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Abstract. The use of FeCrAl alloys as an inner lining for piping materials for fusion reactors is
being considered. The FeCrAl alloy/SUS316L joints were explosion welded to avoid the influence
of an oxide film at the joint interface. The joint length could be increased by increasing the charge
ratio or reducing the material thickness. Together with the microstructure observation, hardness
test, 4-point bending test and heat treatment test results, it is clear that explosion welding is suitable
for joining FeCrAl-ODS and SUS316L.

Introduction

FeCrAl alloys have excellent corrosion resistance due to the formation of a protective alumina film
by pre-oxidation treatment and are therefore suitable for the liners used in highly corrosive
environments, such as liquid metal breeder blanket piping with operating temperatures above
500°C [1]. However, since fusion reactor designs require low activation elements, the addition of
non-low activation Al is problematic [2]. In addition, the high temperature strength of the tubes
cannot be maintained with ferritic FeCrAl alloys alone [3], and powder metallurgy strengthened
versions of FeCrAl alloys are expensive to produce. We are considering clad materials of FeCrAl
alloys with current structural material candidates to provide answers to the above issues. Welding
is undesirable because it alters the microstructure of the thin pipe material (a few mm to 10 mm is
assumed in some designs [2,4]) in fusion reactors under thermal effects. Solid phase diffusion
bonding is difficult to apply to FeCrAl alloys due to the formation of a protective alumina film at
high temperatures. Explosion welding is a joining method that produces very few intermediate
products and can join a wide range of dissimilar metals without losing the characteristics of each
metal, because a gaseous metal splash (metal jet) produced in front of the point of impact blows
away oxides films and allows contact between the newly formed metal surfaces [5]. In this study,
FeCrAl alloys are bonded to SUS316L fusion reactor pipe material by explosion welding and their
bondability is tested.

Experimental Methods

Two types of FeCrAl alloys were selected: Kanthal® APMT, a commercial FeCrAl alloy, and
FeCrAl based oxide dispersion strengthened alloy (FeCrAl-ODS). Table 1 shows the composition
of these alloys and SUS316L. For the FeCrAl alloys, test specimens for explosion welding were
cut out from the ingots. For SUS316L, pre-cut pieces were purchased. The dimensions of APMT
and FeCrAl-ODS were 40 mm long x 11 mm wide x 3 mm thick and 40 mm long x 14.9 mm wide
x 3 mm thick respectively; the dimensions of SUS316L were 180 mm long x 100 mm wide with
varying thicknesses of 2 mm and 3 mm. The specimen surfaces were polished to a roughness of
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less than 1 4 m using an automatic polishing machine (Buehler EcoMet250) prior to the explosion
welding.

Table 1. Composition of APMT, SUS316L and FeCrAI-ODS [wt.%)].

Elements Fe Cr Al Ni Mo Ti Zr Y203

APMTH!!  balance 21 5 — 3.0 — — —
FeCrAl-ODS balance 15 7 — — 0.5 0.4 0.5

SUS316L  balance 18 — 12 2.5 — — —

Explosion welding was performed using facilities at the Institute of Industrial Nanomaterials,
Kumamoto University. The test layout is shown in Fig. 1. A SUS316L flyer plate was installed on
the upper side, and FeCrAl-ODS or APMT as a cover plate on the lower side. The explosives used
was ammonium nitrate-based explosive (PAVEX manufactured by Kayaku Japan Co., Ltd., whose
explosion velocity, and density are approximately 2.4 km/s and 530 kg/m3, respectively), and
acrylic resin (13 mm) spacers were inserted at the four corners to ensure impact velocity. The
details of the test conditions are given in Table 3. The charge ratio is expressed as the weight of
the explosive per the weight of flyer plate. For example, in the case of a 3 mm SUS316L plate, the
charge ratio of 0.81 corresponds to an explosive weight of 350 g.

