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                                  Summary

   In this  papei' a  method  to ineasure  stress  distribution using  PVDF  film and  cleetrostatic

vL,ltnieter  ufnon'cont;act  t}'pe is develaped. PVDF  fitm is well  suited  t() strain  s.ensing  npplt{'ations

fnr its eNce]lent  sensitivit.y  and  c)thcr  good  properties. The  h'(ress  and  strain  distributions are

determinecl from the measured  potentiEils tnking  into account  the  piezoelectric eon,titutive  law of

film rnateria]s.  First, in this paper  the relationship  between the eleetric  potential and  stresses  is
deduced  in deta{1, Then.  parAmeturs  use[l  in the electric potentia]'stre.ts re]ationship  are  estimated

by an  eNperiment  applying  the  PVI)F  films to a  smo"th  p]ate  s'pecimen.  Next, a  method  t" muku･

isotropic  piezoelectric material  and  a  method  te amplifS'  the electric  potunt{al of  the PVnF  fi]m by
larninating  two  or  more  PVDF  film) t"getherare  a]so  introducecl and  valtdated  by experiment.  I.}hst,
in ovder  to uheck  the  aecurac},  of  PVDF  film as  a  stres.g. measurement  sen.gor,  an  experiment  tv

measure  thc  stress  distributiun ef  a plate  specimen  with  an  inclined crack  is perfovmed.  Th{L
eKperimental  results  are  in good agreement  with  those  obtuined  from numerical  caleularion,

              I. Introduetion

   Pelyvinylidene fluoride {PVDF) is a synthetic

semTcr}'htal]ine  pc}]ymer  svith  piezoe]ectvic  properties.
Since the  digcover.v of piezoelectric  effects  in PVDF

by Ka"'ai t),
 the  properties uf  this material  have been

widely  "sed  in a  variety  of  upp]icatic)ns,  partieularly
as  sengors  and  transducers  

2-
 
'ii.

 Some  experimental

htudie.g  have  also  been  performecl focus{ng nn  varinus

electro'mechanical  properties of  PVDF  
'i･
 i･ fiL

   The  piezoelectric prnperties of  PVI)F are

vbtained  by stretehing  and  poling of  extruded  thin

.theets  f)f  the  pol.vmer producing an  atignment  of

rnoleeular  ehain  in the  stretch  directivn. Polavization

uf  PX'DF  is achieved  1)y subjecting  the  polymer' tu an
elevated,  t.srpica]ly, I30℃  temperature  and  eleetric

fie[d uf  up  tu )OO kVlm  rn.

   in this paper, thin  PVDF  films are  utilized  for
the  stress  measurement  uf  structures.  PVDF  film is a

'
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flexible, lightweight, tnugh engineering  plasti(/
available  in A  "icle  variets･  uf  thif:kne.ts  nnd  large
areas.  It cnn  be directlv attached  to "  structure

without  disturhing its meehanical  mot{on.  So, PVDF
fitm is "'ell  suitud  to struin  sensing  application.g.

requiring  very  wide  handwidth  and  high sensit{vity.
   Two  kinds Df  meth"ds  have been  used  fov the

stress  measurement  using  PVDF  fihn, One  is to

attach  the  electnc  termina]  on  the  upper  nnd  lowc･r

surfaces  uf a Plv'DF film treated  by aluminum

electrode,  and  conne{:t  the turmina].s to an  integration
circuit  by  ulectrica]  "'ire.  Eleetric currunt  flo-'s in the
wire  aecording  to the chango  of  the  electric  c/htarge

generated  on  the  suvface  ofthe  PX'DF  film. Then, thc:

output  voltnge  fr'om the  integration eh'cuit  becomo.t

proportiona] to the  applied  strain  of  the  member.

   The  other  method  is to mea.qure  the  electric

potentinl of  the  p"larized surfaee  of  PIL'DF film bv nn

electrostatic  voltmeter  uf  non'cnntact  type.  In th].t

method,  thc  measured  electric  potentia] is

propertic}na] to the applied  strain  of  the  member.

