
The Japan Society of Mechanical Engineers

NII-Electronic Library Service

The  JapanSociety  of  Mechanical  Engineers

inteniationat S,mposiuni on  Eb,nergistic llabcts ofMtiterlais and  Processing rlSSZine2OObj
September i9, 2006-  Kutnamote Uhiversity, Kumamoto,  J4pan

livgasteriaR sewrfaee  A:rrkprove]maevat foer gmiex¢ enry  target

      Gf  sgeesitimtiozz meeeetreme souteee  gme J-Psk ¢

M.  Futakawa, Japan Atomic  Energy Agenoy, Tokai-mura, Ibaraki-ken, futakawa.rrzasatoshi@aea.gojp

           T. Naoe, Ibarakl Univ., Hitachi-shi, Ibaraki-ken, naoe.takashi@aea.gojp

   T. Wakui, Japan Atomic Energy Agency , Tokai-mura, Ibaraki-ken, wakui.takashi@aea.gejp

  H. Kogawa, Japan Atomic  Energy  Agency,  Tokai-mura, Ibaraki-ken, kogawa.hiroyuki@aea.gojp

          H. Tlakeuchi, NDK,  sagamihara-shi,  Kanagawa-ken, takeuchi@ndklnc.cojp

ABSTRACT

       Liquid-mercury target systerns  for MW-class

spallation neutron  sources  are being developed in tho world,

Proton beams wil1  be used  to induce the spalltion  reaction.

At the moment  the proton beam  hits the target, pressure

waves  are  generated in the mercury  because of  the ahiupt
heat deposition, The piessure waves  interact with  the target
vessel  leading to negative  pressure that may  cause

cavitation  along  to the vessel  wal1,  Localized impacts by
microjets  and  lor shock  waves  which  are caused  by

cavitation  bubble collapse  impose pitting damage en  the

Vessel wall, Bubble collapse  behavior was  observed  by
using  a  high-speed video  camera,  as well  as sirrrulated

numerically.  Localized impact was  quantitatively estimated

through comparison  between numerical  simulation  and

expeiiment.  A  novel  surface  treatment  technique which

consists  of  carburizing  and  niniding  processes was

developed and  the treatment condition  was  optimized  to

mitigate  the pitting darnage due to localized impacts. The

surfilce improvement is effeotive to increase the lifbtirne of

mercury  target vessel.

INTRODUCTION

       Mercury target system  for spallation  neutron

sources,  see in Fig. I, wil1 be installed at MLF  (Material Life
Seience Facility) in J-PARC  ( Japan Proton Aecelerator
Research Complex)[1,2], At the moment  proton beams

bombard mercury  targets, pressure wEvves  are  caused  by

rapidly  thermal heat deposition in mercury  and  propagate

into the target vessel  wall[3].  Thc target wal1  is excited  by

the pressure waves  to induce negative  pressure along  to the

vessel  wall,  The  negative  pressure produces cavitation

erosion  on  the vessel  walll4-7].  At  MLF  the proton beam
hits the rnereury  target at 25 Hz. [[he cavitation  erosion,

therefore, becomes a crucial issue for structural integrity

and  lifetime estimation  in the target[g]. nm[[IM  (Magnetic
IMpact [Iesing Machine); a  pulse generator driven by

electric magnetic  force, was  developed to systematically

examine  the cavitatfon  erosien,  so  called  pitting damage[9],

From  the viewpoint  ofmaterial  qpproach to solve  the issue,

many  kinds of  gonyentional  eoatings  and  surface

improvements were  tried[10]. in geReral, harzlan surifaces

have good  resistance  against  pit formation[11l. On  the other

hand, intembce strength  between substrate  and  improved

surface  1ayer is affected  by stemp  change  of  mechanical

property between them. Among  many  knds of  surface

improvements, plasma niuidmg surface  improvement

showed  relatively  good perfoTmange to prevent fiom pitting
damages.  Howeveg  after  million cycles  of  iiirpacts the

detached surface  layers along to the interface between
substrates  and  improved surface  layers was  observed.  in

order  to optirnize  the thickness and  hardness disuibution of

improved surface  layeg numerical  sirnulations was  carried

out  as taking into accoLmt  the localized impact due to
mercury  microjet  impact based on  expeimientaily  observed

bubble cellapse  behavior ln the presentation, the optimized

surface  layer which  was  improved by combinatian  ef

plasma nitriding and  carburizing  processes to control a

depth propeity distribution will be irtaDduced.

