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A liquid-mercury target system for the MW-scale target is being developed in the
world. The moment the proton beams bombard the target, stress waves will be imposed on the
beam window and pressure waves will be generated in the mercury by the thermally shocked
heat deposition. Provided that the negative pressure generates through its propagation in the
mercury target and causes cavitation in the mercury, there is the possibility for the cavitation
bubbles collapse to form pits on the interface between the mercury and the target vessel wall. In
order to estimate the cavitation erosion damage due to pitting, two types of off-line tests were
performed: Split Hopkinson Pressure Bar (SHPB), and Magnetic IMpact Testing Machine
(MIMTM). The data on the pitting damage at the high cycle impacts up to 10 million were
given by the M1IMTM. Additionally the data obtained were compared with classical vibratory
horn tests. As a result, it is confirmed that the mean depth erosion is predictable using a
homologous line in the steady state with mass loss independently of testing machines and the
incubation period is very dependent on materials and imposed pressures.

Keywords: Spallation. Target, Mercury, Cavitation Erosion, Pitting Damage, Pressure Wave,
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1 Introduction
The Japan Atomic Energy Research Institute (JAER1) is carrying out research and

development on a Neutron Science Project aiming at exploring basic researches such as neutron

structural biology and material science and the innovative nuclear technology such as actinide

transmutation with Accelerator Driven System (ADS) [1]. A MW-scale target that is planned to

be constructed, can produce a high-intensity neutron beam by the spallation reaction due to

accelerated protons impinging on the target material.

A liquid-mercury target system for the MW-scale target is being developed in the

JAERI as taking into account the joint advantages of this material of self-circulating heat

removal and neutron yield. Fig. 1. 1 shows a schematic drawing of the liquid-mercury target

structure. The proton beam with 1 s pulse duration is injected into the mercury through the

beam window at 25 Hz. The moment the proton beam hits the target vessel, stress waves will be

imposed on the beam window and pressure waves will be generated in the mercury by the

thermally shocked heat deposition. The pressure waves travel from the mercury to the vessel

wall and the reflected waves propagates backward. Stress waves are excited by the pressure

wave propagating in the vessel wall. The resulted dynamic stress distribution in the vessel

becomes very complicated. To understand the dynamic behavior due to the interaction between

the liquid mercury and the solid vessel, work has been carried out by the international ASTE

collaboration using the Alternating Gradient Synchrotron (AGS) [2], in which a proton beam

(24GeV, proton intensity: 1012 per pulse, pulse duration: 40 ns) was injected into a cylinder-type

target vessel filled with mercury. The stress-wave propagation behavior in the vessel wall was

measured using a laser Doppler technique. The measured results were compared with a

calculation using a liquid-elastic solid model for the mercury. The measured dynamic strain

response of the vessel wall damped more slowly compared with the calculated results and the

superimposed high frequency components predicted by the calculation were hardly observed in

the experimental measurements. The discrepancy between experiment and calculation may be

attributed to the model used for the liquid mercury because the liquid is likely to behave in a

nonlinear manner due to viscosity and/or cavitation under certain negative pressures. It was

expected that negative pressures might be induced at the interface between the vessel wall and

the liquid mercury because of the difference of inertia between them [3]. Provided that the

negative pressure causes cavitation in the mercury, the following collapse of the cavitation

bubbles generates microjets and/or shock waves form-ing pits on the surface of the vessel wall.

This cavitation erosion damage accumulates on the surface of the vessel wall, compromising the

structural integrity and reducing the life of the vessel.

In JAERI, plane-strain-wave incident experiments have been carried out using a

modified SHPB, split Hopkinson pressure bar, in order to examine the impact response of the

liquid mercury and the impact damage at the interface between the liquid mercury and the solid

metal specimens. Through a series of tests, JAERI team found that the solid surfaces in contact

with the mercury were eroded by pitting and suggested the possibility of pitting erosion in the

target vessel [4]. Following the SHPB off-line test, ORNI, team carried out on-beam test at

- 1-
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WNR in LANL and confirmed the pitting damage in the cylindrical target vessel [51. From the
above examinations, the pitting damage is recognized as new issue to decide the life of the
target vessel.

This report describes results obtained by the off-line tests concerning the pitting
damage evaluation that have been performed so far in JAERI. The SHPB test gives the quite-
similar morphology of the pitting to that observed on targets in WNR on-beam test up to
hundred impact cycles. Using the SHPB, a series of tests have been carried out to evaluate the
relationship among materials properties, hardening surface treatment and pits formation. The
imposed number of impacts is limited to ca 100 at maximum, because the SHPB has a manual

operation system and needs time to adjust for operation. The 100 cycles are not enough to
estimate the life of candidate target structure materials. The proton beams are injected into the
target at 25 Hz for JPARC and at 60 Hz for SNS. The pitting damage at high cycles, at least over
10 millions, must be evaluated to estimate the life of the targets. For this reason, the JAERI
team has developed a novel device, MIMTM (Magnet IMpact Testing Machine), which drives
electromagnetically the center of a large plate in contact with the mercury to impose pulse
pressure into the mercury. The data of the pitting damage at the high cycle impacts up to 10
million have been obtained at the MIMTM.
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2. Pitting damage test by SHPB
2.1 Dynamic pressure incident

The conventional split Hopkinson pressure bar (SHPB) was modified for applying

stress-wave loading on mercury. The modified SHPB consists of a striker of 500 mm length,

input bar of 1500 mm length, the output bar of 1500 mm length and a gas gun that is used to

launch the striker against the input bar. The diameter of the bars is 16 mm. The chamber filled

with mercury is formed by a collar over the ends of the input and output bars. Metal specimens

of 5 mm in thickness and 16 mm in diameter are screwed on the end of both bars, as shown in

Fig. 2.1. A more detailed descriptions of the apparatus is given elsewhere [6, 7. The distance

between both specimens is set to be ca. 5 mm. The impact velocities of the striker were 2.7, 5.7

and 8.4 mls. The number of impact on each specimen was 10. After the impact test, the

specimen was washed in an ultrasonic bath with acetone.

