
Journal of Nuclear Materials 398 (2010) 193–198
Contents lists available at ScienceDirect

Journal of Nuclear Materials

journal homepage: www.elsevier .com/ locate / jnucmat
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A serious problem encountered when a liquid-Hg target is used for MW-class pulsed spallation neutron
source is pitting damage caused to vessel walls. This pitting damage is due to the impact of cavitation-
bubble collapse immediately after intense proton beams are made incident on the target. Pitting damage
is thought to be as important as or more important than radiation damage in determining the life time of
the target. In the present study, an effectiveness of an SS/Au-double-layer-coated SS plate in reducing pit-
ting damage is investigated. An FEM-analysis reveals that the Au layer absorbs the impact from the sur-
face plate and significantly reduced the stress on the SS substrate. SS/Au/SS specimens are fabricated by
using the diffusion bonding method, and the development of pitting damage is investigated by using the
MIMTM; the specimens were subjected to 560 W impacts, which produced nearly the same morphology
of pitting damage in the MIMTM as that observed in proton-beam tests conducted using MW-class pro-
ton beams, for 104–106 cycles. The specimens are then analyzed by EDX for determining the thickness of
the diffusion layer and by laser microscopy for detecting micro-cracks and the extent of pitting damage.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

A Hg target system for a pulsed spallation neutron source, JSNS
(Japanese Spallation Neutron Source), is to be installed at the MLF
(Material Life Science Facility) in the J-PARC (Japan Proton Acceler-
ator Research Complex) [1,2]. At the moment Hg target is bom-
barded by proton beams, rapid thermal heat deposition in
mercury generates pressure waves, which propagate in the Hg
and collide against the walls of the target vessel [3]. The target wall
is excited by the pressure waves, and this causes negative pressure
to develop along the wall. This negative pressure leads to cavita-
tion erosion of the vessel wall [4–7]. In the JSNS, an intense pro-
ton-beam of 40 kJ per pulse with a pulse duration of
approximately 1 ls and a pulse rate of 25 Hz bombards the Hg tar-
get. Therefore, cavitation erosion, which degrades the cyclic fatigue
strength of the vessel wall to a considerable extent, becomes a cru-
cial factor that determines the structural integrity and a lifetime of
the Hg target [8]. The MIMTM (Magnetic IMpact Tesing Machine) –
a pulse generator driven by electromagnetic force – was developed
to systematically examine the cavitation erosion, which is also
known as pitting damage [9]. In an attempt to solve this problem
by adopting a material approach, many kinds of conventional coat-
ings were used and different surface improvements were made to
ll rights reserved.
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protect surfaces against the pit formation [10]. In general, hard-
ened surfaces have good resistance against to pit formation [11].

On the other hand, the drastic change in the mechanical proper-
ties between the substrate and the improved surface layer was
found to affect the interface strength between them, i.e., a large
shear stress could be generated because of the mismatch between
them. Among the various methods employed for surface improve-
ments, plasma nitriding was found to be effective in preventing
pitting damages for up to 106 cycles of impact [12]. However, when
impact was applied for over 106 cycles, detached surface layers
along the interface between the substrates and improved surface
layers were observed. Recently, a novel method for surface
improvement involving plasma nitriding and carburizing processes
has been developed. In this method, the thickness and hardness
distributions of the surface were optimized for mitigating the
localized impact force [13,14].

In this study, a new coating method has been developed with
the aim of preventing the formation of cracks on the substrate.
The unique feature of this method is the formation of a double-
layer coating that acts as a shock absorber on the substrate. FEM-
analysis performed using the AUTODYN-2D code [15], which can
solve the problems involving stresses between solids and fluids,
shows the effectiveness of the SS/Au thin layer coatings in prevent-
ing the impact transmission to the substrate. The effectiveness of
the SS–Au-double-layer-coated stainless steel plate in reducing
the pitting damage was studied by fabricating a specimen using
the diffusion bonding method and comparing the results of the
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Fig. 1. Axisymmetric model for FEM-analysis of localized impact by micro-jet using
the AUTODYN-2 code.
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MIMTM impact test for the double-layer-coated SS plate and the
no-coated SS plate.

