have been integrated into a test assembly that includes the 
coolant flow system for the test modules, instrumentation and 
control equipment, and a shield plug to minimize activation to 
ancillary areas of the IFMIF facility. These test assemblies are 
configured to facilitate installation, removal, and transport to 
hot cells using remote handling equipment. 

INTRODUCTION 

Development of a structural material that can withstand the 
neutron flux environment expected for the first wall and 
blanket regions of deuterium-tritium (D-T) fusion reactors is 
recognized as one of the key challenges remaining in the 
program aimed at producing commercial fusion power. In 
response to this need, the International Fusion Materials 
Irradiation Facility (IFMIF) project was started in 1994 under 
sponsorship of the International Energy Agency (IEA). The 
mission of this project, which is in its conceptual design 
phase, is to provide a high-flux, high-fluence neutron 
irradiation testing facility for fusion materials research and 
development. 

The specific goal of the IFMIF project is to provide a test 
volume of about 0.5 L with a neutron flux and energy 
spectrum simulating that for a fusion reactor first walfilanket 
with a neutron wall loading of 2 MW/m2. Earlier efforts, 
including the Fusion Materials W i a t i o n  Test (FMIV facility 
project [ 11, have concluded that the most cost effective 
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approach for providing the necessary test conditions utilizes a 
high-energy deuteron beam, which generates neutrons in a 
nuclear stripping reaction with a liquid lithium target. The 
deuterium accelerator and lithium target systems proposed for 
IFMIF are described elsewhere [2,3]. This paper addresses the 
design concept and critical issues for the materials Test Cell 
system for IFMIF. 

KEY IFMIF DESIGN PARAMETERS 

Although the IFMIF project is in its early stages, some 
important design features and parameters have already been 
defined. As mentioned above, the EMIF is an accelerator 
based facility that utilizes the high-energy deuteron beams 
produced in the accelerator in a nuclear stripping reaction with 
a lithium target to generate neutrons. Key parameters for 
IFMF are listed in Table I. 

The average energy of the deuteron beam is specified to be 35 
+5 MeV with an energy distribution of 2 0.5 MeV about its 
average value. The deuteron beam current is 250 mA, which 
is provided by two acceelerators, each operating at 125 mA. 
The cross-sectional shape of the beam at the lithium target is 
a rectangle with dimensions of 50 by 200 mm. The thickness 
of the liquid lithium target at the beam strike position is set at 
the range of the high-energy beam particles plus some small 
margin for surface fluctuations. This thickness therefore 
depends on the beam energy, but it is - 20 mm. The high- 
flux test volume is required to be 0.5 L. The criteria used to 
define the high-flux volume and the question of whether this 
volume is adequate are addressed in subsequent sections of this 
Paper- 

Table I 
Key Design Parameters for IFMIF 

Parameter Value 

Energy 35 f5 MeV 
Energy distribution +- 0.5 MeV 
Current 250 mA 
Footprint 50 by 200 mm 

Material Liquid lithium 
Film thickness - 20 mm 

Deuteron beam 

Target 

High-flux volume 0.5 L 



MATERIALS TESTING REQUIREMENTS 

Preliminary neutron flux calculations for the IFMIF test cell 
suggest that the high flux region will lmve a volume of - 0.5 
L. This irradiation volume is comparable to (or slightly 
smaller than) the typical irradiation volumes available in 
existing fission neutron reactors, for example, - 0.6 L for the 
removable beryllium positions in the High Flux Isotope 
Reactor (HFIR) at Oak Ridge National Laboratory. Therefore 
it is clear that extensive use of miniaturized specimens will be 
required for the IFMIF tests and that only a limited number of 
materials can be tested. Establishment of an irradiated 
properties data base for construction of a demonstration 
commercial fusion power plant (DEMO) will certainly require 
extensive use of both IFMIF and fission reactor irradiation 
sources. It is assumed that fission reactor facilities will 
continue to be available to perform scoping irradiation tests 
on experimental or innovative alloys and that IFMIF will 
only be used to test materials that have demonstrated good 
radiation resistance during high-dose (>50-dpa) fission neutron 
irradiation. 