EXPERIMEN[E]
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Figure1 AMWLclassmercuiytargetinJSNS

        (Japan Spallation Neutron Source)
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        Figure 2 shows  a mercury  chainber  and  speeiman

in the MIMTM.  The  inner diarneter and  height are QIOO
mm  and  15 mm,  respectively.  Tlie button-type specimen

with  tp15 mm  diameter is fixed at the eenter  of  the disk plate.
[[he impulsive pressure is imposed to the mercury  through

the disk plate chiven with  the striker controlled  by the

electromagnetic  force, The magriitude  of  pressure is varied

by the imposed power  into the MIMTM.  [[he morphology

of  pitting damage observed  at the power ef  56e W  in the

MIMTM  is sufficiently equi,valent  to that in the onheam

tests using  MW-class proton beams [9]. [[he repeated

frequency ofpulses  is 2S Hz  which  is the same  as that in

JSNS. Ihe morphology  and  depth profile of  pits are

observed  using  a  laser micrvscope  and  an  SEM,

        Visualazation ofcavitation  bubble formation was

made  by using  a  high-speed video  camera  (NAC
MEMRECAM  RX-6), whose  frame rate was  20000 crs, [fhe

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 thc camera  at the onset  of  striker
                                          .
driving to investigate the relationship  between tmie

responses  of  irnposed pressure in mercury  and  acceleration

measured  at the striker and  the optical images ofbubbles.

        The materials  of  specimen  are austenitic stainless

steel  type 316 and  surface  irrtproved 316ss by plasma
nitriding  treatment, PN  and  combination  of  plasma

          

Figure 2 Mercury  chamber  and  specimen  in MIMTM

conventional  PN  treatment was  canieg  out at 673 K  for 190

hr, :[he concept  ef  PCN  treatment was  shown  in Fig.3,

cQnsisting  of  two  steps: in the first step  the plasma

carburizing  treatment was  canied  out  and  then in the second

step  the plasma niniding treatment  to optirnize  the depth

distribution ofhardness.  The  nial PCNs  were  carried  out  in

the following conditicms:  temperature from 673 to 723 K

and  period from 20 to 32 hr for carburizing,  and  673 K  and

80 to 190 hr for nitriding. Cross-sectional hardness

distributions were  measured  using  a  micro-indention

machine  which  can  evaluate  so-called  universal  hardness

from measured  indent load-dcrpth curves  Il2].

IM[PACTANAI;YSIS

       The pits are  forrned by the micro-bubble

collapses  that impose the localircd impaet  on  the

solidlliquid  interfhce by the microljets andfor  shock  waves

collision against  ir, As assuming  that the microiets  aare the

most  effegtive to foim the pits, the analyses  were  canied  out

using  an  axisyrrmietrical  model  consisting  of  a  spherical

mercury  droplet and  a  flat solid  plate, as shown  in Fig, 4.

The  mercLlly  dreplet was  meshed  in Eulerian coordinate

and  the soHd  plate in Lagurangian  to be taken a large

defoTmation inte account  by using  AUTODYN-2D  code

[13]. [[he boundary conditions  in the solid  plate are free

along  to the collision surface  and  perfectly fixed conditions

at the other  ones,  The  following constitutive  equations  are

uscd:(1)

 For the droplet ofmercury

Rankine-Hugoniot eqaation  was  applied  to estimate  the

imposed pressure on  the interface as fo11ow;

p=p.+rpdimE.)  , (1)

where  r is Mie-Gruneisen  coethcieng  E intemal enetgy,

subscript  H  the value  ofHugoniot-curve.  Assuming that the

internal energy  is hardly varied  by impacg the second  term

was  ignored, pH is given by

iggsEita

lst step 2ffdstew

N PH  
="Poco2pt(1･-ge)
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Figure 3 Concept ofPCN  surface  treatment

carburizing  PC  and  nitriding treatment PN, PCN.  The

p-p,
    4-}
 p

a)

where  ca is soimd  velogity, po initial density ands  shock

wave  velocity  parameter. For the rnercury,  co=1490  mfs,

po =13.54xlo3  kglm3, s=tt.047, and r==1,96 [13].

