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Abstract: Peculiar deformation accorrrpanied  by LUders band having 46%  Ltiders strain  was  observed  in thc {OO1]
orientod  Fe-30%Cr  alloy  singie  erystal.  Specimen was  again  defamed  after  aging  at 473K  fbr 1.8ks at the 23.5%
strain. The first LUders band can  not  move  due to locking by aging  and  second  LUders band started  from the opposite
side  ofthe  chuck.  Ihe specimen  haying tOO1] tensile axis  is thcugbt to begin to slip ideally by ftrar slip  directions. ln
the present case,  this specimen  defcxrrned by slip of  [11t] and  [l 1 1J directions. Thns, the slip  system  of LUders band
could be determinod. From the surfhce  observation  of  the slde  surface  of  the speeimeg  the propagation speed,  width

and  the strain-rate  in the Liiders bancl were  detennined. Ilie mobile  dislocation density in the Ltiders band ivas also
estimated to be aboat  2 ×  1OScmXcm3. The effective and  inttmal stresses were  determined during the straining  in order
to analyze  the mechanism  of  Ltiders deformation.
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1. INTRODUCTION 2. S?ECIMEN

  In fenitic steels haying bcc structure,  not  so  many

systematic  investigations have been perfbrmed on

defocmarion and  fatigue by employing  orientation

controlled  single  and  bicrystals. This is because a imitic
steel has transformation points and  it is difficult to make
specially  oriented  single crystals by the Bridgeman
method.  However,  in Fe-Cr alloy having higher than  13Cr,
the a-single  phase can  be obtained  and  this makes

possible the study  of  bcc single  crystals  by growing well
orientation controlled  single crystals,

  Ferritic high chromium  alloys are used  as cornmeTcial

steels due to low price, fairly well  corrosion  resistasice

and  good weldability.  Therefore, the present study was
undertaken  in order  to clarify the strength  and  mechanism

of  deformation of  commercial  Fe-Cr fenitic stainless

steels,

  In has been reported  by Kaneko  [1] that  Fe-30%Cr
alloy  single  crystals  having [OOI] tensile axis  were

ftactured by cleavage  at room  temperature accornpanied
by twinning. However,  after  carefu1  heat treatment

avoiding  impurity contamination,  it was  found to be
possible to cause  deforrnation of  up  te about 100%
elongadon  at room  temperatuTe.  This deformation

proceedod by the LOders band propagation just after

beyond the yield point, It was  found the peculiar
deformation was  accompanied  by Luders  band  having
46%  LUders strain. Then this sample  was  deformed after
aging  at 473K  for 1,8ks, anether  LUders band started and
propagated from the opposite  side of  the chuck.  From  the
series of  deformation experirnents,  we  report the
observation  of  slip bands, the propagadon speed  of

LUders band front, width, tlte strain rate  and  the rnobile
dislocation density in the Ltiders band.

  Fe-30%Cr alloy  single crystal was  made  from
polycrystalline rods  by the Bridgman method.  Chemieal
composition  of  the polycrystalline rods  used  is presented
in Table 1. The carbon  conterrt is 28ppm. The specimens

with  shoulder  gauge of  6rnm  in length, O.5mm  in
thickness, 3mm  in width  were  cut by spatk  cutter to be
[OOI] oriented.  The  specimens  were  annealed  at 1273K
for 3.6ks and  then quenched into a water  and  were

electrolytically polished. Due  to mecimical  polishing
and  repeated  electro1ytical polishing, the final thickness

was  reduced  to be O.46mrn,
  Gi-owing of  single  crystals  were  carried  out  in the
Materials Science Laboratory of  Department of  Physics
and  Mechanics, Kyoto University.