The purpose of this inital evaluation of the materials testing 
requirements for IFMIF are to determine whether the relatively 
small volume of the high-flux region is adequate to obtain the 
necessary materials property data. The specific objectives of 
this effort are twofold, namely (1) to identify reference 
miniaturized specimen geometries and (2) to develop a 
preliminary reference test module loading for the high-flux 
region of IFMIF based on accepted miniaturized specimens. 
This effort relies heavily on a previous evaluation performed 
in 1993 [4]. For the purposes of this initial assessment, the 
conversion between first wall neutron loading and 
displacements per atom (dpa) is taken to be 1 MW - a/m2 = 
11 dpa (this is the appropriate relation for iron and vanadium 
with the STARFlRE first wall fusion neutron spectrum). 

Table I1 lists a tentative test matrix of the materials, 
irradiation temperatures, and doses (in dpa) for the high flux 
region of IFMIF. A total of six irradiation temperatures 
ranging from 300 to 1OOO'C are considered to be of interest 
for evaluating the radiation resistance of first wall (including 
divertor and limiter) and blanket structural materials. It is 
assumed that this range of temperatures would be 
accomplished in separate "low-temperature" and "high- 
temperature" irradiation campaigns. The "low-temperature" 
irradiations would utilize three side-by-side test chambers that 
would operate at coolant temperatures of 300,400, and 500'C. 
whereas the "high-temperature'' irradiation series would be 
performed at 600,800, and 1000°C. 

Although the detailed specimen mamx for IFMIF will depend 
on alloy developments that occur over the next 10 years, the 
three leading candidates for the first wall and blanket structure 
of DEMO are considered to be ferritic/martensitic steels. 
vanadium alloys, and SiC/SiC composites. Two to three 

variants of each of these materials are included in the reference 
IFMIF specimen matrix. Some space is also reserved for a 
limited number of unspecified alternative materials 
("innovative alloys"). It is unlikely that this specimen matrix 
can be significantly reduced, since IFMF must meet the needs 
of more than one DEMO design. 

Considering the reference availability for IFMIF of 70%, the 
high flux region would produce a damage level of -15 dpa in 
vanadium and ferritic/martensitic steel in one calendar year. 
Therefore, approximately I0 years would be required to 
achieve a DEMO-relevant lifetime dose of - 150 dpa. Given 
the uncertainties of the radiation resistance of the capsule 
containers and test assembly materials, it would appear to be 
prudent to plan for periodic (Le., every 1 to 2 years) removal 
of the test assemblies for inspection and possible replacement. 
A subset of the irradiated specimen matrix could be removed 
for testing at these times, and the remaining specimens could 
be reencapsulated (along with some additional unirradiated 
specimens) for further irradiation. 

Table I1 
IFMIF Materials Testing Matrix 

Materials Dose  Temperature 
( d w )  ('C) 

Ferritic options 1. 2, & 3a 20- 150 3 00 
Innovative alloy options I & 2a 

Ferritic options I .  2, & 3a 
Vanadium options 1, 2, & 3a 
Innovative alloy options I & 2a 
SiC/SiC option 1 

20-150 400 

Ferritic options I ,  2, & 3a 
Vanadium options 1, 2. & 3a 
Innovative alloy options 1 & za 
Vanadium options 1, 2, & 3a 
Innovative alloy option 3 
SiUSiC option 1 

Innovative alloy option 3 
SiUSiC options 1 & 2 

Innovative alloy option 3 
SiC/SiC options I & 2 

20- 150 

20-150 

20- 150 

20- 150 

500 

600 

8 00 

1000 

I Materials Number of 

3 
3 
4 
2 

~~ 

Ferritic/martensitic alloy options 1, 2, & 3a 
Vanadium alloy options 1, 2, & 3a 
Innovative alloy options 1 & 2a 
SiClSiC cornDosite options I & 2 

a Microstructure stability (TEM) and tensile specimens only. 



