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Pulsed spallation neutron sources for the materials structure science are severely influenced by beam
impact and radiation damage. We have developed the materials strong to these influence since 2004.
In this paper, recent topics are described concerning the development of intergranular corrosion (IGC)-
resistant austenitic stainless steel for target vessel and window, radiation-resistant ultra-fine grained
tungsten materials (W–TiC) for a solid target, CrN film on a tungsten target by means of a molten-salt
method, surface treatment of stainless steel for pitting damage in mercury target. Bubble behavior at
the interface of mercury and window glass was also observed to clarify the phenomenon of the pitting
damage.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Materials which have strong resistance to both beam impact and
radiation damage are required for the intense spallation neutron
sources for the material science as well as the accelerator driven
system for transmitting long lived nuclides in the used nuclear fuel
to shorter one. The present work has been made for the purpose of
developing such intelligent materials tough to both irradiation
damage and mechanical stresses such as shock-wave due to beam
impact as well as to corrosion [1]. The issues to be studied are stain-
less steel improvement and its compatibility with a coolant: inter-
granular corrosion crack in case of a solid target and the pitting
damage by beam impact in case of a mercury target, improvement
of radiation damage property of tungsten and cladding technique of
tungsten against corrosion by water. This paper describes the pres-
ent status of activities for spallation materials of both solid and li-
quid metal targets since the previous workshop, IWSMT-7.

Stainless steel is a major material of target vessel and beam
window of the spallation neutron sources. In constructing a struc-
ture, welding is required. Intergranular corrosion (IGC) by a coolant
water, resulting in weld decay [2,3], is frequently observed in the
heat affected zone (HAZ) of austenitic stainless steel. IGC is initially
caused by Cr23C6 precipitation in the grain boundary. Chromium
ll rights reserved.
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carbide precipitation leads to sensitization by chromium depletion.
Such sensitization cannot perfectly be prevented by previous con-
ventional techniques, such as reducing the carbon content, a stabil-
ization treatment, and a local solution heat treatment. Recent
studies on the grain boundary structure have revealed that the sen-
sitization depends strongly on the crystallographic nature and the
atomic structure of the grain boundary, and that low-energy grain
boundaries, such as CSL (coincidence site lattice) boundaries, have
strong resistance to IGC [4,5]. The concept of ‘grain boundary
design and control’ [6] has been developed through GBE (grain
boundary engineering) [7] to inhibit sensitization by increasing
the frequency of CSL boundaries. GBE was applied to austenitic
stainless steels which will have superior resistance even usage
for HAZ by welding [3,8,9]. The present GBE process is composed
of solution-heating, cold-rolling as a pre-strain and annealing. In
the present work, the effect of the pre-strain was investigated
and an optimum condition was found out for 316-type stainless
steel. Positron lifetime measurement was also made clarifying if
the GBE process make severe crack to deplete a performance of
base metal of stainless steel.

For a solid target, tungsten is the most candidate material to
give high neutron yield and to be high temperature materials.
However, there are two severe problems: (1) irradiated tungsten
showed fairly harden and brittle in the tensile and bending tests
[10,11], although the compression test showed that tungsten had
some ductility even after 23 dpa irradiation [12], (2) tungsten
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was easily corroded by flowing water with high velocity [13,14] or
high temperature [15]. To the former problem, we have investi-
gated the methods to develop the tungsten alloy which has radia-
tion induced ductility upgrade. In this time, the radiation-resistant,
ultra-fine grained tungsten materials was successfully developed.

To the latter problem, we have already established the method
to fabricate the tantalum-clad tungsten target, to be used for even
MW class spallation neutron sources, with hot isostatic pressing
(HIP’ing) process [16,17]. However, a used tungsten target will
have remarkably high radiation activities because of high neu-
tron-activation cross sections and high-energy decay-gamma-rays
of activated tantalum [18]. Such high activities bring us difficulty
of exchanging the used target into the new one [19]. On the other
hand, CrN has advantages for stronger corrosion resistance [15]
and lower neutron-induced activity than tantalum. Accordingly,
we had tried to make CrN coating on a tungsten plate with the
arc-ion-plasma type PVD (AIP) technique and the ion-beam-en-
hanced deposition (IBED), and fundamental mechanical properties
were also measured [1]. After that, a proton beam irradiation tests
were made on the CrN-film on tungsten processed with the AIP
technique. Electrochemical method using molten salt, that had
been examined to fabricate a tantalum-clad tungsten [1,17], was
also studied aiming at confirmation of production system of CrN
coating in large (engineering) scale.