   Table 1. Chemical composition  ofmatedal  (mass%).

 cO.O028 siO.OIO Mn  P S  Cu
<O,oo5  O,CKX)5 O,cot9 <O,oot

 Ni<o.cot Cr30,ce  AI<o,oot O N
O,OO04 O,OlssFeBal,

3. EX?ERIMENTAL  ?ROCEDURE

 Tensile tests were  canied  out  with  an  Instron type
tesdng  machine  made  by Shimadzu Co, Ltd. (AGS500B).
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temperarure is room  tcmperature, otherwise  noted.  At first,
the specirnen  was  deformed by 23.5%.  Mer  aging  at
473K  for l,8ks and  then the specimen  was  again

deforrned until  37,6%. Also, high temperature
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deforrnations up  to 548K  were  made.

4. METHODOF  ANAI;YSrs

4.1 Method  of  Measuremeuts ef  the ?ropagation
Speed, Width, surain-Rate and  the Density of  Mobile
Dislocation in the Ltiders Band

  Wijiler and  Van Den  Beukel  [2] showed  that denoting
the strain tSe, the width 4 the propagating veloeity  Pig and

l::Sl:g,g,ff,ate,ik?611if,l12e.Lt,id,ge,.bang.･l,lgco,,Veq,UG,nt,Ig
deformation can  be  determined by measuring  the Iocal
strains of  two  points or one  point of  the specimen  as a

function of  time.

  Grip (eross head) speed  g of  tensile rnachine  is
given as  fo11ows [3],

g= ag× de･

g=s.xd.

  The following equations are

strain-rate of  the LUders front.

iB =  An Xb × va ,

(1)

(2)

dedueed for the

(3)
where  b and  ve is Burgers vector  and  the average  velocity

of  the moving  dislocations. Combining Eqs.(1), (2) and
(3),

A. 
-

 llr-× ,".e,
(4)

  Now  following Hahn  [4], the value  of  Vii can  be taken
as the sarne  order  of  magnitude  as ili, therefore we  can

write,

     Ae
k=bxd'

Therefore, width  d  ofLUders  band can  be expressed  by

d=%xhr.

Also, it becomes from Eq.(2),

d ;-&･

   eB

(8)

(9)

4.2 Method  of  Determining  of  Effective Stress and

interaal Stress during Deformation by Strain-Rate
Change kst
   Strain-rate sensitivity  exponent  m'  was  given by
m'  =Alnj1lna',  which  is the ratio  of  change  of  effective

stress a' when  strain-rate s was  chaged,  the value  of
m'  was  ca1cu1ated  by Eq,(10) by means  of  m-values

obtained  during deformation was  extrapolated  to the
strain of  starting  plastic deformation epeo.

m'-(.g.i".S',).(AlngAlna)    =m

      %-･
 Spe4

(5)

In order  to esdmate  p.  ftom Eq.(5), Aii andi d  have to be
determined experimentaily.
  in the case  ofthis  experiment,  let the gauge length of
original sample  is fo, length of  unc!eforrned  region  is li as
shown  in Fig. 1 and  the  time  recluired  for psopagation of

the LUders band is t,

ig =(h

 
-4)

(10)

(6)

                                          .

   In the Fe-30mass.%Cr  alloy single crystal, the m

obtained  by tensile test and  strain-rate  change  duing
deformation. ConsequentlM the increase of alternating
quantity Aa of  maximum  tensile stress a...  by strain-rate
change  fromSi  to S2 before and  aftei; is used  to
calcu1ate  the effbctive  stress  a  during deforrnation by
Eq,(11) [6],

             o･'=zsa/{(s,le,)"m'-l}.  el)

t

N"

ro

Ne

iind  the strain-rate SBofLUders band can  be written

. AeeB
 

=It

 
'

where  At is the time required  for a LUders

propagates through the width  d of  Ltiders band.

(7)

band

NN

ll11jIIl1ll- ts

as
ss･g,.,/ji
ma

-

1lil1111'i

1stLOdersbend

Fig. I. Schernatic drawing ofthe  LUdersband.
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This method  of  calculation  ofm'  is based on  the concept
that m'-value  is not  dependent on  strain and  mode  of

deformation. Such independency has been reported  in
deforrned pure Fe  crystals.