Table 111 
Material Test Specimens in a Reference High-Flux Module 

Type of test 
specimen 

Microstructure 
Tensile 

Fatigue 

Fracture 
toughness 

Crack growth 

Dynamic 
fracture 
toughness 

Creep 

Maximum utilization of the IFMIF could be achieved by 
sequential cycling between the "low-temperature'' (300-5Oo'C) 
and "high-temperature'' (600-100O'C) irradiation assemblies. 
The total irradiation program would require a facility lifetime 
of about 20 years to achieve doses of 150 dpa at all 
temperatures. By selective streamlining of the specimen 
matrix at periodic intervals (and replacement of tested 
specimens with new specimens), the complete dosedependent 
behavior up to -150 dpa of two or more of the most 
promising fusion structural materials could be obtained at dose 
increments of -20 dpa during this time frame. More 
accelerated testing is possible for a limited set of specimens 
by utilizing the region of the high-flux module closest to the 
beam target. In this way, a limited set of specimens can 
achieve the 150dpa goal after only about 8 years. 

The seven different specimen geometries that are anticipated to 
be used in IFMIF are identified in Table III. These specimens, 
which will determine key properties such as density and 
microstructure, tensile strength, fatigue strength, fracture 
toughness, crack growth, impact behavior, and irradiation 
creep, are encapsulated in specimen packets. It is expected 
that further development will be required on several of the 
specimen geometries to verify their suitability for providing 
engineering design data. With the exception of the TEM disk 
packets (which would contain up to - 80 specimens), a total 
of one to six specimens would be encapsulated in each packet. 
The reference low-temperature loading for the high-flux region 
contains almost 1400 specimens. The total volume occupied 
by the packets in the reference loading is estimated to be 325 

Total 

Geometry 
(dimensions in mm) 

TEM disk (3 diam. x 0.25 t) 

Sheet tensile specimens 
(25 x 4.8 x 0.76) 

Hourglass specimens 
(25 x 4.8 x 1.52) 

Disk compact tension 
specimens (12.5 diam x 4.6 t) 

Disk compact tension 
specimens (12.5 diam x 2.3 t) 

Notched bar 
(3.3 x 3.3 x 25) 

Pressurized tube 
(25 x 2.5 diam.) 

Vo. of specimens" 
I vol. of specimen 

packets -( mL) 
800 I 4  

156 145.2 

96 155.7 

66 I 89.1 

40 131.5 

120 161.6 

104 I 37.4 

1382 I 325 

a Dimensions were determined according to standard packing 
arrangements used for fission neutron irradiation capsules. 

mL. Additional space is required for the module structure and 
coolant, bringing the total volume of the high-flux module to 
0.5 L. 

Considerable changes in Table III are expected as the testing 
matrix is analyzed in more detail, particularly when the impact 
of flux gradients within the high-flux irradiation region is 
considered. However, an initial analysis indicates that a 
"high-flux'' irradiation volume of -0.5 L is adequate for 
performing qualifying lifetime irradiation tests on first wall 
and blanket structural materials for DEMO. 

NEUTRONICS ANALYSIS RESULTS 

As a first step in defining the influence of the material loading 
on the design parameters, such as volume with a dpa rate 
above 20 dpdfpy (displacements per atom/full-power-year of 
operation), a homogenous mixture of a few different materials 
and coolants was selected to simulate the material loading in 
the high-flux region. Iron was selected to represent the 
metallic alloys and SIC to represent the composites. NaK and 
vacuum (gas) were selected to represent the coolant candidates. 
It was assumed that the test modules would be filled with 50% 
specimens and their associated structures, 30% coolant, and 
the remaining 20% with vacuum or cover gas. Deuteron 
energies of 30,35, and 40 MeV and several beam footprints 
were considered in these studies. The angle of incidence of the 
two 125-mA beams on the lithium target was also varied. 
however, only the case with near normal incidence will be 
discussed in this paper. 