Investigation of pitting damage in a mercury target has been
continued by using the electro-magnetic high-frequency impact
generator, magnetic impact testing machine (MIMTM) [20] to in-
put a controlled stress into various combination of materials and
mercury up to some 108 pulses. At IWSMT-7, we showed that
the surface treatment to harden stainless steel increased the im-
pact erosion resistances but remained a problem of becoming brit-
tle [1]. In this time, synergistic effect of nitride and carbon-
diffusion for surface treatment of the 316-type stainless steel
was studied. Impact test with high-speed camera observation
was also made to clarify the bubble behavior at the interface be-
tween mercury and material (in the present case, glass).
2. Topics

2.1. Grain boundary engineering (GBE)

Intergranular corrosion (IGC) by a coolant water, resulting in
weld decay, is frequently observed in the heat affected zone
Fig. 1. Comparison of schem
(HAZ) of austenitic stainless steel. Similar IGC may occur in a solid
target. Recent studies on the grain boundary structure have re-
vealed that the sensitization depends strongly on the crystallo-
graphic nature and the atomic structure of the grain boundary
due to Cr23C6 precipitation, and that low-energy grain boundaries,
such as CSL (coincidence site lattice) boundaries, have strong resis-
tance to IGC [4,9], as illustrated in Fig. 1. GBE [7] is a fundamental
and effective method to inhibit sensitization by increasing the fre-
quency of CSL boundaries. There are two kinds of methods to in-
crease low-energy grain boundary: strong work plus heat
treatment leading strain recrystallization, and weak work plus heat
treatment inducing strain annealing. Recently, Shimada et al. [9]
demonstrated that slight pre-strain annealing at a relatively low
temperature results in excellent IGC corrosion resistance due to
grain boundary character distribution in type-304 austenitic stain-
less steel. It was found in their corrosion tests by measuring a
mass-loss of specimens soaked in a ferric sulfate acid after sensiti-
zation that a corrosion rate of the GBE-controlled material with
r5%–1200 K–72 h annealing which seemed to be optimum in a
fraction of the CSL boundaries was less than one fourth that of
the base metal.

In the present work, we investigated an optimum condition to
obtain large CSL fractions in 316-type stainless steel by changing
pre-strain rate, i.e., reduction rate between 2% and 6%. Annealing
was made keeping at temperature: 1200–1300 K for 72 h. Fig. 2
shows the OIM (orientation imaging microscopy) results. Higher
frequency is observed in the region of small reduction ratio be-
tween 2% and 4%. The highest frequency of 86.4% is obtained at
the pre-strain of 3%, annealing temperature of 1240 K and anneal-
ing time of 72 h [21].

Positron lifetime measurement is frequently made to investi-
gate an amount of defects in the specimen. In the present work,
the measurements were performed by using a positron source
of 22Na for the base metal (BM) of 316-type stainless steel
(SS316), its GEM-controlled material and the sample irradiated
by neutron by 7.5 � 1018 n/cm2 in JMTR. The results are given
in Table 1.

Before irradiation, the positron lifetimes in the base metal of
SS316 and SS316L are almost the same as those in the GEM-con-
trolled materials. It means that the GEM process did not increase
defects in material. Difference of lifetime between the SS316 and
SS316L is also very small. The lifetimes in the SS316 and SS316L
were larger than that in pure iron (106 ps) and pure nickel
(109 ps). On the hand, even small neutron irradiation obviously
atic corrosion process.



Fig. 2. CSL boundary frequency of 316 stainless steel as a function of reduction ratio
and annealing temperature. Red shows CSL frequency is higher than 80%, light gray
denote to between 70% and 80%, while dark gray does otherwise.