  According to Seeg?r [7], a  flow stress  a  consists  of  a

therrnal component  (o : effective  stress)  and  an  athermal

component  (ai: ipternal stress) as shown  in Eq,(12),
therefore, ai and  a  was  calculated  from this equation.

             cr=ai+cT'(T,S).  (12)

5. RESUIffS  AND  DISCUSSION

  Stress-strain curve  of  the [OOI] Fe-30%Cr single

crystal  was  shown  in Fig. 2. [Ihe yield point appeared
after  aging.  This is due to the fact that the first Laders
band which  occurred  at first deformation didn't proceed
and  propagate, however the second  LUders band started
from the opposite  side  of  the chuck  and  propagated.
Figure 3 shows  the appearance  ofthe  specimen  deformed
by 23.5%. As described 1ater, left half of  the specimen
was  deformed by 46%  which corresponds  the Ltiders
strain.

250

  2008g

 lso

g tooes
 50o

      O 10 20 30

               Strein e %

Fig. 2. Stress-strain curve  of  [OOI]
  crystal.

4050

Fe-30%Cr single

Fig. 3, Surface observation  of  [OOI] Fe-30%Cr single
  crystal deforrned by 23.5% strain at room

  temperature,

  The specimen  was  annealed  at 473K  for 1,8ks and

then deforrned again  by 37.6%. 1[he appearance  of  the
specimen  is shown  in Fig. 4. It can  be seen  that the
second  Lttders band has started from the opposite  side of

the chuck.  [[he LUders  strain  of  second  one  was  found to

be 50%,

Fig. 4. Surface observation  of  [OOI] Fe-30%Cr  single

  crystal deformed by 37.6% strain after aging  at
  473K  for 1 ,8ks at 23,5% strain.

5.1. 0n  the First LUders Band
5.1.1. Slip
  The  specimen  having [OOI]tensile axis  is thought to
begin to slip  ideally by  four slip  directions, [111] [1 11} [1
11] [111], Epontaneous!y} howeveq the slip  steps  of  slip

lines with [111] and  [111]directions can  not  be observed
because slip directions are  parallel to the top gurface. On

the other  hand, slip 1ines of  [111] and  [111] can  not

appear  on  the side  surface  since  slip  directions are

parallel to the side  surface  as  shown  in Fig, 5, only  the
slip of  [l 11] and  [1 1 1l directions could  be analyzed,  Also
it caimot  distiriguish these two  slip directions from the
observation  of  top surface, because slip with [111] and
[11 1] directions are  equivalent. Howeveg  afier  the tensile
defomiation, it was  detemined that the slip  1ines on  the
side  surface  are  slip  with [11 1] direction and  a  following
analysis  was  made  as  slip  with [11 1 ] direction.
  The slip direction was  analyzed  using  the photogrqph
of  Fig. 5 which  was  taken from the side surface  of

specimen.  The  strain in the region  where the first LUders
band have passed could  be determined as  fo11ows by
using  the measured  values  ofro=O.46mm  and  ri=O.25  rnm,

detemined by direct measurements  ofthickness.

Aei =  (,lo 
--)!

 rb  =  e.46 =  46%  ,

  Slip lines observed  on  the side  surface  were  analyzed

as they belong to the (112) {111] slip system.  From  the
Fig. 5 (riglrt) it is found that the angle  between  [OO1] and

[111] is 55.0e. If we  suppose  that the propagated area  of

Ltiders band was  deformed by 46%,  the angle  between
slip 1ine and  the tensile axis  must  rotate  from 55,OO to
33,2e. Ihe measured  value  was  30.0e and  found to be
almost  in agreement  with the calculated  value.
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Fig. 5. Side surface  observation  of  [OO1] Fe-30%Cf single erystaI at 23.5%  strain.