Detonator
C4 Booster
ANFO charge
Flyer plate
Spacers
l e Cover plate
Anvil
Fig. 1. Layout of explosion welding.
Table 2. Charge ratio and SUS316L thickness.
Thickness of SUS316L  Charge ratio ~ Number of Number of
[mm] sheets tests
(a) APMT 3 0.81 1 2
(b) APMT 3 0.95 1 4
(c) FeCrAl-ODS 2 1.43 1 2
(d) FeCrAl-ODS 2 1.63 1 2
(e) FeCrAl-ODS 3 0.95 1 1
() FeCrAl-ODS 3 1.09 1 2

After explosion welding, the specimens were evaluated by cross-sectional microstructure
observation, hardness testing and four-point bend testing. For the cross-sectional observation, the
specimen cross-sections were polished to a roughness of less than 1pum as described above and
observed using an optical microscope to measure the length of connection sections (hereafter
referred to as "bonding length"). Scanning electron microscope (SEM) observation was also used
to determine the morphology and bonding state of the interface. A micro-Vickers hardness test
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was carried out using the Akashi MVK-E to investigate the hardness distribution near the interface
with a test load of 9.8 N and a holding time of 15 sec. The distance from the interface and the
diagonal length of the imprints were measured using a polarizing telescope (Nicon ECLIPSE
MEG600). The four-point bending test was performed using equipment at the National Institute for
Fusion Science (NIFS). Three bending specimens with the dimensions shown in Fig. 2 were
obtained from one APMT explosion welding specimen. The specimens were tested at a
displacement rate of 0.20 mm/min in the bending direction at room temperature.
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Fig. 2. 4-point bending specimen dimensions.

Results and Discussion
Fig. 3 shows the relationship between the bonding length and the number of explosives (listed
as charge ratio). The bonding length of 0.0 refers to the one that was peeled off after the test.
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Fig. 3. Relation between charge ratio and bonding length.

As shown in Fig. 3, the bonding length increases with increasing the charge ratio and decreasing
the thickness of the flyer plate (SUS316L). It can be interpreted that the charge ratio and plate
thickness contribute to an increase in the velocity of the impact. For the same charge ratio, bonding
length becomes shorter in the APMT/SUS316L joints than in the FeCrAl-ODS/SUS316L joints.
The Vickers hardness of SUS316L is 200 HV [6], that of APMT is 250 HV [7], and that of FeCrAl-
ODS is 326 HV [8]. During explosion welding, the metal jets produced cause an enormous
deformation at very high strain rates on the surfaces being joined, and this is the origin of the
bonding. The stress required for this deformation depends on the yield stress and work hardening
coefficient of the materials being welded [9]. The stress is provided by the pressure of the jet
generated between the joined materials; in other words, stiffer (harder to deform) materials require
higher impact velocities. The exact work hardening coefficients of the FeCrAl alloys used in this
work are not available, but the 0.2% proof stress of APMT and FeCrAl-ODS at room temperature
are 510 to 600 MPa [7] and 887MPa [10] at room temperature, respectively. It can therefore be
said that FeCrAl-ODS requires an even higher charge ratio or a thinner cover plate than APMT.
Cross-sectional views of the bonded interfaces by optical microscope are shown in Fig. 4. In all
images, the upper side of the figure shows APMT or FeCrAI-ODS, and the lower side shows
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SUS316L. Comparisons between (a) and (b), (¢) and (d), (e) and (f), the shape of the wave tip
(surrounded by the red lines) grows into a hook shape for larger charging ratios. The tips of the
waves appear to have areas of different color from both FeCrAl and SUS316L. From the SEM
energy-dispersive spectroscopy (EDS), there were no oxide films at the interfaces (map not
shown).