Table 1
Comparison of positron lifetimes for the stainless steel

BM of
SS316

GBEM of
SS316

BM of
SS316L

GBEM of
SS316L

Before irradiation 121.1 121.2 119.9 122.4
Irradiated by

7.5 � 1018 n/cm2
130.0 134.7 139.3 138.8

Fig. 3. Vickers microhardness before and after neutron irradiation at 873 K to
2 � 1024 n/m2 in JMTR for pure W, W–0.5TiC–H2 and W–0.5TiC–Ar.
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increased lifetime. Accordingly, the influence the GEM process can
be said to be negligibly small.

2.2. Development of radiation-resistant, ultra-fine grained tungsten
materials (W–TiC)

A pure tungsten that is the most useful material of a solid target
has a tendency of quick increase of DBTT (ductile-brittle transition
temperature) with a neutron irradiation dose. This result was ob-
tained with the tensile and bending tests for the samples irradiated
at the nuclear reactors [11]. Additionally, high energy proton
beams bombarding the target of the spallation neutron source pro-
duce extremely larger amounts of gases such as proton and helium
than in the nuclear reactors. Especially, helium gases enhance the
radiation damage such as radiation hardening and embrittlement.
Accordingly, it is required to develop a tungsten alloy resistant to
irradiations with neutrons and helium ions. In the present work,
ultra-fine grained W–TiC (UFG W–TiC) with a high purity matrix
of low dislocation density is expected to exhibit improved resis-
tance to irradiations with neutrons and helium ions [22]. Aiming
at such UFG W–TiC with the desired microstructure, powders of
W with 0.3, 0.5 and 0.8 wt% TiC additions were subjected to
mechanical alloying (MA) [23] where purified H2 and Ar were used
as the MA atmosphere, followed by hot isostatic pressing (HIP).
Microstructural observations by transmission electron microscopy
(TEM) showed that UFG W–(0.3–0.8) wt%TiC exhibits equiaxed
grains with average diameters of 50–190 nm and nearly full densi-
fication of approximately 99% (relative density). Significant grain
refinement occurred by TiC additions and a high density of fine
Ar bubbles were retained after HIPing of MA powders treated in
a purified Ar gas [22,24]. On-line and automated analyses with ori-
entation imaging microscopy (OIM) [25] showed that the grain
boundary character distributions of W–0.5TiC–H2 (i.e., W–0.5TiC
fabricated with MA in a purified H2 atmosphere) consist of mostly
high-angle random grain boundaries with a frequency of approxi-
mately 80% [26].

Neutron irradiation test was performed for TEM disks of W–
0.5TiC–H2 and W–0.5TiC–Ar to a fluence of 2 � 1024 n/m2 (about
0.15 dpa) at 873 K in the JMTR. For comparison, TEM disks of com-
mercially available pure W with a grain size of approximately
20 lm in the hot-rolled, stress-relieved condition were also irradi-
ated. Vickers microhardness test results for those specimens before
and after neutron irradiation showed that W–0.5TiC–H2 and W–
0.5TiC–Ar exhibit no radiation hardening, whereas commercially
available pure W with about 521 HV in unirradiated state shows
a considerable hardening of DHV = 98, as shown in Fig. 3. In view
of the previous results on fine-grained W–0.3TiC (grain size:
0.9 lm) and pure W irradiated at 563 K to 9 � 1023 n/m2

(E > 1 MeV) where DHV was 30 for W–0.3TiC and 63 for pure W
[27], we can say that the UFG microstructure in W–0.5TiC is very
effective in improving the resistance to radiation hardening. In
addition, 3 MeV He-ion irradiations at 823 K to 2 � 1023 He/m2

showed that surface damage resistance for UFG W–0.3TiC–H2 is
more than ten times as high as that for the commercially available
W materials [15].

These results suggest that ultra-fine grained W–TiC can possess
improved performance for use under irradiation environments.