For the purposes of this study, the high-flux volume is 
defined as the region of the test cell that has a dpa rate greater 
than 20 dpala. For the reference beam footprint of 50 by 200 
mm and material concentrations of 50% iron, 30% NaK, 20% 
void, the test volume is determined to range from 80 mL for a 
beam energy of 30 MeV up to 450 mL for a beam energy of 
40 MeV. Therefore, to achieve a test volume as close to the 
desired value of - 500 mL as possible, it is necessary to 
operate the accelerator at 40 MeV. 

The variation of the high-flux test volume for four different 
material concentrations and three different beam footprints is 
shown in Figs. 1-3 for three deuteron beam energies, namely 
30,35, and 40 MeV, respectively. As shown in these figures, 
the influence of the NaK coolant on the test volume is 
negligible, whereas the effect of switching from iron to Sic  is 
quite significant. The main reason for the difference between 
the test volume for iron and Sic is the intrinsic damage cross 
sections of the materials. It is only weakly related to the 
neutron transport through the material itself. 

The footprint of the deuteron beam can also have a 
considerable effect on the test volume size. As shown in Fig. 
3, the test volume size for a 40-MeV beam ranges from about 
310 mL with a footprint of 25 by 400 mm to 500 mL for a 
100 by 100 mm-beam. The 50 by 200 mm-beam was 
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Fig. 4 Test volume available at various material damage 
thresholds for a deuteron beam energy of 40 MeV 

selected as the reference size since it has nearly the same high- 
flux test volume as the square cross-section beam, and has 
significant advantages associated with (1) arranging specimen 
packets and ( 2 )  shortening the length over which the liquid 
lithium target must remain thermal-hydraulically stable. 

The variation of the available testing volume at different dpa 
thresholds for a 40-MeV deuteron beam is shown in Fig. 4.' 
More than a liter is available for damage rates greater than 10 
dpdfpy. It is especially worth noting that - 100 mL of space 
is available for accelerated lifetime testing at 40 dpdfpy. 

HIGH-FLUX MODULE DESIGN CONCEPT 

The IFMIF high-flux test module has been configured to 
utilize the available 0.5-L high-flux irradiation volume. High 
flux modules are divided into three independently cooled 
chambers as illustrated in Fig. 5. The specimen packets are 
stacked in rows as shown in Fig. 6. A 2-mm gap is provided 
between adjacent rows of specimen packets to allow the NaK 
(or Na) coolant to flow over their largest side. 

600°C Chamber 
800°C Chamber 25-mrn-ID 

Coolant 
Retum 

vv -% 25-mm-ID Coolant Supply 
600% - 800°C - 1000°C Module 

Fig. 3 Variation of the high-flux test volume for a deuteron 
beam energy of 40 MeV 

Fig. 5 
chambers operating at different temperatures. 

High-flux test module configuration with three 



The maximum thickness of the specimen packets may be 
limited by nuclear heating effects, depending on the method of 
specimen encapsulation in the packets (helium vs liquid metal 
encapsulation). Preliminary calculations indicate that the 
maximum nuclear heating in the high-flux region of IFMIF 
will be - 6 W/g in fenitic/martensitic steel. Therefore, the 
maximum specimen thickness that will keep temperature 
differences through the specimens below 2 "C is - 3 mm for 
a specimen cooled on both faces. Specimen encapsulation in 
delium gas would produce larger differences between the 
specimen temperature and the temperature at the exterior of the 
packet. due to increased thermal resistance. For example, 
using a helium gas-gap thickness of - 75 pm between the 
stacked TEM disks and the packet wall to accomodate void 
swelling up to - IO%, the temperature difference between steel 
TEM disks and the packet wall would be - 20 'C. All packets 
have been sized so that the maximum temperature difference 
between the specimens and the coolant is less than 20'C for 
helium gas encapsulation. 