2. Impact analysis

The pits on the wall of the target vessel are formed by the local-
ized impact on the solid/liquid interface by the micro-jets and/or
shock waves collision against the vessel wall. Micro-jet collision
analysis was performed in the same manner as described in Refs.
[16–18], by using AUTODYN-2D code to determine the magnitude
of impact loading by micro-jet collision on the interface and the
stress distribution in the multilayer composed of coating materials
and the substrate. In other words, the ability of soft materials such
as Au to absorb impact was investigated. An axisymmetric model,
shown in Fig. 1, was adopted for calculation; this model comprised
a micro-jet that was simulated using a spherical Hg-droplet and a
flat solid plate. The model parameters were chosen so that the
model yielded the same results as the MIMTM for experiments
involving formation of the pitting hole by a 560 W impulse; the ra-
dius of Hg-droplet was 50 lm and the micro-jet velocity, Vi, was
Fig. 2. Comparison of the Mises stress distributions at 0.02 ms after the localized impact a
mm Au/SS.
assumed to be 300 m/s. Three types of 2.0-mm-thick solid plates
were considered: a 2.0-mm-thick single 316 type stainless steel
(SS) plate, 0.1-mm SS/0.1-mm Au/1.8-mm SS and 0.05-mm SS/
0.05-mm Au/1.9-mm SS. Material properties pertaining the John-
son–Cook model such as the static yield stress and work hardening
coefficient were estimated by performing the inverse analysis on
the load/depth curves measured by nanoindentation, a technique
developed by the authors [19,20].

Fig. 2 shows the Mises stress distributions at 0.2 ms after the
localized impact at Vi = 300 m/s for (a) a single-layer of SS, (b) a
0.05-mm SS/0.05-mm Au SS plate, and (c) a 0.1-mm SS/0.1-mm
Au SS plate. At 0.2 ms, the stress is maximized, and at this point,
pit formation is observed in all three cases. It can be clearly seen
that in case (a), the stress is transmitted into the substrate re-
gion, while in case (b), the stress develops along the surface
layer, diminishes in the gold layer and reappears in the upper
part of the substrate. In case (c), the stresses below the SS/Au
interface is largely reduced, though weak stress is observed in
the local region of the substrate. The stress exerted on the sur-
face and the observed surface deformation are nearly the same
in all cases.

Fig. 3 shows the change in the Miese stress at the representative
positions as a function of the time elapsed after the impact. On the
surface (d = 0.0 mm), the stress is maximized after 0.02 ms; the
maximum stress is calculated to be 1220 MPa for SUS, 1180 MPa
for 0.1-mm Au, and 1100 MPa for 0.05-mm Au; these values are
very close to one another, indicating that they would result in
the formation of the pits with equal depths. It is noted that the
thick Au layer experiences a large residual stress of approximately
1000 MPa after 0.45 ms at the ‘hot’ spot near the edge of red line
beneath the deformed Hg drop shown in Fig. 2, since a major part
of the stress has been exhausted to plastic deformation of the Au
layer. At a depth of 0.05 mm, the interface between SS316 and
the Au layers in case (b) experiences a large stress of approxi-
mately 600 MPa between 0.25 and 0.6 ms, however, such a high
stress is not observed in cases (a) and (c). In particular, the stress
observed in case (c) is 300 MPa until 2.5 ms and 50 MPa thereafter.
At a depth of 0.2 mm depth, the peak stresses in cases (a) and (c)
are almost identical (�200 MPa), while that the peak stress in case
(c) is only 80 MPa.

These results show that the 0.1-mm-thick SS/Au coating ab-
sorbs stress to a sufficient extent and prevents fatigue in the SS
substrate, while plastic deformation of the Au layer results in a
large stress beneath the Hg drop. The results also indicate that
the 0.05-mm-SS/Au coating does not mitigate the impact.
t Vi = 300 m/s. Case (a) SS only, (b) 0.5-mm SS/0.5-mm Au/SS and (c) 0.1-mm SS/0.1-
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Fig. 3. Comparison of change in the Mises stress at the representative positions as a function of the time elapsed after the impact.
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3. Experiments

The effectiveness of the SS/Au-double-layer coating in limiting
the pitting damage was investigated by performing the impact
experiments with the MIMTM with the no-coated and the dou-
ble-layer-coated specimens.