2.3. CrN film formation on tungsten

Tungsten has a weak point that it is easily corroded by flow-
ing water with high velocity [12], especially under irradiation. In
order to overcome such a weak point, cladding with corrosion
resistant material was applied to tungsten target. Typical exam-
ple is a tantalum-clad tungsten target for KENS [15] and ISIS
[28]. However, tantalum is highly activated by thermal neutrons
[18] and its decay heat is a problem during target exchange [19].
On the other hand, CrN is less activated by neutron and has high-
er corrosion resistance than tantalum [14]. CrN clad is frequently
made with an AIP (arc ion plating) method. However, this meth-
od may be difficult for uniformly coating a large target with a
sufficient thickness exceeding some tens of micrometers. Electro-
deposition is extremely useful due to high flexibility for a big-
size complicated shape of the objects to be coated, and has an
advantage of low cost. Molten-salt electrolysis has been success-
fully applied for the deposition of valve metals [29] and their al-
loys [30].

In the present work, the authors designed the methods adding
ammonium chloride as a source of nitrogen to the molten salt on
the basis of the following equation:

xMezþ þ yNHþ4 þ ðxzþ yÞe� !MexNy þ 2yH2 ðMe : MetalÞ ð1Þ



Fig. 5. Cross sectional SEM image of W sample after potentiostatic electrolysis at
1.6 V for 2 h at 573 K.
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Cyclic voltammetric measurements were performed by using a
Cr rod as a working electrode in a molten salt of LiCl–KCl (723 K).
As shown in Fig. 4, reduction currents below 2.0 V (vs. Li+/Li) in-
crease with increasing additive amounts of NH4Cl is considered
to correspond to the formation of chromium nitride film

xCrþNHþ4 þ e� ! CrxNþ 2H2 ð2Þ

In order to confirm the electrochemical formation of nitride
films at potentials below 2.0 V according to the formation scheme
(2), potentiostatic electrolysis was made by using Cr plate as a
working electrode in LiCl–KCl eutectic melt containing NH4Cl
(1.0 mol%) at 0.1–1.5 V (vs. Li+/Li) and the chromium nitride was
identified on the Cr plate by X-ray analysis. Furthermore, we ob-
tained chromium nitride layer of on tungsten after potentiostatic
analysis at 1.6 V for 2 h in LiCl–KCl–CsCl–NH4Cl (0.5 mol%)–CrCl2

(0.5 mol%) eutectic melt at 573 K according to the reaction scheme
(1). Chromium layer in Fig. 5 showed about 10 lm thickness that
was slightly uneven, so far and was composed of CrN and Cr2N. Fu-
ture task is to search an optimum condition to make a uniform and
thick CrN layer on tungsten.

Prior to the eutectic method mentioned above, we had tried to
make a CrN film on tungsten plate by an arc-ion-plasma type PVD
(AIP) technique and the ion-beam-enhanced deposition (IBED) [1].
With the latter method it was difficult to make a sufficiently thick
film. In the present work, proton irradiation tests were made for
AIP film samples prepared by the Japan Coating Center Co. Ltd.,
by using the 1 MeV proton beam from the Dynamitron at Tohoku
University. With an assumption that the threshold energy of atom-
ic displacement was 40 eV for CrN of 5.8 g/cm3and 90 eV for tung-
sten, the proton range was estimated to be 7.05 lm in a sample
composed of 5 lm-thick CrN film and tungsten, and 7.62 lm in
the sample of the 8 lm CrN film. The purpose of each experiment
was to observe blistering of tungsten by hydrogen gas accumulated
in tungsten layer for thin CrN film specimen and to confirm
strength to impact in case of thick CrN film specimen,