   In this pAper, stros.g  mensurernent  using  thu

electvost;ttic  vo]tmeter  is diseussed,

   Fivstly, the re]ationship  bet"'een the  ek･ctric

p"tential on  the  surface  uf  PX'DF  fi]m and  the  applied

strain  is derived based on  the  piezoeleetric
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constitutive  tasv. tNnd

eleetric'  potential  and  the  stress  is deduced,

   Then, the  parameters  used  in the  electric

pt)tential'strcss relationship  nre  estin]ated  bb' an

experiment  appl,ying  the  PVDF  fi]ms to a  smooth

plnte  specimen.  ,Nls{.),  a  tnethod  t" rnaku  isetropic

piezuelectric  ninterial  nTid  a  method  to aTnplify'  the

electvic  putential  efthe  PVDF  filni by lamlnnting  twn

or more  PVDF  films are discussed thvc]ugh  the

experiment.

   Fuvther, an  eNperiment  is carried  out  to measure

the  stress  distributiun of  a  plate specimen  syith  an

inclined cruck.  The  expevirnental  results  nve

cninpHixid  svith  the stress  distrihutien obtained  by

nume-calcalcu]ation,

    2, Stress rneasurement,  using  piezoelectrie

                 rnaterinl

 Journnl of  The Societ.v ,}f  Naval  1

the  relatienship  bet"'een the

2. ] P{eznelectric constitutive  law

   The piezuelectric cc)nstitutiye  Iaw of  the  
"d"

 t.vpe ef

dieleutrics 1ike the  pie7,oeleutrie matevia]  i.-' expres.'ecl  hy

the  ft)ltowing equations  
T･
 
Fi:

              s=sFo+dTii  (1)

              l)-da+rl'E  {2)

wheve  a  is thu  stve$s  applied  tu the  die]eetrics; d

is the  piezoelectric  strain  constant:  E is the

in(ensitv uf  the  electric  fieldi a  iF the  strnin  ef  the

diulecti'iesl i) is the electrie flux densit.y] sf' is the

cfnnpliance  uf  the piezoelectric material  at  fixud E

and  oT is the perinittivity of  the dielectrics at fixed

a,

   I;ig,1 shows  coor'diiiate  s}'stem  of  the

piezoeleetrie material,  Congidering  unly  normnl

strains  of  the  dielectvics, Eq. (1) can  be syritten  as

                     z

                              
'-"

 x

              
--･  ,････

                        Piezoetectric
                        inaterial

       

       

       

        a,
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Sulving Eq. (ll),
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  Or

svhere  ('E is the symmetric  stiffness  matriN,  i,e.

               ('F =(sF)  
i

and

         e,, =  d,,( 
','l
 + d,,(',E･ +  d]iCiil

         e.  =  d,,( 
',E,
 + d.(',F, +  ci.(  

',F,

         e,, =  d,,("f, +  d,,( 
',F.,
 +  d,.,(',F.,

Eq. (D is, also  simply  uNpressed  as

        a=('rc-(JFdTh'=('Ee-eTE'

"'here

             e=(('FdT)T  ..  dCF

e, piezoelectric  stress  constant,  is the ratio  uf  )tress

change  to tho  change  uf  electric  fiu]d when  strains  of

thu  dielectric are  constant.

   Suhstituting Eq. (7) int[} Eq. (2), we  have

           l) =  da  +  jl'E

             =  dcc'Fc- et  it')+ orE

             =d('Ec+ciJT-deT)F.

             =es+rlSl･/  (9)

where

               ilS=rl'-cleT  (]o)

 iiS i.g elamped  perTnittivity. Usually, Eq. (7) and  (9)

are  called  as  the piezoelecrric equations  of  

"e'
 tFrpe,

i,e.

              a=('Ec-e'lt'  (11)

               D=es+oSF.  (12)

 Considering thEtt the  piezuelectric element  ls

polarlzed  in the  thickness  clirection,  it is assumed

 thut  all  inatriN  eletnents  uf  the  pern)ittivit} i?i

 equal  zero  exeept  ol,.