In a conventional SHPB, the assumption is made that a uniaxial homogeneous stress

distribution is produced along the axial direction of the specimen and the forces imposed on

both ends of the bars are equal. Then the average nominal strain , strain rate c and stress c in

the specimen are obtained from the reflected strain , and transmitted strain F, measured in the

Hopkinson bars as follows:

E(t) = 2 (')dt' ,(1)

S 0

i~)-2c0 't 2

a~t) E t

EA

Here A is the cross-sectional area, c the longitudinal elastic wave velocity of the Hopkinson

bars, E the Young' modulus of the bars, and A, and , are the cross-sectional area and the gage

length of the specimen.

In the modified SHPB, therefore, the pressure p(t), and volumetric strain Av/v in the

mercury are estimated as

p(t) = o(t), A(t) /v = e(t) ,(4)

using Eqs(1) and (3) with the E, and , measured in the bars. The estimated pressure for 2.7,

5.7 and 8.2 m/s are ca. 40, 80, and 120 MPa, respectively.

Pits on specimens were inspected by using a laser microscope and SEM. The laser

microscope was used to give 3-D images of the pits. The eroded area was evaluated digitally

using an image analysis program. The detail description on pit measurement is given in the

-4 -
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Appendix A.

2.2 Materials

The chemical compositions and mechanical properties of the materials used for the

specimens: A6061, 316SS, Inconel 600 and Maraging steel, are given in Table2.1I and 2.2.

Additionally, the surface hardening treatments are applied to the surfaces of 316SS specimens.

The two kinds of coatings: CrN and TiN, were applied to the 3 16SS specimens to increase the

surface hardness. CrN and TiN were coated on the polished surface of the 36SS specimens by

ion-plating PVD treatment [8]. The average thickness of the coatings are ca 10 g~m, that is

measured from the cross-section of coated specimens, as shown in Fig. 2.2. The other surface

hardening treatment was carried out by carburizing: Kolsterising [9]. The surfaces of the

hardening treatment specimens were slightly polished with 1 im diamond paste to distinguish

the pitting damage from the roughness of the treated surfaces.

2.3. Results

2.3.1 Materials, impact number and velocity dependency

Figure 2.3 illustrates typical strains measured on the input and output bars. The

amplitude of the strain wave propagating along the output bar is smaller than the strain wave

incident on the mercury from the input bar. This is because the acoustic impedance of the

mercury chamber could be affected by the boundary conditions between the chamber and the

input and output bars [4] and cavitation bubbles in mercury.

Figure 2.4 shows the inner wall of the mercury chamber and the end of the input bar

after imposing into mercury the impact pressure more than 50 times with different pressure

levels, 20 MPa to 150 MPa. Pits were created on the inner wall and the bar end being contact

with mercury. This is the first observation of pitting damage in the off-line tests in relation to the

proton incidence [4]. After that we carried out systematic pitting damage tests.

Figure 2.5 shows photographs of the surface of the specimens after 100 impacts at the

velocity of 5.7 ms, which is estimated to generate a macroscopic impulsive compressive

pressure of about 80 MPa in the mercury. Many pits are observed on the surfaces and the

degradation due to the impact erosion is clearly seen depending on materials tested. In particular,

the A606 1 specimen was shattered into a number of fragments.

To quantitatively evaluate the impact erosion damage, image analyses ( Appendix 1)

were performed on surface micrographs. The impact erosion damage is too small to measure as

the distinguished volume or weight loss in particular for 316SS, Inconel 600 and Maraging steel

after 1 or 10 impacts. So, we used the eroded area as the erosion damage instead of the volume

or weight loss. Figure 2.6 shows the relationship between the number of erosion pits and the

ratio of eroded area to measured one, AJ/A0 after 10 impacts. The damage evaluated using the

number of pits and AJ/A0 is almost identical for the two specimens on the output and input bars.

The material dependency of the erosion damage described by the number of pits exhibits the

same tendency as that measured by AJ/A0. The most severe damage was observed in A606 1. The

-5 -
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ranking order of damage is A606 1> Inconel 60-316SS>Maraging steel.

Figure 2.7 shows the relationship between the number of impacts at 5.7 mets and AJ/AO

of the specimens fixed on the output bar. In the same figure, the results for V=2.7 MiS,

corresponding to about 40 MPa macroscopic impulsive pressure, are plotted for 36SS only.

The impact erosion damage evaluated by the number of pits and the eroded area increases with

the impact velocity and the number of impacts regardless of the kind of metals.

Figure 2.8 shows micrographs of pits in the damaged zone in 316SS at for various

numbers of impacts at 5.7 rn/s. The pits grew in size and number not only at the same position

but also at different zones, as the number of impacts is increased. It is recognized from Figs. 2.6

and 2.7 that the size and number of the pits in Maraging steel are the smallest. In A606 1, many

cracks propagate and link between pits to finally produce failure, as shown in Fig. 2.9.

Aluminum. alloys have been reported to be completely embrittled under indentation load by

liquid mercury at room temperature and nickel base alloys become sensitive to liquid metal

embrittlement (LME) in mercury [10]. The pitting formation may be influenced by LME that

reduces the fatigue life. LME seems to assist pitting caused by the impulsive pressure that

introduces the stress triaxiality condition under the indentation. LME is promoted by stress

triaxiality as compared with uniaxial tensile condition [ 11.

Figure 2.10 shows a micrograph and a 3-D image of pit formation in 316SS after 10

impacts at 5.7 mis taken using a laser microscope. Many slip lines were formed around the pit

due to plastic deformation and a sharp and deep indentation with a maximum depth of 15 pgm is

observed at the center. Such slip lines were also observed in Inconel 600 and Maraging steel.