(2) For the solid plate
Johnson-Cook equation  was  applied  to take the strain  rate

eillect into account.  Dynamic  fiow stress oyd  is given by
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cfyd=[ia+BE,"][1+CIDgSp][1-fleM]
                     t)
71,, -  (T -- 71,)/<f;,, -･ 7},)

(3)

where  Ep is plastic strain,  Ep  plastic strain rate, T

temperature, TR  room  temperature, Th, melting  temperature,

A  static yield stress,  B wotk  hardening coefficient  and  n

wotk  hardening exponeng  C  strain rate wotk  hardening

coethcieng  m  seftening  coeificient. in the analysis,  A=203

MPa,  B==958 }vff'a, n==1, C=O  and  m==1  for 316ss. The

material  properties; A  and  B for the PN  and  PCN  treated

sufface  layers were  estimated  by using  the inverse analysis

on  the loadldepth curves measured  by nanoindentation

technique that was  developed by the authors  [14,15],

Figure 4 Simulation model  for localized impact by

            mlcrotlet,

RESU  ifJi]S AND  DISCUSSION

Local;ned fiffnpact te form pits

      Figure 5 shows  the typical pictures taken by the

high speed  video  camera,  which  canght  the bubble collapse

behavior with  microjet  impact [[1ie microljet collided

vertically  against  the glass window  and  spread  out  on  the

surface  of  glass window,  Tlie speed  of  mergury  spreading

}ls was  estimated  to be 2eO to 300 m!s  from the pictures.
Figure 6 shows  the results ofrmmerical  simulatien  on  the

microjet  impact with  the impact velocity  va of300  mls,  in

which  the microljet  was  assumed  as a spherical  droplet. Tlie

pit formation was  hardly dependent on  the shape  of

droplet[15]. Plg is dependent on  va and  almost  equal  to n in

the range  of  va from 100 to 500 rn/s, As a  result, "  was

estimated  to be 200 to 300 mls,  approximately,

      Figure 7 shows  stress distributions developed by

the localized impact with  va==300 mfs:  (a) is as-received,  (b)
a  homogeneous surface  layer for the conventional  PN

surface  layeg and  (c) a  gradient surface  1ayer for the PCN

one.  It was  clearly  found that in fo)-case shear  stresses are

developed along to the interface between improved surface

layer imd  substrate  but the pit foTmation is suewciently

suppresseq  on  the other  hand  in (c)-case shear  stresses on

the inter[face are mitigated  and  pir fomiation is redueed  as

weil.  [fiie PCN  with  gra{lient improved surface  layer is

expectable  to suppress  the pitting damage formation and

osnillnj

of  shock  wave

Figure 5 [[Ypical pictures on  bubble collapse  taken by a

high speed  video  camera
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Figure 6 Numerical  simulation  on  mercury  microtiet

impact with  va =
 3OO  mls.

(a)As-received (b)Homogeneous(c)Gradient
             surfacelayer  surfacelayer

Figure7 Shearsnessdistributiondeveloped

       by microljet impact with  va=300m!s

surviye  under  repeatedly  localized impact for a  certain

period longer than the PN.
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Improved surface  1ftye:'

       Figure 8 shows  typical examples  of

cross-seotional  hardness distributions in PC  at 723 K  for 20

hr and  673 K  for 31.5 hi} and  PN  at 673 K  for 80 hr and  190

tu respectively,  PN  exhibits  a steeper  hardness distribution

in the depth diregtion and  a higher peak hardness than PC.