  Next, we  wiil  examine  whether  the real elongation  of

the specimen  can  be explained  by the deforrnation of

Lttders band or  not. The real elongation  of  the specimen
was  found to be 23.5% and  the gauge  length was

fo=6.0mm. The  tctal strain can  be given as

ls grven as

b=g<i">=fA) × 2.s7=2.4s× io-scm,.

  2 L2J

         s.IYI.(le-li)xAs,,  (l3)
            lo                 lo

where  tY  is the specimen  length supposed  to be elongated
by Lttders deformation, fp is the original  gange length of
the specimeA  li is the length of  undefbrrned  region  and

AEi is the LUders band strain.
 At first, we  will consider  the ragion  (h-cO, where  the
complete  defbrmed  regiofi  of  LUders band. As it is seen
that  li=2.4mm h==6.0mrn and  cttO.9mm,  then the total
strain is calcu1ated  as  21%  from the Eq. (13), On  the

other  hand, if we  consider  the region  of  LUders front 4,
similarIM  the total elongation  was  ealculated  to be 28%.
Thus  the average  value  is 24.5% which  is almost in
agreement  with  the real elongation  23,5%, This fact is
considered  that the this specimen  deformed by an  ideal

Lttders band deforrnation.
il.2. 0n  the prepagation  of  Lifders band
  iert first, the lattice parameter a  was  calculated  ftom

the data by Preston [8] which  is a=[2.860+O.OOO186
xx(A),  where  at%  of  Cr is x. For the Fe-3Omass%Cg  a  is

given bya=2,860+O.Ooo186

×31,52

==2.86A=2.s6xlO'Scm

  Next, we  calculate  the mobi!e  dislocation density An.
As the Burger's vector  ofbcc  crystal is b=(a/2)<111>, b

Tlius, if tte is the strain in the first LUders band and  d  is
the width ofthe  band, A. would  be

        p.=Ae/(bxtO=O.tF6/(2,4sxo.ogxlo'8)

              =2,1xlOS(cmfcrf).

In this case, the time required  for the propagation of  the

first Ltiders band  was  183.6s. Therefore, the propagation
speed  of  the fust LUders band Visi is found to be

VliiKts-4)/ts3,6/!83.6=O.O196mmlsec

        :2.oxlo'3cmls.

Here, we  will  consider  the concept  proposed by HahnI4]
tha± the propagatien speed  ofLtiders  band is nearly  equal

to the mean  moving  velocity  ofthe  dislocations. Nozzg the
edge dislocation velocity  in the Fe-3%Si crystals was

measured  by Stain and  Low  [9], which  is at 298K  about

10"crn/s at the stress 147MPa  and  lcin/s at 196MPa. ln

,th,:g:･,e,se.v.tl･gx(:lg.2fAq,,`g:,;e:,t:,gLe.',,g:･:'iig'e,,9g,grK,2:l`igl,r
from about  170 to 200MPeg this value  is found in the
range  from 1O'3 to 1crnXs and  is almost in agreement  with
the values  ofHahn's  concept.

 From the alx)ve result,  Eq. (l) g=FisxAe and  Eq. (2)
g=SBxd  will be examined.  Here, the g is grip speed

(Cross head speed), and  the SB  is strain rate of  LUders
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b,,':$.,p.r?ggfathl12",.kel:'Ipaix,sf,,ljrF6.ttld,er,g,Ilif1,g,Rg

time ti required  for propagation ofthe fust LUders band is

t, =  C(, IPIk, =O.09!2,OxlO-S  .,  45.os.

The strain rate of  Luders band S Bi  is calculated  by using
tl

SB, =  As,lt, =  O.46/45,O =  O,Olo21s.

  From these values, g is obtained  from Eqs, (1) and
(2) asEq.

 (l)
       g=S.,×d

       =O.OI021sxO,9mm=O.O0921mnls.

       =O.55mmfmin.

Eq･(2) g=Vi,,xAe,

       =2.0x1O-3cmfs × O.46=O.92x1O-3cm!s.

       -- O.55mm/min.