Figure 2.11 shows SEM micrographs around the bottom of the pits. In the case of Inconel 600,

striations were observed similar to typical fatigue degradation. The number of striations (ca. 10)

is almost equal to the number of impacts. In the cases of A6061 and 316SS, some cracks are

observed near the pit bottom.

The impact number and velocity dependency was summarized in Fig. 2.12 as the case

of the 31I6SS. The impact erosion damage increases with increase of impact number and impact

velocity. It is recognized from the micrographs after 10 impacts that the size of the individual

isolate pits becomes larger as increasing the impact velocity. The depth profiles and

micrographs of the typical isolate pits formed at 5.7 mis are shown in Fig. 2.13. The open

circles of each pit and depths increased with the impact number. In the case of the 100 impacts,

the big pit with tiny pits was formed and cracks were present around it.

2.3.2 Effect of hardening surface treatment on Impact erosion
The hardness of the surface layer of the specimens was measured continuously by the

indentation technique. Figure 2.14 shows the relationships between load/depth and depth: LID-

D curve. The slope of the curve in loading process is associated with the hardness [12]. The

slope of 316SS without any surface treatment is independent of the depth. On the other hand,

the slopes of the surface treated specimens are greatly dependent on the depth: the slope

decreases with increasing depth. In even shallow surface layers less than 1 im depth, the

-6 -
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hardness of the surface treated layer is influenced by the measured depth and the hardness of

substrate.

Vickers hardness was measured with various loads from 0.098 to 9.8 N, as shown in

Fig. 2.15. Except for the 316SS without any surface treatments, the load dependency of

hardness was recognized. In particular, the Vickers hardness of coatings is higher than that of

the Koisterised surface in the range below 0.98 N indentation load, but not over 4.9 N. The

micrographs of indents at 4.9 N are shown in Fig.2.16. Many circumferential cracks are present

around the indents of the coatings.

Figure 2.17 shows the micrographs of the pitting damage after 10 impacts at 8.4 mIs,

which is estimated to impose a macroscopic compressive pressure of about 120 MPa to mercury

in contact. In fact, it was difficult in the case of 10 impacts at 5.7 m/s to identify pits except for

the 3 16SS without any hardening surface treatment. This implies that the hardening surface

treatment is effective to prevent from the pitting damage. Figure 2.18 shows the micrographs

taken by a laser microscope at the bottom of pits using high magnification. In the TiN and CrN

coatings, many cracks were observed: the circumferential cracks in the TiN coatings, and the

circumferential and radial cracks in the CrN. In the Kolsterised surface and 3 16SS many slip

bands were present. A sort of cracks is observed in the Kolsterised surface.

Figure 2.19 shows the relationship between the number of eroded pits and the fraction

of eroded area. The number of pits correlates closely with the fraction of eroded area. This

tendency has already been recognized in the case of the bulk materials, as shown in Fig. 2.6.

The result of 316SS after 10 impacts with 5.7 mls is plotted in the same figure as well. It is

understandable from Fig. 2.19 that the pitting damage is dependent on the applied impact

velocity, i.e. imposed macroscopic compressive pressure and the surface hardness. That is, the

order of the pitting damage is 3 16SS > CrN =_TiN > Kolsterise, and the higher the impact

velocity the larger the pitting damage.

Figures 2.20 shows the depth profiles of the relatively large pits. The ratios of radial

length to depth are indicated in each profile. The ratio of 3 16SS specimen is the largest among

them and the Kolsterised specimen the smallest.

The hardness of the hardening surface treated specimen is dependent on the imposed

load, as shown in Fig.2.15. Figure 2.21 is replotted from Fig. 2.15 using the relationship

between the hardness and the depth that is deduced geometrically from the measured diagonals

of Vickers indents. The depths of typical pits in 3 16SS specimens ranging from 10 to 15 ptm are

correspondent to the depth of Vickers indent at 0.49 N. The hardness of each specimen at 0.49 N,

therefore, was used as reference for evaluating the relationship between the pitting damage and

the hardness. Figure 2.22 shows the relationship between erosion resistance and hardness: here

the erosion resistance is defined as I/(Ae/A0), Ae eroded area, and A0 observed area. The good

correlation between the erosion resistance and the hardness at 0.49 N is recognizable.

-7 -
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Table 2.1 Chemical compositions of specimens
(%) ~c Si Mn p S Ni Cr fMo Fe

316ss 0.05 0.49 1.30 0.03 0.02 10.3 16.9 2.07 Bal

(%) I Si Fe I Cu IMn IMg I Cr I Zn I Ti I A'
A6061 0.74 0.20 0.23 0.08 1.00 0.05 0.02 0.02 Bal7

I (%) I C IMn I Fe I S I Si ICu I Ni I Cr 
Incone1600 0.07 0.36 9.28 0.002 0.21 _0.11 73.30 15.831

(%) I Ni I Co MO AlI Ti I Fe
Maraging steel 18.0 9.0 5.0 0.9 0.1 Bal

Table 2.2 Hardness Hv and yield stress

3 16ss A6061 Inconel600 Maraging steel
Hv ~211 129 215 310

Yield stress(MPa) 204 283 356 1910

-8-
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P ts on nside wall-
o chamber

Cross-sectio of chamber

Many pits were observed on the end of Hopkinson bar and inside wall of chamber
after impact tests with 20 MPa to 150 MPa ofpressure in Hg.