   Using  Eq. (1 O), Eq. C9) can  be written  asi

 D
  .z
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              -./X lication {)f I'lv'I')F Film tu

       tlii 
=
 tl.li 

-(diLeii
 +  d.uen +  due.-) (1 4)

 2.2 Stress measurement  using  electrostatic  voltrneter

   of  non'contact  type

    Fig, 2 shows  the  setup  to measure  the  stress  of

struetural  member  b.v using  eleetrostatie  voltmeter  of

non'eontact  t.Npe. The prube  uf  voltmeter  is fixed
cl"sels  tt) the  t/'urface  of  piezoeleetric matet'ial.  The

gnp  but"'een the  probe and  the  surface  of  the

piezoe]ectt'ic material  is usuall)'  less than  a  few
millimeturs.  iXs  shown  in the  figure, rhe  back  suvface

vf  the piezoelectric material  is earthfhd  by svire  and

nis"  one  end  f]f  the  wire  is connected  tu the v"]tmeter.

Stresseg are  determined  fvom the  mea/li'ured  v"ltages

tnking  into aecount  the  piezoelectric censtitutive  ta":

ofthe  dieleclrics.

    In this measurement  system,  electric  circuit  is
open  Rt  the  surface  of  the  piezoeleetric element.

Therufore the electric  fiux density D  in Eq. (12) is
zero  at  the  surf:ice  of  the  piezoelectric element.

Besideh, the  stress  a.  is zero  at  the  suvface  of  the

piezoeiectric  element,  so the ft)]lowing equations  are

obtuinctcl  from  the  
"e"

 t.vpe piezoe]ectric equativns/

       ff, =('fls,  +(',[.,E,  +(l,i;e.  -e,,1:', =O  "s)

       D. 
--
 e]iC,  +enl  +e]]s,  +rlii E, -- O "6)

Elimintttingstrain E, from theahove  two equations,

the intensit)' efelectrie  field E, is solved  as]

     i - 
{e"
 
-

 (( .i,i 
e,i)e,

 
+(e];

 
-
 [1.l'EE]: 

e,,)ti+
 aT)

                     s elr,

                    
tl]]

 
'
 Cl/;,

The  eleetric putential  measured  by the veltmeter  is

giv'en by

Stress "･IeasurenieTit oi

                  lt=hE.  (1R)

in "'hich  h itt the thicknes.g ef  the  piezoelectric
element.  So the relation  betsveon the  output  vultage

and  the  strain  is

    c(ell
 
-

    c.E11･EM

           (
elPe,  +(e]l  

-
           c'f]!t[t..e].1)e}

Struetural Meniber

l.

lt''ltt

Fig.2

Structuremember

     V-h  
,
 (lg)

                    ,i, + 
e.･l,,

   Ifthe piezoelectric mater{a]  is isetrnpic in rand  J,
dlrections,

             e,,=e,,,  C'{ =(',E,  {2o)

,i ,9 ,3

 

 
                     -

Stress measurement  using  electrostatic

vo]tmeter  of  non'contact  type

Theii the  fo]lowingequntion  is obtninedi

          p. .h(i  IEE,i 
ei]

 
Li"i)(s,

 
+
 
e,
 
)

                 s  elj

                
rl]]

 
+
 ('S

[t means  that the mea,g'ured  potential is
to the  sumof  v  and  c.            r                   .L/

(2])

proportionRl

   3. Relationship hetween  titresses  and  eleetric

      podent.ials  efPNrDF  film measured  hy
            electrost.aticvo]tmeter

    Permanent  dipnle potariz:ttinn  of  PX'DF  i/b'

obtninf/d  thrc}ugh  n  technol"gica]  prece.gs  invulving
stretehing  and  p"ling uf  extrudud  thin  ,gheets of  rhe

po]ymer. Stretching prnvides the alignment  of

m[)Iecular  ehains  in the bb'eteh  dlrection. Su PVDF
fiITn hus two  in'plane inateria]  directions, i.e.,

para]]eT anrl perpendiuular  te a]igned  Tno]ecular

chnins.  This means  that PVDF  filrn shows  anisotropic

feature and  its e]ectricAI  a"d  mechanicnl  respnnses

cliffer depending  upon  the  axis  of  npplied  electriea]

field or axis  of  meehanjcal  stress  or  strain,

Ca]culations involving piezoelectric activity  must

account  fur this  dh'eetinnAIity.

    Fig, 3 $hows  three PVDF  filrns are  ndhered  to a

structure  eomponent  in three different directiuns.
The  lines drawn  on  the  PVDF  films denote the

stretch  direetion of  the  filtn /H.