N"

"

"

e

tha%..z

%zltalva

r

1stLOdersband

s

"

%aydi
    'zvavae

2ndLUdersband

The  actually  used  cross  head speed  of  testing rnachine,
narnely  ghp speed  is O.5mrnfmin., which  is almost in
agreement  with  the value  obtained  above.

5.2 On  the Second LUders Band
  The  same  analysis  was  made  on  the second  Ltiders
band. Figure 6 showed  the schematic  drawing of  side  of

the specimen  surface  after second  tensile testing.
5.2.1 Slip
  in order  to determine the values  of  tb  and  r2, the direct
measurements  of  thiekness  were  made  and  found to be
re=!O.46mm  and  rb==O.23mm.  Therefore the second  Lttders
band strain, AE2 is

AS2 =  (,b -r,)f,b =  O.50 =  50%  .

Also similar to fust LUders band, slip  lines observed  on

the  side  surfhce  were  analyzed  as they belong to the (112)
[111] slip system,

  Since the region  of  LUders deformation deformed by
50%, the angle  between tensile axis  afid slip line would
be changed  from 55.00 to 30.6". Since observed  angle  is
30.0e, it is almost in good agreement  (Fig. 7).
  The real elongation  of  the specimen  was  found to be
37.6% and  gauge length was  fp=6,Omm The tctal
elongation  is expressed  as

  Ns=-=

   h

h - (l, +  1 +4tN6,)
×Aei

 
+hm(h+1+4Ae,)

h h
xAs)

(14)

Fig. 6. Schematic drawing of  the LUdersband of  [OOI]
     Fe-30%Cr single crystal at 37.6%  strain,

part ig= 1.6mm and  la±6,Omm, di=O.9mm, 4=O,7mm as

shown  in Fig, 6. At first, if we  take the region  (li-di) and

(4-di) where  deformed region  of  Luders  band, into
account  in Eq.(14), tetal elongation  is calculated  to be
33.2%.  One the other  hand, taking the region  of  IMders
fforrt li and  4, into aecount,  the tcrtal elongation  was

calcutated  to be 41.9%. If we  take the average  value  of

37.6%, which  agroes  with measured  value  of37.6%,  thus,

this specimen  is considered  to  have been deformed by an

ideal Liiders band deformation.
5.2.2 On  the propagation efsecond  Lilders band
  Since the strain of  the regien  of  propagated second

i.gl,?･igb,a,"d･,,.,w,,℃･..foun.S,to,.ge,,ll2i}?g,:.I)2,},;;pd,en,,sitx.oi
required  for propagation of  the LUders band tis 108s and
the propagadon  speed  of  completely  deformed rqgion  of

Ltiders band Pk2 is

    Pk2=;{lbx(1+ei)-(lr+h)}lt

"O.81108=O.O07Srnmls=7.5 × 10`cmts.

,.,T.heafi･ts.'e,b,th,edS}'k?2.t2ioS.i}ioi!},Yi:02,W,gOfiP,?E･･g,tjtbh,khde.
  The time required  for the front of  second  LUders band

propagates through the width d ofLttders  band, his

t, =:  d} /}C,, = O.0717,5xl04  .g3.3s.

The strain rate  ofLUders  band calculated  from h is

where,  l!=5.0mm, h==l.7mm, the length of  undeformed eB2 =  As2 1t2 = O.50193.3 =  o.oos36/s. ,
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Fig. 7, Side sumbce  observation  of[OOI]  Fe-30%Cr single  crystal at 37.6%  
strain.

55'"

   rr5S'
 (si

and  this is halfef S Bi of  first LUders band.

5.3 On  the m-Value,  Internal stress and  Effbctive

Stress
  Figures 8 and  9 are shown the relation  between m

value  and  strai4 obtained  for [OO1] oriented  crystals. tt is

seen  from the figure that the m-value  increases with strain.