In the experiments, beam irradiation was made at the room
temperature and stopped when some irradiation damage was ob-
served: 8.3 � 1022 H+/m2 for 5 lm CrN and 7.3 � 1021 H+/m2 for
8 lm CrN. For thin sample, we observed swellings with a hundred
micro-meter diameter in maximum in many places and tiny lacks.
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Fig. 4. Cyclic voltammograms for Cr electrode in LiCl–KCl–CsCl melt and LiCl–KCl
eutectic melt adding 0.2 mol% and 1.0 mol% NH4Cl at 573 K. Scan rate is 0.1 V/s.
We guessed that the swelling was not a trail of the blistering which
should occur in the tungsten layer, but a mere peeling-off of the
CrN film from the tungsten, as tiny lacks around the swelling were
considered to be an appearance of weak bonding between the CrN
film and the tungsten. For thick sample, swellings and tiny lacks
were observed even in lower irradiation and a crater of about
200 lm diameter was also remained: it might be caused by a drop-
let of vaporized-Cr ion deposition. Accordingly, it is considered that
the present AIP CrN on tungsten has not a sufficient strength to
beam impact.

In general, CrN film on steel materials has a excellent resistance
to corrosion and wear, and it was developed for valve coating of
nuclear plant [31]. However, the present experiment showed that
the AIP CrN film on tungsten has weak resistance to irradiation
damage. This weakness may come from some factors of the present
commercial AIP method. Then, the experiments by the improved
AIP method or chemical deposition would solve a problem. If there
may be a problem in a compatibility between CrN and tungsten,
CrN film will be difficult without a proper intermediate layer on
the substrate tungsten.

2.4. Synergistic effect of C and N plasma treatment of stainless steel

Pitting damage of mercury target was investigated for various
materials by using the MIMTM [20] that can give a high-frequent
and strength-controlled impacts on liquid metal. Fig. 6 shows pit-
ting damage on a low-carbon 316-type austenitic stainless steel
(denoted as ‘SUS316L’ in the figure) and various surface treatment
materials after imposing 106 impacts with 556 W which was corre-
sponds to the impact produced by 1 MW proton beam with a 25 Hz
repetition and 1 ms width in the spallation neutron source of the
J-PARC. Surface treatments were gas nitriding, plasma nitriding,
curburizing (Kolsterising@), gas nitriding plus TiN CVD (chemical
vapor deposition), gas nitriding plus TiAlN CVD, plasma nitriding
plus DLC (diamond like carbon) CVD and boronizing. The figure
shows optical images and depth profiles taken by a laser micro-
scope. In case of SUS316L, whole surface was damaged and depth
profile showed violent undulations which were considered to
come from local frequent impacts due to cavitation bubble col-
lapse. Depth of the damage was 12 lm in maximum. Damage is
very dependent on the surface treatments. Gas nitriding material



Fig. 6. Pitting damage on various surface treatments after 106 impacts optical images and depth profiles taken by a laser microscope.
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shows large pits with about 10 lm depth. Around the pit, small
cracks are observed. On the other hand, the plasma nitriding treat-
ment exhibits the most resistant surface against the pitting dam-
age with less and shallow pits, while the others do large or many
pits.

Beyond 106 impacts, we obtained the data that the fatigue
strength was degraded by the nitriding treatment because the
whole of the improved hard surface seemed to knock the softer
substrate and gave it fatigue. As a result, the nitriding treatment
after 107 cycle impacts exhibited the severer damage than the
SUS316L. A novel surface treatment taking the synergistic effect
of C and N plasma treatment into account was developed to im-
prove the surface resistance against localized impact due to cavita-
tion bubble collapse and the fatigue strength. In the experiment,
the conventional plasma nitriding was carried out at 673 K for
190 h. The plasma curburizing and nitriding were made under sev-
eral combinations of temperature and time by measuring hardness
distributions from the surface. Thus, it was found that the diffusion
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coefficient of carbon at 673 K was 2.6 times as much as that of
nitrogen and increased to 3.6 times at 723 K. Finally, we chose
the condition for the complex treatment of curburizing at 723 K
for 20 h and nitriding at 673 K for 190 h. Carbon diffused into about
20 lm depth in the first step of curburizing and gradually into
50 lm in the second step. This carbon density change gives a grad-
ually changing hardness. The impact tests by using the MIMTM
were made for SS316, conventional nitriding SS316 and the mate-
rial with the complex treatment of curburizing and nitriding.

