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Abstract

To develop Ag (silver)–In (indium)–Cd (cadmium) alloy decoupler, a method is needed to bond the decoupler between
Al alloy (Al5083) and the ternary Ag–In–Cd alloy. We found that a better HIP condition was temperature, pressure and
holding time at 803 K, 100 MPa and 10 min. for small test pieces (/22 mm in dia. · 6 mm in height). Hardened layer due to
the formation of AlAg2 was found in the bonding layer, however, the rupture strength of the bonding layer is more than
30 MPa, the calculated design stress. Bonding tests of a large size piece (200 · 200 · 30 mm3), which simulated the real
scale, were also performed according to the results of small size tests. The result also gave good bonding and enough
required-mechanical-strength.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Spallation neutron source facilities in J-PARC [1]
(Japan Proton Accelerator Research Complex)
project are under construction. Three kinds (cou-
pled, decoupled and poisoned) of hydrogen moder-
ator were adopted [2,3] to provide a pulsed neutron
beam with higher neutronic performance as shown
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in Fig. 1. For the decoupled and poisoned modera-
tors, a thermal neutron absorber, i.e., decoupler as
shown in Fig. 2, is located around the moderator
to prevent slow neutrons from flowing into the
moderator and to give a neutron beam with a short
decay time. The higher cut-off energy of the decou-
pler, which is called decoupling energy (Ed), results
in a shorter decay time with a somewhat sacrificed
peak intensity as shown in Fig. 3. It is very impor-
tant for the high-resolution experiment. Fig. 4
shows the powder diffraction pattern simulated
using neutron beam pulses with the Ed of 0.3 and
1 eV from the neutronic calculation [4]. The weak
.
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Fig. 2. Structure of the decoupled moderator. The decoupler is
installed around the moderator except for the neutron beam
extraction window.
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Fig. 3. Neutron beam pulses form the decoupled moderator for
various decoupling energies. Higher decoupling energy gives a
shorter decay time with somewhat sacrificing the peak intensity.

Fig. 1. Cross sectional view of the target-moderator–reflector
system for the spallation neutron source in J-PARC.
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reflection of near d = 0.4693 Å shows that it is fully
separable as a peak in case of Ed of 1 eV. The peak
separation becomes very important in the analysis
of the peak position using Rietveld method to deter-
mine the crystal structure. That is why the pulsed
neutron beam with Ed of more than 1 eV at least
is desired by neutron beam users in Japan. The
material of the boron (B) system, such as boron car-
bide (B4C), is already utilized for the decoupler with
higher Ed, however, it is not suitable for a MW class
neutron source due to helium (He) void swelling and
local heat by (n, a) reaction. We performed the
development of a new material without (n, a) reac-
tion [5]. It is a combination of materials with differ-
ent resonance absorption energies. The candidate
material is silver–indium–cadmium (Ag–In–Cd),
which has an energy-dependence of macroscopic
neutron cross-section like B4C as shown in Fig. 5.
The Ed of Ag–In–Cd with the thickness of 3 mm
reaches at about 1 eV as shown in Fig. 3. The Ag–
In–Cd (AIC) alloy sheathed with stainless steel is
already utilized for the control rod of pressurized
water reactor (PWR). However it is the first trial
in a spallation neutron source. The AIC decoupler
is installed at around the moderator vessel with
the heat deposition of about 8 W/cm3 at maximum
and near the cooling water flowing as shown in
Fig. 2. From a point of view of heat removal and
corrosion protection, an AIC plate with the thick-
ness of 3 mm has to be bonded between two plates
of the Al alloy, which is the structural material of
a moderator or reflector. Especially, from the
neutron irradiation point of view, an Al6061-T6 is
recommended as a structural material of the moder-
ator [6]. We adopted HIP (Hot Isostatic Pressing)
method to obtain the bonding material between
the Al6061-T6 and the AIC. We already found the
good bonding conditions for the sandwich case [7],
which showed that the binary Ag–In and Ag–Cd
alloys were clad in Al6061 alloy. The AIC alloy con-
sisted of two binary alloys (Ag–In (15 wt%) and
Ag–Cd (35 wt%)) to maximize the Cd composition
in the Ag single phase to prevent the Cd depletion
by the burn up. HIP treatment affected on the
mechanical strength of Al6061-T6 and the T6 heat
treatment was needed to recover the mechanical
strength of the Al6061 after HIPing. However, exfo-
liation always occurred in the bonding layer in the
sandwich case after T6 heat treatment as shown in
Fig. 6. We introduce another Al alloy (Al5083)
and ternary Ag–In–Cd alloy. This Al alloy is not a
heat-treated material, which dose not require the
heat treatment to recover the mechanical strength
after HIPing, however, it gives a short lifetime
for the neutron irradiation as compared with the
Al6061-T6 [6]. On the other hand, we found the
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Fig. 4. Powder diffraction pattern simulated using neutron beam pulses with the Ed of 0.3 and 1 eV from the neutronic calculation. The
weak reflection of near d = 0.4693 Å shows that it is fully separable as a peak in case of Ed of 1 eV.
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Fig. 5. Neutron transmission profile of Ag–In–Cd with thickness
of 3 mm compared with that of B4C. Ag–In–Cd alloy is a
combination of materials with different resonance absorption
energies, which has an energy-dependence of macroscopic neu-
tron cross-section like B4C.