3.1. Fabrication of SS/Au/SS specimen

Double-layer-coated specimens composed of 0.1-mm SS304,
0.1-mm Au and 3-mm SS304 with standard dimension of
60 mm � 60 mm were fabricated by the diffusion bonding method
under the conditions of 900 �C � 4 h � 2.78 kgf/cm2 in a small hot-
press machine (FVHP-R). After diffusion bonding process, the spec-
imens were confirmed to be defect-free by ultrasonic diagnostic
Fig. 4. Two-dimensional element d
and EDS analysis. Fig. 4 shows the EDS mapping of regions includ-
ing the Au layer on the left hand side and the substrate (SS304)
layer on the right. The figure without material lacks indicates well
bonding.

Fig. 5 shows the results of the EDS line analysis. The measured
weight percent of Au in the Au layer is not 100% because of an error
of 20% in measurements caused by noise. Consider two materials
that are in contact at the interface x = 0 at t = 0. The initial concen-
tration C of a certain material is given by

C ¼ C0; x < 0; C ¼ 0; x > 0; for t ¼ 0: ð1Þ

According to a simple diffusion theory proposed by Crank [21], the
concentration of the material at position x and time t from contact
can be written as
istributions measured by EDS.
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Fig. 5. One-dimensional element distributions measured by EDS.
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cðx; tÞ=co ðx < 0; t ¼ 0Þ ¼ ð1=2Þerfcðx=2ðDtÞ1=2Þ: ð2Þ

From the figures, normalized Au diffusion line is read as 7.5 lm
layer thickness within the Au concentration range between 10%
and 90%. From Eq. (2), the diffusion coefficient is estimated to be
8.2 � 10�17 m2/s according to the theorem stated in [21]. It can be
said that this value is nearly equivalent to 2.3 � 10�16 m2/s esti-
mated from the that of 195Au in a Fe: D (T) = 31 � exp(�62.4
(kcal/mol)/RT) (cm2/s) [22], considering a difference between
SS304 and a Fe. Fig. 6 shows the hardness distributions determined
by using a dynamic ultramicrohardness tester (Shimadu DUH-201S)
with a Berkovich indenter with 3.0 gf and 0.15 gf/s. Hardness
changes were observed over a wide region spanding nearly
100 lm, which is far larger than the thickness of the diffusion layer
determined from the EDS line analysis. It should be noted that in-
crease in hardness is observed at positions deeper than 70 lm in
the substrate layer. These points are far from the Au/SUS304 inter-
face; thus it is possible to avoid fracture due to brittleness near the
interface.
3.2. Impact test with the MIMTM

Fig. 7 shows a Hg chamber and a specimen in the MIMTM. The
inner diameter and height are 100 and 15 mm, respectively. The
specimen is fixed at the center of the disk plate. Pulses of negative
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Fig. 6. Hardness distributions determined by using a dynamic ultramicrohardness
tester (Shimadu DUH-201S) with a Berkovich indenter with 3.0 gf and 0.15 gf/s.
pressure were applied on the Hg chamber through the disk plate
driven with the striker, which is controlled in pressure strengths
and repeat rates by the electromagnetic forces. The Hg cavitation
was generated by the pulses of negative pressure very reproduc-
tively. The magnitude of pressure was varied by varying the power
supplied to the MIMTM. The morphology of pitting damage ob-
served at a power of 560 W in the MIMTM was reasonably similar
to that observed in proton-beam tests conducted using MW-class
proton beams [9]. The repetition frequency of the pulses was
25 Hz, which was the same as that in the JSNS. The morphology
and depth profile of the pits were observed by using a laser micro-
scope and an SEM.
3.2.1. Pitting damage
Fig. 8 shows cross-sectional micrographs of the damaged spec-

imen of the SS/Au-double-layer-coated 304SS (SS/Au/SS) specimen
after it was subjected to impacts for up to 106 cycles. The rugged-
ness of the surface increased with the number of impacts, and
25 lm-deep pits formed by 106 impacts were observed on the sur-
face. However, the interfaces between SS and Au were largely unaf-
fected by these impacts, and no defect was observed in either Au
layer or the substrate. A comparison of the results of laser micro-
scopic observation of the SS316 single-layer plate and SS/Au-dou-
ble-layer-coated SS plate is shown in Fig. 9. In the figures on the
left, the surface features of the former appear more rugged than
those of the latter. The pit-depth distributions on the right show
that the deepest pits on the SS/Au/SS specimen and the single-layer
SS specimen have the same depth (25 lm); however the majority
of the pits on the SS/Au/SS specimen are shallower than those on
the single-layer SS specimen.