2\..e,xt.r,ap.o5a5gn.gJtts.,g,",,ry.e,,`,;i.tt'C,].st.',trg.Oi.I::
case  at 548K, m'[OOI]=15.0  was  obtained.  This value

decreases with  increasing deformation temperature, for
example,  the value  of  Fe-3%Si single crystal was

reported  to be 35.0 at 113K, 5.9 at 473K  by Zarubova  et

#g
3
ing

  60
  50E

 4o

gig
  te

   ooEp-o
 5 10 a5

         Strain e %
2e

Fig. 8, Strain-rate sensitivity of  a Fe-30%Cr single

  crystal  measured  at various  strains. at 291K. The

  open  circles were  data obtained  dunng an  increase

  in strain rate of  a fhctor often  (o), and  the ctosed

  circles are points obtained  duing a  decrease in

  strain rate (e). fi.o indicates plastic strain O.

al. [10]. .
                               movlng  of  Zarubova et al, [10] have shown  that the                               +
the group ofparallel  screw  dislocation plays.an i!nportarrt
ro!e  not  only  in the beginning of  deformation in which

individual slip lines eccur;  but also do the .same ip the
1ater stage ofdeformatiog  because the value  is consistent

with  that obtained  from the moving  velociry  of  the screw

dislocations at the frorrt of  a  iso!ated slip  line for this
orierrtation  in Fe-3%Si single  crystal.

  in this studM  since the [OOI] oriented  specimen  was

deformed by an  ideal LUders  deformation, it will be

expected  that m-vaiue  which  obtained  from the

measurement  of  propagation speed  of  the front of  the

LUders  band is consistent  with  the Jn-value  obtained  in

this study.
  Calculated results  of  irrternal stress ai and  effective

ase

s

i/3/
i

geo8
oe

 Ep=Os  10 t5
         Steln s %

po

Fig. 9. seain-rate sensitivity ofa  Fe-30%Cr  single

  crystal measured  at various  strains  at 548K. ep.o

  indicates plastic strain O.
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Fig,10. Stress-straineurveof[OOI]Fe-30%Crsingle
  crystal  ff* and  q  indicate effbctive  stress and

  interrra1 stress  respectively.  Specimen was  aged  at

  473K  for 1 .8ks after stretching by 23.5%.
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of  [OOI] Fg-30%Cr

crystal at vanous  ternperature. o  and  q
  effective stress and  irrternal stress

     l l

stress o  from this m  
-value

 were  sh.own  Figs 10 and  11.
At roem  temperature deformatio4 a  is lafger than  ¢  and

it was  fou.nd that the ai  is 30'"-40%  oftotal  applied  stress

and  the a  is 70'v60%. At high temperature deformation
(S48K), value  of  internal stress ei nearly  occupies  all of

applied  stress, showing  that 
.the

 effectiye  stress is
approaching  to O. The ratio  ofa  and  q  is deterrnined by
where  the deforrnation temperature T situated as  shown in

gl'rg,',-.'.X{I,iSafl:O,wn･,A:F,igkhi.2.`h,gt,,r'ri,,a,."ald(k,,:e,£lhiggf)
and  athermal (long range)  components  of  the applied

shear  stress. Defoming  at high temperature, the therrnal
component  decreases to O at lh, ie, at high temperature of
7b at which  al1 the deformation wil1  be proceeded by an
irrternal shear  stress ri. As  are seen  in Figs le and  11

generally q  increases arid a'  slighrly decreases or  keeps
constarrt  with proceeding deforrnation. This fdn means

that the number  of  free mobile  dislocations decreases
with  proceeding deformation. increasing of  ai is

Fig. 12. Nigrriation ofstress  with  temperature and  strain

  rate, showing  thermal and  athermal stress

  components  [11].

considered  that dislocations forrn cell  walls  and  make

strongly  stabilized baniers, GenerallM dislocatiens can

overcome  the short  range  barriers easily due to the rapid
multiplication  of  fhee dislocations just after yielding
occurs.  in this studM  d is greatly decreases after the

yielding poirrt as shown  in Fig. 10, In addhiort, Fig. IO
shows  result  that speeimen  again  deformed after aged  a!