Fig. 7 shows 3D image of the pitting-damaged specimens up to
107 impacts with 556 W, observed by a laser microscope. Undam-
aged surfaces were not observed in SUS316L and nitriding one. In
particular, nitriding specimen shows deep hollow because of fati-
gue failure as mentioned above.

2.5. Bubble behavior observation

In order to decrease influence of the pitting damage, it is impor-
tant to investigate bubble behavior near the interface between
Fig. 7. Comparison of surface figure observed by laser-microscope for pitting-damaged
cycle impacts of 560 W given by the MIMTM.

Fig. 8. Observation of bubble behavior
mercury and window/vessel material and to develop the methods
to simulate the phenomena and estimate pitting damage with a
good accuracy. Visualization of cavitation bubble formation was
made by using a high-speed video camera (Hyper Vision HPV-1,
Shimadzu) whose frame rate was 106 f/s. The bubble was formed
on the interface between mercury and a glass window, which
was installed in a lid of the mercury chamber. A trigger signal
was precisely controlled and input from the MIMTM to the camera
at the onset of the electro-magnetic striker driving to investigate
the relationship between time response of imposed pressure in
mercury and acceleration measured at the striker and the optical
images of bubbles.

Fig. 8 shows the typical pictures taken by the high-speed video
camera, which caught the bubble collapse behavior with micro-jet
impact. The micro-jet collided vertically against the glass window
and spread out on the surface of glass window. The speed of mer-
cury spreading Vs was estimated to be 200–300 m/s from the pic-
tures. This velocity is corresponding to the impact velocity to
make the pitting.
specimens of SS316, plasma-nitriding SS316 and C- and N-diffused SS316 after 107

near mercury and glass interface.
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3. Summary

The present work has been performed to develop materials
which have strong resistance to both beam impact and radiation
damage. Such materials are required for the beam target of an
intense accelerator. In the present paper, the authors introduced
the works on the spallation materials. Main results are as
follows:

(1) The GBE controlled SS316, which is a candidate material
of vessel and the window of the spallation target, has advan-
tage of inter-granular corrosion (IGC) resistance on coolant
water and possibility of high resistance to radiation damage.
Weak pre-strain of only 3% was the best condition to
increase the coincidence site lattice boundaries giving a
property of IGC resistance. Any influence of the GBE process
to producing material defects did not observed by the posi-
tron lifetime measurement, while it exhibited irradiation
effects even small neutron dose of 7.5 � 1018 n/cm2 in the
JMTR.
(2) Pure tungsten that has disadvantages of becoming brittle
under irradiation circumstances and being corroded by a
flowing water. Radiation-resistant, ultra-fine grained tungsten
materials dispersed with TiC fine powder (W–TiC) was suc-
cessfully developed instead of the pure tungsten. Neutron
irradiation test of W–TiC showed that it kept the ductility
or became softer. It will be hopeful as a solid target material.
To guard from the corrosion by water, a CrN film is ideal
because of higher corrosion resistance and lower activation
than tantalum. Molten salt technique has been attained to
be several micro-meter thickness of the CrN film on the tung-
sten layer. Since the uniformity of layer thickness is not suf-
ficient, further investigation will be needed to make a
uniform and strong bonding film. On the other hand, it has
been observed that the AIP CrN film on tungsten was not suf-
ficiently strong to beam impact, so far.
(3) For liquid mercury target, pitting damage of the vessel and
window is a sever problem. In the MIMTM experiments, surface
treatment of SAS316 stainless steel seemed to be effective
below 106 impacts but lost its effects against more impacts. In
order to reduce the pitting damage, C and N plasma surface
treatment has been developed and proven to be effective to
suppress pitting damage under such a large amount of impacts.
This technique will give us a clue of more tough materials
against the pitting damage.
(4) Another method to reduce the pitting damage is to sup-
press the stress of the pressure waves due to mercury bubble
collapsing. High-speed camera clarified bubble behavior near
mercury/glass window surface. The results will give the fun-
damental data to evaluate the effects of pressure waves
through the computer simulation and this experiments will
be effective to find the mitigation technique of the impacts
due to proton beam.
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