In summary, it can be stated that 0.1-mm SS/0.1-mm Au-dou-
ble-layer coating is more effective in reducing the number of pits
formed on a surface and is expected to offer better protection from
fatigue damage than does single-layer stainless steel.
4. Discussion

The experimental results showed that the 0.1-mm Au layer was
an effective impact absorber and could be used to reduce fatigue in
the substrate. Moreover, the pitting damage observed in the case of
the substrate coated with a 0.1-mm-Au layer was lesser than that
observed in the case of single-layer SS316. Since the mechanical
properties of SS304 and SS316 were not very different from each
other, test results could be considered to be reasonable for SS316.
Impact force
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Fig. 7. Structure of the MIMTM impulse experimental apparatus.



Fig. 8. Cross-sectional micrographs of damaged specimen of the SS/Au-double-layer-coated 304SS (SS/Au/SS) after impacts imposed up to 106 cycles.
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However, these results are obtained for the case where im-
pulses are applied for 106 cycles; the number of impulses applied
in this case is two orders of magnitude lower than the number of
impulses applied onto the actual JSNS target during a 2500 h of
operation (2.25 � 108 cycles). Nevertheless, the specimen surface
is damaged, and pits with depths of 25 lm are present on the sur-
face; this depth is at most 1/4th of the thickness of the SS layer.
(a) micrograph picture

304SS+Au 

316SS 

50µm

50µm

R
ou

gh
ne

ss
, µ

m
R

ou
gh

ne
ss

, µ
m

Fig. 9. Comparison of laser microscopic observation of th
Therefore, it is required that the top layer of SS be substituted with
materials harder than SS or be subjected to surface treatment in or-
der to strengthen the material.

The other problem that will be encountered when Au is used as
a shock absorber is radiation hardening of Au, as pointed out by
Hamaguchi et al. [23]: Au alloy (75Au–9Ag–16Cu) samples tested
at 150 �C (Y06) and 200 �C (Y02) after proton irradiation in the
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STIP-II experiments [23] showed significant loss of strength, simi-
lar to embrittlement, although the Pt samples showed good tensile
strength and tensile elongation before the irradiation. Therefore,
other materials should be used as shock absorbers. Materials that
can be possibly be used are soft metals such as Cu, Al, Zn, Sn and
Pb, or highly damping materials. These damping materials include
those with a magnetic component in their structures (Fe, Ni alloys
based on Fe and on Co and Ni) and those with reversible martensite
in their structures, such as alloys based on the following systems:
Ni–Ti, Cu–Mn, Cu–AI, Cu–Zn, Cu–Sn, Au–Cd, Fe–Pt, (�+B)-alloys of
the martensitic class based on Ti, etc. [24].

To summarize, the role of the shock absorber in reducing the
pitting damage, particularly to the substrate, is investigated in
the present analysis and experiments are performed using im-
pulses of 106 cycles. It is interesting to study the different types
of damage that can be caused by impulses of more than 106 cycles:
surface coat damage, chemical reactions between the material of
the second layer and Hg, and cracks on the substrate. This topic
must be studied in greater detail in the future to confirm that dou-
ble-layer-coated SS can be used to construct target vessels. Addi-
tionally, methods fabricating three-dimensional targets are also
expected to be of considerable importance in the future.

5. Conclusion

Liquid-Hg target systems for MW-class spallation neutron
sources suffer pitting damage caused by cavitation, which is in-
duced by the pressure waves generated by the injection of high-
intensity proton beams. Localized impacts caused by micro-jets,
which are generated by cavitation-bubble collapse, result in pitting
damage to the target vessel wall. A 0.1-mm SS/0.1-mm Au/3-mm
SS plate was fabricated by the diffusion method. Using the dou-
ble-layer-coated SS plate, the stress on the substrate could be re-
duced by a considerable extent. Under the 560 W impulse
applied for within the 106 cycles by the MIMTM, pits produced
on the surface of the double-layer-coated plate were shallower
than those produced on the single-layer SS plate.

Thus, it can be concluded that pitting damage caused to wall of
the target vessel can be effectively reduced by coating two layers;
composed of top layer of hard metal and the second of a soft metal,
on the substrate. However, pitting damage should be reduced even
when impulses are applied for more than 106 cycles. Further inves-
tigation on the use of materials other than Au (e.g. Cu or Ni) as
shock absorbers will be carried out for the case where impulses
are applied for108 cycles. A suitable method of fabrication of a
three-dimensional target vessel will also be proposed.
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