‘rAllalloysiside

SUS3161side

Fig. 4. Optical microscope of the bonding interfaces: (a) APMT charge ratio 0.81 (b) APMT
charge ratio 0.95 (c) FeCrAl-ODS SUS316L 2mm charge ratio 1.43 (d) FeCrAI-ODS SUS316L
2mm charge ratio 1.63 (e) FeCrAIl-ODS SUS316L 3mm charge ratio 0.95 (f) FeCrAl-ODS
SUS316L 3mm charge ratio 1.09.
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Fig. 5. SEM ohe bnding interface under the condition (f) and EDS elemental
maps of Al and Ni at the same position.
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Fig. 5 shows the detailed SEM COMPO image at the wave tip of the joint under the condition
(f) in Fig. 4 and its Al and Ni elemental maps obtained by EDS. Al or Ni diffusion near the interface
was negligible. From the EDS maps, Al and Ni coexist in intermediate products in the area of
different color in the optical microscope (corresponding to the area surrounded by a rectangle in
the Al map), indicating the molten portions of the FeCrAl-ODS and SUS316L. In addition, cracks
were observed in this area (indicated by arrows in the SEM COMPO image). The same
phenomenon occurred under conditions (c¢) and (e). In the molten area, Al, a ferrite-stabilizing
element, and Ni, an austenite-stabilizing element, coexist, and the crystal structure changes from
the austenite phase at high temperature immediately after solidification to the ferrite or martensite
phase as the temperature decreases, which may cause local cracking. On the other hand, in
condition (d), the presence of a molten zone was also confirmed but no cracks were observed
(image not shown).

Fig. 6 shows the Vickers microhardness distribution across the bonding interface under
condition (b) and (f). As a comparison, the original hardness of SUS316L, APMT, and FeCrAl-
ODS are drawn as lines on the graph. In both conditions, the hardness increase nearby the bonding
interface and become even higher than the original materials. This trend was observed to varying
degrees in all conditions. The main possible cause for this is severe deformation at the interface
during explosion welding: as can be seen in Fig. 4, the joint interface has a severe wave shape,
clearly indicating that significant plastic deformation has occurred during joining. Martensitic
transformation in the molten area, as described above, can also affect the hardness of the interface.
Fig.7 shows the layout of the indentation.
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Fig. 6. Hardness changes in the vicinity of the bonding interface under condition (b) (left) and (f)
(right) in Table 2.
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Fig. 7. The layout of the indentation.
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Fig. 8. Stress-strain diagram of bending test.

Fig. 8 shows stress-strain diagrams from the 4-point bending test. Stresses were calculated from
the equation in the literature [11]. No interface failure was observed after the test. From Fig. 7, the
first yield was observed at a bending stress of approximately 800 MPa. The bending strength of
SUS316L is reported to be 896 MPa [12], which is similar to the results of this experiment. As the
bending strength of APMT is not known, a comparison is made using 0.2% proof stress. The proof
stress of SUS316L is 175 MPa [8] at room temperature. Since SUS316L is weaker than APMT
(the proof stress of APMT was described above), the first yielding should be caused by SUS316L.
It can be said that the joint strength is sufficient for explosion welding, although the possibility
that the interface strength up to specimen fracture needs to be investigated cannot be ruled out. As
measurement is impossible due to the design of the 4-point bending test, this will be a future issue,
including the development of a suitable test.

Conclusions

Explosion welding was performed between two types of FeCrAl alloys (APMT and FeCrAI-ODS)
and SUS316L. The following conclusions were drawn from the analysis.

(1) The joint length of the explosion weld joint depends on the amount of explosive and the
thickness of the flyer plate. In the case of FeCrAl-ODS, a good joint length and a crack-free joint
interface were obtained as the thickness of SUS316L decreased and the charge ratio increased.
(2) Cross-sectional observation at the bonding interface showed intermediate products at the
interface; SEM-EDS analysis confirmed that these products were molten portions of the base metal
and mating material. Cracks were observed in the molten portions in some of the joint specimens.
(3) Hardening was observed in the vicinity of the interface, but this did not affect the fracture
origin during 4-point bending test. No fracture was observed at the interface, and the yield was
observed at about 800 MPa. Therefore, it can be said that a good joint material was obtained in
this test range.
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