Fig. 2.4 Pits on the inner wall of chamber and inner and output bars
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316ss A 6061

Inconel 600 Maraging steel

1i 6mm

Fig. 2.5 Eroded surface of specimens after imposing 100 impacts at 5.7 m/s
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Fig. 28 Micrographs of eroded surface in 316SS for various numbers of impact at 57 m/s.
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Fig. 2.9 Cracks and pits in A6061
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Fig. 2. 11 SEM micrograph near bottom of pits
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Figure 213 Depth profiles and micrographs of typical individual isolate pits formed at

5.7 m/s in 316SS
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Figure 2.14 Indentation load and depth curve measured on surface hardening treated

specimens
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Figure 216 Micrographs around the bottom of pits
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Figure 217 Micrographs of pits forined by impact erosion.
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Figure 2.19 Relationship between the number of eroded pits and the fraction of eroded

area.
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Fig. 220 Depth profiles of relatively large pits.
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Fig. 2.21 Relationship between hardness and depth.
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Fig. 2.22 Relationship between erosion resistance and hardness.
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3. Pitting damage up to 10 millions by MIWMM
3.1 Magnet IMpact Testing Machine: MfIMTMI

The MIMTM (Max. force: 4.OkN, Max. acc.: ca 200 G) was developed to examine the

pitting damage up to over 10 million cycles. The MIMTM consists of the control unit, the

amplifier for magnet and the electrically driven pressure pulse actuator, as shown in Fig. 3.1I. A

short cylinder is filled with the mercury of ca 120cc. The pressure pulse is imposed to the

mercury through the circular plate contact with mercury, which is driven by the actuator, as

shown in Fig. 3.2. The imposed pressure was precisely and quantitatively controlled by

changing the electric current for the magnet coils; i.e. rising time, holding time, sine wave,

rectangular wave, repeated frequency, and amplitude of tensile or compressive pressures. In

particular, the tensile pressure, negative pressure, is a key factor as the condition of the

cavitation formation. The imposed acceleration was measured by a pieso-type accelerator and

used as a controlled signal. The morphology and 3D-image of pits were examined by a laser

microscope ( Laser tech. LHD11-15H) and SEM. Mass change of button specimen was precisely

measured by a micro-balance (Chyo M1-20A). The eroded area was evaluated digitally using an

image analysis program. The detailed descriptions on pit measurement and mass loss

measurement are given in the Appendix A and B.

3.2 Specimens
Figure 3.3 shows the plate specimen driven directly by the actuator. The surface of the specimen

is contact with mercury. In the plate specimen, a sticky tape was used to mask and avoid some

areas from any pitting damage. The plate specimen was divided into 6 regions and each region

was exposed to mercury separately for impact cycles variable up to 10 millions, in order to

understand formation of the pitting damage for each impact cycles. Table 3.1 shows the

composition and main mechanical properties of the 316SS used for the specimens.

During several WNR test runs in 2001 and 2002, all specimens, except one, showed

evidence of cavitation pitting damage. The undamaged specimen was fabricated from a 20%

cold worked 36SS, which had been surface hardened by Kolsterising treatment process. To

extrapolate the limited pulsed beam data to the range of the desired target lifetimes, off-line tests

that simulate pitting up to a large number of pulses have been initiated on specimens. Figure 3.4

shows a button specimen supplied by SNS team and used in the MIMITM. The specimens are

prepared from reference 36SS materials (cold worked 20%) with and without surface

hardening treatment (Kolsterising). The button specimen is screwed on the center of the strike

plate, whose dimension is the same as the plate specimen, as shown in Fig. 3.4.

3.3 Results

3.3.1 Morphology of pitting damage

(a) Plate specimen

Figure 3.5 shows the pitting damages of the each region: 200, 0', 04, 01, 106 and l0O'

cycles with micrographs. The repeated frequency of impact cycle is 15 Hz constant. The
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imposed acceleration level is about 100 G (0.75V, 500ps), that can reproduce the quite similar
morphology of pits observed in the WNR tests, as shown in Fig.3.6. The pitting damage is
strongly dependent on the number of cycles. The pitting damage formation up to 10 million is
understandable well from 3-D images with micrographs, as shown in Fig.3.7. The pitting
damage up to 1E4 cycles looks to be occupied by the individual isolated pits. The quite similar
morphology of pits was observed in the SHPB and WNR tests. As the number of cycles increase
to more than E5 cycles, the individual isolated pits appear to be combined each other or
overlapped and the surface around pits is eroded by peeling out. A laser beam gets to be
reflected so randomly that ambiguous micrographs are given in the surface eroded at more than
i05 cycles. In particular, in the 10 cycles it is very difficult to recognize the eroded surface
because of a randomly reflected laser beam.

Figures 3.8 to 3.13 show the micrographs taken by a laser microscope at different
magnification and the depth profiles of typical pits for each number of cycles. Figure 3.8 shows
that only a few pits are on specimen surfaces after it has been impacted 200 cycles. Most pits
are small and ca 1 m in diameter. On a few surface sites, the surface is slightly damaged
without forming any crater or dish. Only a couple of large pits with more than 10 pm in
diameter are found as shown. The depth of relatively larger pit is ca 4 gim. The number of pits
on specimen surfaces is more after 13 impacts than. that for 200 impacts, as shown in Fig.3.9.
In addition to micron size, pits of 30 pim in diameter are easy to be observed in the case of the
surface imposed 10 impacts. On many locations, specimen surface is slightly damaged with
formation of shallow dishes or craters. The typical pit depth is about 4 pim. Figure 3.10 shows
that the pits spread widely over the specimen surfaces after being subjected to test over I 04

impacts. Many pits overlap and form a line patch or round patch. The typical pit depth reaches
to about 6 gim. Often the cross section of the pitting damage area exceeds 50 gim. Figure 3.11
shows the pit pattern on the specimen surfaces after being subjected to iO impacts. Many pits
overlap and combine together. It is difficult to identify an area free from pitting damage, only a
few narrow web lines could be the original surface materials. Although pits are grouped and
overlapped together, the observed pitting damage area shows a cross section about 60 jim. In