473K  for 1.8ks after stretehing and  it was  found that cr
increased. It is considered  that mmy  free dislocations
were  formed  by unlocking  during yielding because the
first li6ders band was  locked by the aging and  second

Liiders band took place from the opposite  side  of  the
chuck.

6. CONCLUSIONS

The results obtained  from the room  temperature
deformation of  [OOI] oriented  Fe-30%Cr  alloy single

crystal are summarized  as fo11ows.
(1) The  deformadon vvas  proceeded by the Ltiders band

propagadon and  this LUders band has characteristic  of

having 46%  LUders  strain.

(2) From  the anarysis  of  slip line and  stereographic

prejectiog it was  confirmed  that the preferred ac tivation

ofthe  two  slip systems  among  the quadruple siip systems
ofthe  [OOI] orierrtation.

(3) Deforming the speoimen  after aging,  the first LUders

band was  suppressed  to move  and  the second  Ltiders

band proceeded and  propagated forrn the opposire  side of

the chuck  where  the LUders band occur  easily. The
Luders strain of  the second  band was  SO%.

:#,)g.har.a･.ct,e.ri,st'1･gsf.g,th.e,g-g7;,L."d,elj,g,%lg.:･&`laJ,g,he,n,
?fi2xi,OSk(,?,li/sghw. 

i3dtg.,ofRgp,glt.28,rr,'r"k･

 ee itr,g"ffr:lg,l",
2dilSll.OCIoatti(Ocnrn/dcemn3S)ilY 

in
 
the

 
LOders

 
band

 
is
 
obtained

 
to
 
be

(5) Characteristics of  the second  LUders  band are  that

when  the strain rate is 1.38x10"31s, the  propagation speed
is 7.5x104( ¢ m/s),  width ofband  is O.7mm,  the strain rate
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in the LUders band is S.36xlO-3(fs) and  the  mebile

dislocation density in the LUders band is obtained  to be
2,o2xlog(cm/cm3).
(6) During the dgformation at roorn  temperature, ai

increases and  a  decreases with  proceeding of

deforrnation, When  the sample  was  deformed again  after

aging  at 473i{? the flew stress increased with  showing

                   The  first LUders  band  can           increased.yielding and  a                                      not

move  dne to locking by aging  and  the second  Ltiders
band occurred  from  the  opposite  side  of  the  chuck,  It is

considered  that the increasing of  a'  is due to the
formation ofmany  free dislocations by unlocking,

Acknowledgment 
-

 The  authors  would  like to thank Dr.
Yl Kaneko, Dept, of  Mechanical System Engineering,
Kanazawa  University (Now at Dept, of  Intellige!rt

Materials Engifieering Faculty of  Engineerins Osaka
City University) for supplying  the single crystals and  also

Mr  K. Shimizu, President of  Gyrophotography  Ltd for
taking the three-dimmensional photographs of  specimens.

REF[ERENCES
1. Y[ Kaneko, Dr. Dissertation of  Kyoto University, (1998)
   KyotoUniversity
2. A. Wijler and  A, Vdn Den  Beukel, Seripta Met,, 4, 705
   (197e),
3, E. W  Hart. AetL MeL,  3, 146 (1955).
4, GT.Hahn,Act.Met.,10,727(1%2).
5, W  G  Jchnston and  J. J. Gilmnq  J. Appl. Phys., 30. 129

   (1959).
6. J.T.Michalak,Act.Met.,13,213(1965).
7. A. Seegeg Phi1, Mag., Ser. 7, 45, 771 (19S4).
8. GD.Preston,Phi1.Mag,,13,419(1932),
9. D. F. Stein and  J, R. Low; JR,, J. Appl. Phys, 31, 362 (1960).
10. N. Zarubova and  B. Ststak, Phys. Stat. Sol. (a)., 30, 365
   (1975).
11. H. Conrad, Joumal ofMetals.,  July, 582 (l964).

203