Fig. 6. Fracture always occurred in the bonding layer after T6
heat treatment. Three plates (Ag–In/Ag–Cd/Ag–In alloy) are
covered by the Al6061 alloy in the bonding layer, which is called
sandwich case. The specimen is pulled out after cutting using a
wire electrical discharge machine in the figure.
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necessary Cd composition in the Ag single phase of
the ternary AIC to satisfy the required lifetime of
the moderator by the neutronic calculation. These
bring about no heat treatment after HIPing and
the reduction of bonding layer, which resulting in
the easier bonding between the Al alloy and the
AIC alloy. Especially, the reduction of the bonding
layer gives easier fabrication. This report focuses on
the establishment of the bonding material between
the Al alloy (Al5083) and the ternary AIC.
2. Experiment

The HIPing test procedure is briefly shown in
Fig. 7.
2.1. Sample preparation

The Ag–In (2.5 wt%)–Cd (29.5 wt%) alloy was
used for the bonding tests by HIPing. To make
ternary Ag–In–Cd (AIC) plates, Ag and necessary
amount of In and Cd were melted at about
1373 K in an electric furnace and made into a rod
with a diameter of 20 mm in the air. The AIC rod
was cut to the plates with a thickness of 3 mm.
AIC samples were stored in Al5083 housing
capsules (shape: cylindrical, size: approximately 22
mm in outer dia. · 30 mm in height) contained in
a mild steel with thickness of about 0.5 mm. Before
storing, samples and Al capsules were polished by
an emery paper with up to 1200 grit and cleaned
in acetone in an ultra-sonic bath. Each sample con-
tained in the mild steel was heated up to 473 K to



HIP condition : 100 MPa, 530 ºC
10 min. holding time

Fig. 8. Typical micrograph and Vicker’s micro hardness result of
bonding between Al (Al5083) and Ag–In–Cd alloys after HIPing.
Three regions can be seen in the interface region.
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Fig. 7. HIPing test procedure to establish the bonding condition between Al alloy (Al5083) and Ag–In–Cd alloy.
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clean the inside surface under 10�5 Pa. The outgas
was monitored using a quadrupole mass system.

2.2. HIPing machine and condition

The HIPing condition, which is mainly based on
the previous study [7], is shown in Fig. 7. We used a
HIPing machine with a maximum pressure of
200 MPa and a highest temperature of 2273 K.
The AIC sample stored in Al alloy capsules was
inserted into the alumina crucible and pressurized
up to 50 MPa by argon (Ar) gas with 99.9 % purity
at room temperature. It was heated up to about
773 K at a rate of 500 K/h. The pressure was
increased 100 MPa at about 773 K. After holding
for a certain time, the temperature was reduced to
room temperature at a rate of 250 K/h.

2.3. Microstructure observation and

mechanical tests

After HIP treatment, we cut in the crosswise sec-
tion with respect to bonding layers and polished the
sample to observe the microstructures of the inter-
faces between the Al alloy and AIC, and to measure
mechanical properties. Vicker’s micro-hardness
tests were conducted in the air with a load of
4.9 N at the outside interface region and 0.49 N at
the interface region, respectively, both with a hold-
ing time of 15 s. Tensile tests were also performed.
The test samples including bonding layer were cut
into a cylindrical shape with 6 mm in diameter using
a wire electrical discharge machine.

3. Experimental results

3.1. HIP treatment of the Ag–In–Cd alloy and

the Al5083 alloy

Bonding tests were performed at 803 K and
100 MPa with various holding time (1, 10, 30 and
60 min.). All samples were successfully bonded.
Fig. 8 shows a typical micrograph of the bonding
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HIPing.
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region between Al and Ag–In–Cd alloys taken from
the case of 10 min. holding time. The reaction layer
between Al and Ag–In–Cd alloys consisted of three
layers as shown in Fig. 8. The thickness of the
reaction layer was about 350 lm. Fig. 9 shows the
holding time dependence of total reaction layer
thickness. The thickness of the reaction layer
increases with holding time as shown in this figure.
The total reaction layer thickness is similar to that
of previous results (between Al and Ag–In alloy)
[7] in the holding time dependence.

3.2. Vicker’s micro-hardness tests

We performed Vicker’s micro-hardness tests. A
typical Vicker’s micro-hardness test result is shown
in Fig. 8. The hardness changed according to reaction
layers. The second reaction layer from the Al alloy
was most hardened as shown in the figure. The hard-
est layer could be recognized in the second reaction
layer for each HIPed sample. The hardness of each
HIPed sample in the second reaction layer was
comparable regardless of the different holding time.