addition, the surface profile reveals the presence of cliff type of pits. The typical pit depth is
about 5 Km. Figure 3.12 shows the pit pattern on the specimen surfaces after being subjected to
one million impacts. Many pits overlap and combine to form a deep crater. No surface at the
center of specimen is free of pitting. At this stage, the original surface layer starts to be eroded
away. The groups of pits are overlapped from each other. Often cracking lines appear and
connect the bottoms of several deep craters. The pit depth of about 10 K~M often was measured
for the cliff type of pits. Figure 3.13 shows the pitting damage on the specimen surfaces after
being subjected to ten million impact cycles. At this stage, the original surface layer is severely
eroded away with many large pits overlapped. Many cracking lines appear among pit groups.
The surface erosion with severe pitting damage presents on this specimen. The pit depth should

be larger than the 14 jim as measured. Most of pits have the cliff type of walls.
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From above observations, it is confirmed that depth and roughness increase with the

number of cycles and that the pitting damage formation up to 10 million cycles is divided into

three phases: Phase 1, individual isolated pits are formed up to 04 cycles; Phase 2, pits are

combined and overlapped and fraction of eroded area gets to be nearly 1 between 1IT and 106

cycles, and; Phase 3, homogeneous erosion with mass loss starts between 1' and l0O' cycles.

(b) Button specimen

Figure 3.14 shows surface micrographs of the button specimens of 316SS with 20%

CW and Kolsterised one. The Kolsterised surface becomes slightly undulated due to hardening

process. Some of 3 16SS specimens were scratched with a line pattern on the surface, in

particular for ones used in low impact cycles test. The scratch lines are used for locating the

same inspection location before and after tests.

Figure 3.15 shows the pitting damage patterns of 316SS surfaces for each cycle at 15

Hz repeated frequency, which were taken by the laser microscope. The individual isolated pits

occupy the pitting damage up to 10~4 cycles. Over the 1 05 cycles, each pit combines together. The

trend is similar to that observed in the plate specimen.

Figure 3.16 shows pitting damage patterns of Kolsterised surface for each cycle at 15

Hz repeated frequency under the same exciting condition in MIMTM as that for 36SS shown

in Fig. 3.15. It is unambiguously seen from comparison between 316SS specimens with and

without surface hardening treatment that the damage is reduced dramatically by the Kolsterised

surface hardening treatment. In fact, the pitting damage of Kolsterised ones was hardly observed

up to 103 impact cycles. From the images taken by the laser microscope, the roughness of

surface was measured as shown in Fig. 3.17. The roughness increases with the number of the

impact cycles independently of the surface treatment. The amplitude of roughness in the

Koisterised surface after 2x 107 impacts is ca 10 pm at most, which is almost equivalent to that in

316SS after IOT impacts. On the other hand, the surface roughness of 3 16SS after 107 impacts

reaches over 30 [im.

Figure 3.18 shows the effect of impact number on the diameter and depth of each pit.

Here, the diameter and depth were defined from the depth profile of each pit measured by the

laser microscope illustrated in Fig. 3.17. Although the impact number dependency on the

diameter is ambiguous in spite of the surface treatment, the depth exhibits clearly the

dependency on the number of impact. That is, the depth increases with the number of impact

cycles independently of the surface treatment. The depth increasing rate to the impact cycle in

Kolsterised ones is much smaller than that in 316SS.

Figure 3.19 shows the relationship between the fraction of eroded area, AJAO, and the

number of cycles. In the figure, the data obtained from vertical SHPB and WNR tests carried

out by ORNE team are plotted together. The eroded area for MIMTM and vertical SHPB tests

was measured by using the laser microscope, as describing in Appendix A. The fraction of

316SS in MIMTM increases nearly to around one million cycles. On the contrary, the fraction

of 3 16SS in vertical SPB reached to 1 around 10
4 cycles at least. This might be because the
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magnitude of imposed pressure is different between MIMTM and vertical SHP13; the pressure is

expected to be higher in vertical SHPB than in MIMITM. The fraction observed in WNR

indicates the same trend up to 03 cycles at least as that in MIMTM. The number of cycles

where the fraction of Kolsterised ones becomes nearly may expand up to over io' cycles.

3.3.2 Mass loss

Mass loss was precisely measured by the button specimens using a micro balance, as

described in Appendix B. Figure 3.20 shows the dependency of mass loss on the number of

impact cycles. In the case of 31L6SS, the mass loss increases slightly up to 106 impact cycles, and

then jumps up at over 106 cycles. The acceleration stage occurs between 106 and 107 cycles.

The mass loss of Kolsterised one is much smaller than that of 31l6SS and does not exhibit the

acceleration stage even at more than 0' cycles. The trend of mass loss is understandable from

the viewpoint of microstructure of damaged surfaces. Figure 3.21 shows micrographs taken by

SEM. In the case of 36SS, original surface remains up to 05 cycles, and over 106 impact

cycles the original surface is hardly observed and multiple micro-craters are cascaded together

and shaped like a "beehive". It is difficult to find specimen surface free from pitting damage.

'Tiny holes with more than 10 pm in diameter are present on the damaged surface after 107

cycles. The formation of the tiny holes is associated with the large mass loss. On the other hand,

the Kolsterised surface exhibits little mass loss up to 2x10 7 cycles. It is found from micrographs

shown in Fig. 3.22 that the individual isolated pits occupy damaged surface in 106 impact cycles

and overlapped and/or combined pits are observed over 2x 107 impact cycles, but no tiny holes

are recognized unlike 316SS.