The high temperature modules are equipped with three 
chambers that maintain all test specimens within 25°C of the 
coolant inlet temperatures of 600"C, 800°C , and 1000°C, 
respectively (includes 5°C temperature rise of the coolant from 
inlet to outlet of a test chamber). Similarly the low- 
temperature modules are equipped with three chambers that 
maintain all test specimens within 25°C of 30O0C, 400°C and 
5OO0C, respectively. Each chamber is equipped with 
individual cooling lines. The chambers operating at or below 
600OC are constructed from HT-9, a ferritic stainless steel. 
The 800°C and looO°C chambers are constructed from a Nb-Zr 
allloy (99% niobium and 1% zirconium). The 800OC and 
1ooO"C chambers are placed in a vacuum enclosure to protect 
the niobium alloy from oxidizing. 

Coolant Line 

Specimen 
Packets 

Coolant Line 

u Beam Direction -/ 

OVERALL TEST CELL DESIGN 

As shown in Fig. 7, the IFMlF Test Cell consists of five 
Test Modules. The 0.5 L High-Flux Module is identified as 
Module 1. Test Modules 2 and 3 are located directly behind 
the high-flux module and have specimen volumes of 3 L each. 
Modules 2 and 3 are divided into 2 chambers that are cooled 
independently, Test Modules 4 and 5, which are the lowest 
flux modules. have specimen volumes of 4 L each and are not 
divided into independently cooled chambers. 

Each module is supported vertically from a Vertical Test 
Assembly (VTA). The five W A S  penetrate through the Test 
Cell ceiling and include the primary cooling system and 
controls for the Test Module supported off its end. VTA 1, 
which includes the high-flux module. is shown in Fig. 8. 
Each chamber of the high-flux module is cooled by a separate 
NaK cooling system that is located on top of VTA 1. Each 
cooling system consists of a 5 L sump tank. a 2.5-kW cooler, 
a 5-kW heater, and a iW-kg/min induction pump. The 
coolant supply and return lines between the cooling system 
and module are contained within the shielding body. Each 
coolant line passage is stepped to reduce radiation streaming. 

The shielding portion of the VTAs consists of a stepped, 
stainless steel liner that is filled with barytes concrete. As 
illustrated in Fig. 9, steps in the floor shield plug interface 
with the steps in the shielding portion of each VTA and the 
floor to prevent radiation streaming. The floor shield plug is 
removed by lifting it straight up. Once the floor shield plug 
has been removed, the VTAs can be removed in any sequence 
without interfering with the remaining VTAs. The VTA that 
has been removed is then upended and transported to the hot 
cell where the test module is removed using compression 
fittings. In the upended position, all of the coolant in the 
module and coolant lines drain into the sump tank to simplify 
the module removal operations. 

Module 3 

Coolant 
Return 

MOduleS 1 
(HI@ Flux) 

Fig. 6 Typical high-flux test chamber with specimen packets 
arranged in rows to provide cooling flow passages. Fig. 7 Arrangement of five Test Modules in the Test cell. 



CONCLUSIONS 

X reference materials testing program was formulated to 
determine whether the IFMIF design concept could provide 
adequate high-flux volume. This program. which assumes 
that there are ten different candidate structural materials. 
including three ferritic/martensitic steels, three vanadium 
alloys, two SiC/SiC composites, and two "innovative 
alloys. was found to require a high-flux test volume of about 
0.5 L. 

Using miniaturized materials test specimens, a high-flux 
module that incorporates the required specimens, coolant, and 
support structure was defined. The sensitivity of the damage 
rate to deuteron beam footprint shape, beam energy, and 
material composition in the test module was studied to 
determine the damage rates that can be achieved. By operating 
the accelerator system at its maximum deuteron beam energy 
of 40 MeV and its nominal footprint of 50 by 200 mm, a dpa 
rate ot more than 20 dpda is achieved in neariy all regions of 
the 0.5-L high-flux module that contains metailic materials 
such as iron. Material concentration had little effect on the 
neutron transport. however, the inherently lower damage cross 
section for Sic led to reduced dpa rates for this material 
compared to metals. 
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Fig. 8 Design configuration for VTA 1 including the high- 
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Cell shielding. 