3.3. Tensile tests

Tensile-test results are shown in Fig. 10. These
data almost satisfied the required mechanical
strength for any holding times. The required design
stress for the decoupler region was evaluated with
the ABAQUS code, a finite element method
(FEM) calculation code. It can be seen that rela-
tively high mechanical strength was obtained for
10 min. holding time. The typical fractured position
is shown in Fig. 11. The fracture occurred at the sec-
ond reaction layer, which gave most hardened. The
samples always fractured at the second reaction
layer from Al alloy.

4. Discussions

4.1. Fracture position in the tensile samples

In the tensile tests, fracture only occurred at the
second reaction layer from the Al alloy. The
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Vicker’s micro-hardness was highest in the second
reaction layer. The hardened layer may be responsi-
ble for embrittlement. We performed EDX (energy
dispersive X-ray) analysis and X-ray measurement
to describe the reason why the fracture occurred
at the second layer. Fig. 12 shows the EDX analysis
results of the cross section included reaction layer. It
can be seen that the composition of Cd and Al were
changed according to the phase. The element of In is
not shown in the figure though In content 2.5 wt%
in the AIC alloy, because the characteristic X-ray
from In is almost the same as Cd. It is difficult to
distinguish the characteristic X-ray of In from Cd
for this analysis. However, the ambiguity from In
is less than about 8 at.% in Cd composition. The
X-ray measurement result is also shown in Fig. 12.
The second reaction layer was revealed by gradual
polishing of layers so as to irradiate X-ray to the
second reaction layer. Measured peaks corre-
sponded to one of Ag2Al and AgCd with different
crystal structure of Ag and Al. The composition
change in the diffusion process of HIPing enabled
the compound creation of Ag2Al and AgCd in the
second layer. The compound creation with different
crystal structure in the second layer induced the
distortion in the second layer, resulting in hardening
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and embrittlement. That is reason for the fracture
always occurred at the second layer in the tensile
tests. How is the relationship between the thickness
of the second layer and tensile strength? The rela-
tionship of the thickness of the second layer and
tensile strength is shown in Fig. 13. Roughly speak-
ing, the highest tensile strength can be seen around
�50 lm of the second layer thickness. This shows
that the thickness of the second layer should be con-
trolled to �50 lm to obtain the higher tensile
strength. However, the thickness of second layer
was not so closely related with total thickness of
reaction layer (or holding time) as shown in Fig. 9.

From the neutron irradiation point of view, a
thinner reaction layer with required mechanical
strength might be desired. Irradiation effects of
matrix of AI and AIC have already been revealed
[8–10], however, there is no data on the irradiation
effects of interfaces between bonding layers, espe-
cially between the Al and AIC alloys. Such engi-
neering issues remain to be studied. R&D efforts
should be under progress.

4.2. Large size HIPing test

In order to realize the fabrication of the actual
decoupler structure, a large sized HIPing test
(�200 · 200 · 30 mm3) was conducted based on
small size results. Because different thermal expan-
sion of Al and AIC alloys may affect the bonding
layer in the large size HIPing, resulting in the exfo-
liation in the bonding layer. The HIPing condition
was 100 MPa, 803 K and 10 min. holding time.
After HIPing test, ultrasonic wave transmission
(UT) and tensile tests were performed to evaluate
the bonding condition and mechanical strength.
As shown in Fig. 14, the exfoliation was not seen
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except for a partial unbonded spot indicated by
the arrow in the figure. Some scratches can be seen
in the UT test result, however, this is due to the
scratches by the machining process to remove the
mild steel capsule, which is the container of Al
and AIC alloys.

Fig. 15 shows tensile-test results. The tensile-test
specimens were cut into the same shape with a
Fig. 15. Tensile-test results after HIPing. The tensile-test speci-
mens were in the same shape of the small ones. The cut location
after HIPing is shown in the figure. Obtained tensile strength
almost satisfied the required mechanical strength.
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smaller size using wire-electrical-discharge-machine.
The cut location after HIPing is also shown in
Fig. 15.

5. Conclusions

We performed bonding tests by HIP (Hot Iso-
static Pressing) to establish the bonding condition.
We attempted to obtain good bonding conditions
between Al5083 and ternary Ag–In–Cd alloys. Since
the Al5083 alloy dose not need heat treatment to
improve the mechanical strength after HIPing but
a shorter lifetime compared with the Al6061-T6.
Compared with the combination of binary Ag–In
and Ag–Cd alloy, which gave good bonding, the
ternary alloy reduces bonding layers, resulting in
easer bonding and fabrication of decoupler. A good
HIP condition was found for small test piece (/
20 mm). Though a hardened layer due to the forma-
tion of AlAg2 is found in the bonding layer, the
rupture strength of the bonding layer is more than
30 MPa, which is the calculated design stress. Bond-
ing tests of a large size piece (200 · 200 · 30 mm3),
which simulated the real scale, were also performed
according to the results of small size tests. The result
also gave good bonding and enough required-
mechanical-strength.
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