3.3.3 Repeated frequency effect
Micro-jet andlor shock wave induced by cavitation bubble collapse creates pits on the

interface between liquid mercury and solid metals. If the period from bubble formation to

collapse is larger than that of repeated frequency, the impact due to micro-jet and/or shock

would be influenced by the residual bubbles which might mitigate the pitting damage. Repeated

frequency was changed from 1 to 15 Hz to investigate the frequency effect on the pitting

damage up to 04 impact cycles. Figure 3.23 shows the frequency of eroded pits with each

diameter. Depths of relatively large pits and mass loss were plotted in Figs 3.24 and 3.25,

respectively. It can be said from these figures that the frequency effect is insignificant in the

experimental range. The repeated frequency of pulse injection is 25 Hz for JPARC and 60 Hz

for SNS. The effect of such high frequencies on the pitting damage is still open.
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Table 3.1 Chem-ical compositions and main mechanical properties of plate specimen

(%) Ic Si Mn p j S -Ni Cr1 MO Fe
316SS 0.018 0.5 .83 .024 .01 12.2 17.8 2.15 Bal

IY.S (0.2%),MPa T.S,MPa EL,%
249 544 68
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Figure 3.1 Photos of MIMTM
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Figure 3.2 Short cylinder filled with mercury
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Figure 3.9 Micrographs and depth profiles after 103 impact cycles
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Figure 3. 11 Micrographs and depth profiles after io5 impact cycles
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Figure 3.12 Micrographs and depth profiles after 10' impact cycles
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Figure 3.13 Micrographs and depth profiles after iO' impact cycles
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(b) Koisterised surfaces with indent (4.9N)

Figure 3.14 Surfaces of button specimens of 316SS with 20 % CW and Koisterised one.
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Figure 3.15 Pitting damage of 316SS for each impact cycles at 15 Hz.

-45 -



JAERI -Research 2003-005

iO cycles

210' cycles25g

Figure 3.16 Pitting damage of Kolsterised one for each impact cycles
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Figure 3.17 Surface roughness measured by a laser microscope

for 316SS and Kolsterised one.
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Figure 3.18 Effect of impact number on diameter and depth of pits
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Figure 3.25 Effect of repeated frequency on mass loss
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4. Discussion
4.1 Micro impact

The hardness of the non-pit-damaged areas hardly change even after many impacts

because the macro-pressure generated in the mercury is significantly lower than the yield

stresses of all the materials used in the experiments [4]. In other words, there is no plastic

deformation in the non-pit-damaged area. The hardness around the pits, however, raised and

many slip lines were observed as shown in Fig.2.10. It is deduced that the localized impulsive

pressures that make pits on the specimen surfaces are higher than the yield stress. The authors

have been experimentally investigating the localized impact force imposed on the interface

between the solid and liquid metals by using a droplet of mercury 11. The impact force F and

the average stress a on the droplet contacting area are given by the following equations;

F = m(1 - c(5)

a =A 1-e PCVO ,(6)

where mn, D, v and p are the mass, diameter, impact velocity and density of the droplet, c the

sound velocity in the droplet, e the coefficient of the restitution, K the non-dimensional time to

reach the steady-state stagnation force, and A the shape factor associated with the droplet

contacting area. It was experimentally found that K and e are 2 and 0.01 approximately,

regardless of the size of droplet and the impact velocity [14]. Assuming that the contact area on

which F acts is the cross-sectional area of the droplet D 27r /4 and the critical stress for impact
erosion a. corresponds to the yield stress ay,, i.e. a = a, = ay,, the critical impact velocity

for erosion y, is estimated from Eq.(6) to be about 3-5 ms in the case of 316SS with
ay = 200MPa ( static value; the dynamic value will be higher. ). The v, in the mercury droplet

is less than one tenth that in the water droplet because of the higher density of mercury. It was

also reported in the case of water that a maximum jet impact speed of ca. 100 m/s corresponds

to a maximum possible pressure of 450 MPa [14]. This estimate is understandable taking

account of the differences in density and sound velocity between water and mercury, as

described in Eq (6). It has been shown that the cavitation damage in mercury by using an

ultrasonic vibrator is 3-7 time higher than that in water and the incremental increase in erosion

was observed to nonlineally increase with vibrational power [15,16]. The dynamic behavior of

the mercury in the target vessel is complicated because of the interaction between mercury and

vessel, and the dynamic properties of mercury: viscosity and/or phase change, which affect the

acoustic impedance in the system [4]. As assuming the pit formation due to mercury collision

against inner wall in the target vessel, it is important to restrict the collision velocity within 3

in/s or reduce it as much as possible in order to mitigate the pitting damage. For them, there

might be some possibilities; bubble injection into mercury, buffer layer, pre-pressure control,
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etc.

4.2 Hardening effect on pit formation
The imposed macro-pressure is sufficiently lower than the yield stress of the tested

specimens in SHPB. It was deduced that the negative pressure induced by the momentum

vibration of the input and output bars causes so-called cavitation and then the shock waves and

the micro-jet hit with localized high energy density to form the pits on the surface when the
cavities collapse. The order of the pitting damage is the following: A6061>316SS-Inconel 600

> Maraging steel, which is the same as the order of the hardness rather than the yield stress, as

recognized in Table 2.2. The surface hardness might be one of the promising material properties
to reduce the pitting damage. The surface treatments to improve the surface hardness have been

investigated so far: nitriding, carburizing, coatings [91.
Herein, we examine the surface hardening-treatment effect on the pitting damage to

evaluate the possibility applicable to the target vessel wall. Two kinds of coatings and

carburizing treatment are selected to increase the surface hardness. The hardness of the

hardening treated surfaces varied along depth, as shown in Figs.2. 14 and 2.21. The equivalent

hardness of the hardening treated surface to that at certain depth of pits is used to correlate with

the pitting damage, as shown in Fig. 2.22. It is found that the higher the hardness, the larger the

erosion resistance. Furthermore, this trend was compared with data evaluated for mercury by

classical vibratory horn [17], as shown in Fig. 4.1. Here, Re for the vibratory horn is defined as

l/MDP rate ( Mean Depth of Penetration rate). Re316 is the erosion resistance of 36SS. The

hardness and the erosion resistance of other materials are normalized by the values of 316SS,

respectively. As a result, it is confirmed that the hardness is related to the erosion resistance and

one of key parameters in materials to affect the erosion resistance.