   From  the  diseussinn in the  ]ast section,  thE:

output  voltages  from PVDF  film.g. can  be eNpressed

as･
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Fig. 3
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Navali

ms  are  adhered  in three  directions

             V. =  bL e. +  biS,,

             V.=bie.+h,e,,  (22)

             lr41 =  hl E"  + b2E 4s

vv'here  c,,  s,,  cy  and  s.  are  strains  in four

directiong,

   In plane  stress  state,  ifstrains e.,  e,. and  ,vty

at  n  point  are  known,  norrnal  strain  in any  direction

at  this point is given by

           e.N. =tle.  +mle)  +im  k] (23)

where

          i= cosCN,  x),  m=cos(  ,N',y) (24)

Se  E"  and  e.4F can  be expressed  by the  fo11owing

equatlonsl

             e,., =  
si

 i 
e}･

 + 
rs]

                                     (25)
                 c.  +g  k)

             
e4E=

 2 
-2

Substituting Eq. (25) into Eq. (22), the fbllowing

equation  is obtainedi

iLPL,Jls  b, b,

 b, b,

h,+b,. h,+h, b,
-
  2 2

    stress'straln

  in plane stress

 08     k'

 Oe
     ).

-h2
 r,]

2

 relationship

condition  into

(26)

 ofEq,

Xrchitects o

V
 l'L;,J･1,

fjaPanLYtslL!92ul.192

  al al

  al  al

 aL+al  ad+Cll

[, ,

aL = (b, - vh,)/E

a,  =  (h, - vhP/E

  o

  o

(at-a2)

OiqT",(2T･)

(28)

In the  above,  rnodulus  and  v  is

Peisson's ratie.

   By solving  the  inverse of  the  matriN  in Eq. (27),

a,,  a}, and  T,y canbeexpressedasi

Ii //)1 il =  ai'1   T-ai

XVhen  the  e]ectric

measured  bs the

calculated  bv  the  a         v
   If the  streteh

changes  frem that  of  prineipal stvess

Fig. 4, the stres$

film and  a,  perpendicular

by the fo11owing
circlei

         fft .  
al

 
+2

 
a2

 + 
al

 
-2
 
a]

 cos2e

                                     {30)

         ffi, 
=

 
al

 
+2

 
a:

 
-
 
a]

 
-2
 
a)

 cos2e

   Then  the output  vo]tage  i.g. given by

   Ve =  alat  +  alali
                                     (31)
     !(ahab+alff!)cosrO+(aLffl+a2oL)sin7e

XN'hen the  stres$  statD  is in uniaxial  stress  condition,

i.e. ai  ±- a  and  a,  =O,  the  ahove  equat{on  beeom  es

lp.iia)) -ca,1
"

i.,, 
,.,r'.,,]

iilXli`29'

   potentials JL, V,, and  Z,. are

  experiment,  the  stresses  can  be

  bove  equation.

   direetion of  adhered  PVDF  film

                at  as  $hown  in

  a, in the stretch  direction uf  the

         to cr, can  be expressed

  equations  from the  Mohr's stress

ff1

Substituting the

isotrupie matoTial

(26), we  have

    e"" "'s.-.-aL

ff BOl

Fig. 4 Direction change  ofadhered  PVDF  film
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                     tXpplicHtion  of  E'VDF  Film  to Stress

               V, -rm a(a,  cos!e+a,  sinie)  (32)

    The  values  of  ai and  a, can  be detertnined from

    the experiment  discussed in the next  chapter.  The

    re]ation  betsveen O and  J',lo can  be shvwn  in Fig,

    5 in the  case  of  a,-O.093  VIMPa  and  a,=O,027

    VtMPa.

                   4. Experiments

    4.1 EstimAtienofpararneters  a, and  a,

        Experiments  were  carried  out  to estimate

    parnmeters  a, and  a2  shown  in Eq.(27). The
    specimen  is a  rectangular  smooth  p]ate  made  of

    SS400  mild  steeL  with  Yong's  rnodulus  E=2.lxlO{

    MPa  and  Poisson's ratio  v=  O.3 as  shown  in Fig. 6.

    O,lG2

 o.og>vn

 O,06-ubq

 o.o4re'ac:.