Tlie diffbsion coeencients  ofPN  and  PC  were  evaluated  by

the following equation  that was  derived cmpirically  by

Hartis[16],

         D==nv2t, (4)

where  D  is a  ditfiision coeMcient,  K  thickness of  improved

suface  iayeir and  t treatment time, 1[lable 1 shows  the

evaluated  D  values,  lhe  D  value  of  carbon  increased up  to

3.6 times with  SO K  increasing, [fhe D  value  of  carbon  at

673 K  is 2.6 times as much  as  that of  nitrogen. These

tendencies are the same  one  reported  by Fast[17]. As taking

into account  the stress disuibutien by localircd impact on

the gradient improved surface  1ayer shown  in Fig.7 (b) and
the treatment time eeeciency  as well  as Cr[N and  CrC

formation to degrade corrosion  resistanee,  we  chose  the

following condition  for the PCN  treatment; PC  at 723 K  for

20 hr and  PN  at 673 K  for 190 hr. Figure 9 shows  a

cross-sectional  hardness disnibutien of  the PCN  treated

surface  layer. [Ihe earbon  diffUsed in the first step  was

diffused even  during the second  step  of  ?N  treatmerit. The

carbon  diffitsed thickness calculated  by using  the D  value  in
Table 1 got to be ca  50 pm, which  is well  agreoment  with

the hardness disnibution of  PCN  shown  in Fig.9. in

particulail a  gradually inclined hardness distrrZbution was

obtained  on  the thickness from 20 to 40 gem. [[his hardness

distribution is rnuch  suitablc  to prevent from pit formation

and  surface  layer detachment as  indicated through tlie

numerical  simulation  seen  in Fig. 7.

   Tal)le 1 DitTinsion ceethcients  ofeach  condition
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Figure 8 [[Ypical examples  of  cross-sectional  hardness

distributions in PC  and  PN  trcated surface  layers.
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Figure 9 Cross-sectional hardness distribution in

treated sur  face layer.

PCN

Figure 10 3D  irnages ofpitting  damages  in 316ss, PNed

316ss and  PCNed  316ss,
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Pittimg daffnage

       Figures IO and  11 show  3D  images and

cross-sectional  rnicregraphs  of  damaged specimens  of

316ss, PNed 3 16ss and  PCNed  3 16ss after imposed impacts

up  to l07 cycles. Undamaged  surfaces  were  not  observed  in

316ss and  PNed  one,  in particular; PNed  surface  was

partially detached from the substrate,  in fact homogeneousFigure

 11 Cross"sectional micrographs of  damaged

speermens.
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erosion  already  occurred  after 106 impacts in 316ss [7,9].
On the other  hana the PCNed  surface  was  hardly damaged
and  well  protected the substiate  from the pitting damage. As

results, it was  confirmed  that the PCN  surfhee  treatment is

very  effective  to mitigate  the pitting damage of3l6ss.

SUMMARY  MgD  CONCLUDING  RII MARKS

      Liquid-mercury  taiget systems  for ww-class
spallation  neutren  sources  are suffered  from  the pressure
waves  induced by high intense proton beam  ajection. IIhe

pressure wave  propagation in target vessels  results in
cavitation  along  to the vessel  wal1. Localized impacts by
microljet  which  is caused  by cavitation  bubble collapse
impose pitting daJTiage on  the vessel  wall. Bubble collapse

behavior was  observed  by using  a high-speed video  camera

as well  as simulated  numerically,  Localized impact was

quantitatively estimated  through comparison  between
numerical  simulation  and  experiment.  A  novel  surface

treatment technique that consists  of  carburizing  and

nitriding processes was  developed and  the treatment

condition  was  optimized  to mitigate  pitting damage  due to

localized impacts, The  surface  improverrient is effbctive  to

increase the lifetime ofmercury  target yesse],

      The  surface  treatment is also  useful  to reduce

fatigue degradation because the target vessel  is loaded by

pressure waves  at 2S Hz  in J-RARC[18]. Furthermore, the

effect of  neutron  and  proton irradiations on  material

properties of  improved surface  layor should  be

considered[19],  These issues will  be iiitroduced in the

presentation as  well,
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