The collapse of cavitation bubbles imposes high impulsive pressures on localized

areas of the surface due to microjet injection and shock waves and causes cumulative damage

by a fatigue-like process [ 18]. In the case of the steels which have hardnesses ranging from 1 00

Hv to 400 Hv, the fatigue strengths examined in uniaxial tensile, bending and twisting fatigue

tests are associated with the hardness and linearly increase with the hardness [19]. Additionally,

Heymann reported that the erosion resistance defined as mass loss due to liquid impact erosion

increases in proportion to the power law of Hv [20]. These trends are reproduced in our results

on liquid metal impact erosion.

4.3 Life estimation
In particular, in order to predict the pitting damage throughout the life of target, it

seems to be needed to evaluate the pitting damage for the high cycle impact imposing up to 0

cycles at least. Up to now, however we have not carried out such a high cycle test yet. In the

case of the classical vibratory hone tests, the repeated frequency is ca 20 kHz generally. The

number of cycles gets to e over lO8 for 1.5 hours. Figure 4.2 shows the relationship for

mercury between MDE (Mean Depth of Erosion) and the number of cycles, that is given from
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the classical vibratory hone tests [ 15, 17,2 1]1. These data for each material are replotted using the

MDE normalized by that at 108 cycles, as shown in Fig.4.3. The normalized MDE is adequately

plotted on the line given by the following equation:

LogMDE =ALogN +B, (8)

where, A=1.27 for mercury, B= ftmaterials, temperature, pressure, etc.) and N is the number of

cycles. The constant of B is strongly dependent on the material surface and imposed pressure.

The MDE in MIMTM was evaluated from the data of mass loss shown in Figure 3.20, and

plotted together in the log-log graph with the results obtained by the vertical SHPB and the

WNR with 0.4, 1.1 and 2.5 MW proton injection, as shown in Fig. 4.4. In Fig. 4.4, the lines

given by Eq.(8) were drawn for 36SS and Kolsterised one in the MIMTM and 3 16SS in the

vertical SHPB. It is recognized in the case of 316SS for MIMTM that the incubation period is

present up to 106 cycles and after that the MDE increases with the number of cycles as

complying well with Eq. (8). The incubation period is expanded up to 10 cycles by Kolsterised

hardening surface treatment. This trend is understandable well from the fraction of eroded area

shown in 3.19. The period in which the fraction is less than 1 is equivalent to the incubation

period associated with MDE, i.e. mass loss. The MDE measured by the vertical SHPB is

described well by Eq. 8, as well. The MDE obtained by the WNR shows the same tendency as

the MIMTM The MDE at 2x10 8 cycles, the expectable number of cycles in the target design, is

extrapolated to be ca. 100 pgm for 3 16SS with 20%CW and less than 10 g~m for Kolsterised one,

by deducing from Eq(8).

Assuming that homogeneous erosion with mass loss due to peeling away is dominant

in the pitting damage, the thickness of target window might be evaluated by taking account of

the thickness margin for homogeneous erosion. Figure 4.5 shows the stress and temperature

dependency on the window thickness ranging from 1.5 to 3 mm in the steady beam condition.
From the viewpoint of the thermal stress in the steady condition, the thinner the thickness the

lower the stress. The compressive stress is present at the side of the inner surface despite the

thickness. In the case of 2.5 mm thickness, the stress in the inner surface layer up to 1 mm in

depth is compressive even if dynamic tensile stress of ca 50 MPa imposes as hoop stress.

Therefore, the crack may not ppagate from the bottom of pits with less than mm depth,

because of no tensile stress around the pit bottom. The evaluated depth, 1 mm, is much larger

than MDE of 31l6SS and in particular Kolsterised one.

In the case of the unsteady condition due to no beam coming for a few seconds, such

as beam trip, shut down, etc., the compressive stress at the inner surface is no longer expected

by heat removing with Hg circulation. After this event, when the beam injection resumes the

dynamic tensile stress due to pressure wave might impose on the inner surface because of no

thermal compressive stresses to suppress tensile stresses. The crack ppagation by the Paris'

law based on the fracture toughness is applied to estimate an allowable initial crack length

andlor pit depth propagated to failure under certain stress conditions, given by the following
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equation:

da _ CAm
dN (9)

where C and m are material constants that are determined experimentally [22].

Assuming the number of beam trip (>3 s period) is 10)
4 throughout the target life and

the recovering time to the steady condition is 10 second, the total number of cycles for the

tensile stresses to impose around pits and/or cracks on the inner surface gets to be 2.5x 106

(25Hz x OS 10 4) [23]. Generally the crack growth rate is accelerated by neutron radiation in
high cycle fatigue. Assuming that the post-irradiated crack growth rate is 20 times higher than

non-irradiated one and referring to fatigue data of 3 16SS at room temperature [24], the

relationship between the number of cycles to failure and initial crack length is given for each

imposed tensile stresses, as shown in Fig.4.6. From the relationship, the allowable initial crack

length (andlor the allowable pit depth) is given as a function of tensile stress for the total

number of cycles, 2.5x 106 and 8.3x 05 (= 13 x 2.5x 10 6) , as shown in Fig. 4.7. As a result, the

allowable depth of pit is estimated to be ca 200 im from the viewpoint of crack propagation

when the dynamic tensile stress is 50 MPa, that is calculated to be induced by the pressure

waves [23]. The measured depth profile shown in Fig. 3.18 indicates about 25 pim at 107 cycles

for 316SS and less than 10 pim at 2x10' cycles for Kolsterised one. The pit depth after over 108

is still open. It is, therefore, very important to evaluate the fatigue life of window materials with

pitting damage.
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Figure 4.7 Allowable initial crack length for 2.5x10 6 and 8.5x10 5 impact cycles.
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5. Conclusion
In JAERI, plane-strain-wave incident experiments have been carried out using a

modified SHPB. Through a series of the tests, JAERI team found that the solid surfaces in

contact with the mercury were eroded by pitting and suggested the possibility of pitting erosion

in the target vessel. Following the SHPB off-line test, SNS team carried out on-beam test at

LANL's WNR facility and recognized the pitting damage in the cylindrical target vessel. From

the above examinations, the pitting damage gets to be one of critical issues to estimate the life

of the target structure with mercury and to evaluate its structural integrity.

As the off-line test on the pitting damage, two types of tests were performed: Split

Hopkinson Bar (SHPB), and Magnetic IMpact Testing Machine (MIMTM). The SPB test

gives the quite-similar morphology of the pitting to that observed in WNR on-beam test up to

hundred impact cycles. The imposed number of impacts is limited to ca. 100 at maximum

because the SHPB employs a manual operation system. The 100 cycles are a quite low cycle

number to estimate the life of a candidate target structure material. The pitting damage at high

cycles over 10 millions should be evaluated to estimate the life of the target. For this reason, the

JAERI team has developed a novel device, the MIMTM which drives electromagnetically the

center of a large plate in contact with the mercury to impose pulse pressure into the mercury.

The MIMTM reproduced the similar morphology of pits as those observed in WNR. The data of

the pitting damage at the high cycle impacts up to 10 million have been obtained at the

MIMTM.

Two type specimens are used in the MIMTM: plate and button specimens. The plate

specimens are used to investigate pressure wave condition in Hg and pit formation. Button

specimens, supplied from ORNI, team, are made from SNS reference materials of 2O0/ cold

worked 3 16SS and some specimens are hardened by Kolsterised surface hardening treatment.

Such specimens are screwed on the center of a driver plate of the MIIMM mercury chamber. In

the button specimens, we focused on mass loss in high impact cycles up to 1 0 million.

Additionally the data obtained were compared with classical vibratory horn tests and the life of

target affected by the pitting damage was discussed.
The results of the SHPB and the MIMTM tests are summarized as follows:

1 . Through screening tests by the SHPB, the pitting damage is suppressed by surface

hardening treatments: Kolsterising, coatings, etc.

2. Relative hardness appeared to be a good correlating parameter on impact erosion resistance

evaluated by the SHBP for comparisons with vibratory hone tests.

3. In the results of 31l6SS by the MIMTM, the pitting damage formation at impact cycles up to

10 million is divided into three phases: Phase 1, isolate individual pits are formed UP to 04

cycles; Phase 2, pits are combined and overlapped and fraction of eroded area approaches 1

between 05 and 106 cycles, and; Phase 3, homogeneous erosion with mass loss starts

between 106 and i O' cycles.
4. The Kolsterised specimens show much less erosion and mass loss. The Kolserlising has

obvious pitting damage only at cycles above million. The Kolsterising can suppress
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pitting damage up to about 10 million at least.
5. The test results of 316SS specimens for 104 cycles at 1 Hz, 5 Hz, and 15 Hz indicated that

the frequency effect on pitting damage is insignificant.
6. The pitting damage can be characterized in two steps, an incubation period that can extend

to more than 106 cycles and steady state erosion where mass loss scales with the number of
cycles to approximately the 1.27 power for mercury. The length of the incubation period is
primarily a function of the material and the intensity of the pressure. This observation
provides a simple model for estimating lifetime for different materials and beam power.
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Appendix A

Characterization of morphology of pits
-Pit Diameter & Eroded Area Measurements-

Specimens are inspected by using Laser Tech, LHD-15H, which is a confocal laser scanning
microscope (CLSM). The morphology so obtained can be used to measure pit diameter and
the pit depth.

This CSLM system only collects data from the surface on which laser light is focused
on. That means, n-focus part of surface pictures is always the brightest. By scanning
vertical axis z the CSLM collects data of different in-focus surface pictures of an object. After
setting the top and bottom z limits of a pit, the confocal image in the x-y cross section at each of
different z locations can be obtained by using a z-axis controller program. The digital data are
saved. Subsequently, the signal process program can be used to analyze the data and display a
surface profile (x-z plot) of each pit. From these profiles, the pit diameter and pit depth can be
measured. Figure A-I shows (A) CLSM pit photo, (B) a surface profile (x-z plot) and (C)
measurement of pit diameter and pit depth. Even when many pits are overlapped or a pit cross
section is not circular, both the pit diameter and the pit depth are measured with the same way as
shown in Fig. A-I. This means that the measured depth does not include the thickness of eroded
surface layer in the case of more than 1 05 cycles after pits combined or overlapped.

In the statistical information only for the individual isolate pits up to 14 cycles, in
particular for the frequency effect we used the digitalizing program to obtain,-the relationship
between the equivalent diameter De of pit and the number of pits. The De was estimated from
the equivalent circle that has the samne pit area. The damage area was estimated by subtracting
the image before test from that after test, as shown in Fig. A-2. The image of pretest surface was
taken from ca. 5 % of total area. The same program was used to obtain the fraction of damaged
area throughout the examination.
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Figure A-I The CSLM image and the depth profile for measurement of depth and diameter.
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Figure A-2 CSLM and digitalized images before and after test
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Appendix B

Mass loss measurement

One of the purposes to use the button specimens is to evaluate weigh loss due to pitting damage

or erosion. So, the specimens have been cleaned carefully before and after tests according to the
following procedure:

I. Pretest Cleaning;

1. Use wetted plastic brush to clean the rim, backside and screw of each specimen with

acetone. This step is for cleaning glue or other sticky dirt on the specimen.

2. Put specimen in acetone of a glass beaker, which is then set in an ultrasonic water bath.

3. Clean the specimens in the ultrasonic bath for 10 minutes or longer as needed.

HI. Post Cleaning;

1. Use water wetted plastic brush to clean dirt from rim, backside, and screw of each specimen

after it was removed from the driver plate of MIMITM and wiped clean.

2. Plut specimen in a stainless steel tray that is immersed in an ultrasonic water bath.

3. Clean specimens in the ultrasonic bath for 90 minutes or longer as needed.

Each specimen is then removed and dried by air jets. The cleanness of each specimen can be
examined by using SEM inspection. Usually the residual mercury on specimens can appear as
micro spheres on a SEM image or a laser microscope image.
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