 
O.02

     o --

       O IS

Fig. 5Relation

    - --･  , --t

30 4S 60 7S 90

 AnglcCdegree}

 betw'een e and  J'7,la

      
Table

 
l
 PvrF.a. s-E}re.ft oy!put  voltages

)v'Ieas'urLnnent ef  Structura] NTeinber 595

  Fully veversed  axial sinusoidal  wave  loads, with  load

  amplitude  of  10, 15, 20, 25, 30 kN  and  frequency of

  IHz, were  repeatedly  app]ied  to the specimen.  The

  size  of  PVDF  film is 12  mm  
'Y
 12 mtn,  nnd  tnta]ly ]2

  Plv'DF fi1rns were  adhered  at  both sides  of  the

  specimen.  In this  experiment,  the  thin layer of

  aluminutn  deposited on  buth surfaces  ef  the  PVDF

  film is rernoved  by putting the fi]m intu  sodium

 hydruxide so]ution  (5%>,

     In Fig.6, the  lines dra"'n on  the  PVDF  film show

 thc  stretch  direetion "f  the  PVDF  filtn. The  PVDF

 film generates maximum  electric  eharge  ;s'hen  tensile

 strain  is applied  to this direction. The PVDF  fiIms

 are  adhered  atthe  three included angles  O", 45' and

 9e" between  the  principal direction of  thu  PVDF  fi1in

 and  the app]ied  load.

         t t t t NSinugo]dai t/  t tt t
                     waN･eIoads

       

                      

        if y.       

       

      

       

                                 ttn
   Fig. 6 PVDF  fil[ns and  specimen  for experiment

      in th.o experiment

p a/nadaltd(kN>- 10 15 20 25 30
Stres.trange(MPa) 40 60

No.2 3.2 4.8
No.･1 4.0 :'),6

o- No.9 3.8 5.6
No.10 3.8 5.4

Averae+ 3.9 5.5

No.1 2.2 3,2
Output No.6 2,O 3.2
vo]tagei{v) 45o No,8No.11 2,4 3.2

2.4 3.2
Average 2.3 3,2ttttt' ttttt
No.3 1.2 1,6
No.5 1.2 l.6

90,, No.7 12 l,6
N'o.12 1,2 1,4

Averae ],2 1,6
'Average

 output  voltage  of  four fi]ms wh

   80-
 6.4

   7.4
   7.4
   7.4

   7,4

loo7.89.49.49.09.31209,610.R1L211,O1LO

                  4.2

                  4,2

                  4.8

                  t;'t{

                  ,1.4

                  2.2

                  2.0

                  2.2

                  I.8

                  2.1

ich are  jn the same  direction,

t･).2s.･ai).85.45.46.06.27.06.･46.,{

2.82.G2.82.42.73,43.43.22.83.2
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        The  electrie  potential  of the  PVDF  film is

     measured  b>, the electrustatic  voltmeter  (TREK
     Mudel 347 and  I'robe Moclel 6eOOB'7C)  and  recorded

     bv the  voltmeter  (NEC  Omniace II RA1200).  The

     va]ues  of  ai and  a2  are  calculuted  by Eq. (27)

     based un  the output  voltages  from the voltmetev.

        Table 1 summarizes  the results  of  the

     experiment.  The  relations  between the average

     output  voltnges  and  the  stress  ranges  are  shosvn  in

     I･iig. T. By  using  linear regreRsion,  a, and  a, can  be

     obtained,  i.e,

         a, =  O.093 (VirL{Pa), a,  =  O,027 CVtTvlPa) (133)

     Substituting Eq. (33) into Eq, (28), h, nnd  h, can

     albo be calculated  as:

            h, .  
E(fi-+vlla2)

 =  2.33x 1o`(iv')
                                                (Il't)

            h, =  
E<?iJ'v','"L}=1,27xlo`cv)

     4.2 Electric potential oflaminated  PVDF  film

         Frorn Eq, (2T), rhe  sum  ef  stresses  a.  and  cF,

     has  the  following relatianship  syith  the  output

     vultagei

                 Y .J'.  tJ',  -(a, +a,  )< o.  + a,)  (3 r-])

     The  abuve  equation  gives an  idea to make  an

     isotrnpic PVDF  filrn. If the polarities of  two  PVDF

     films, eeinented  t[)gether on  the  structural  metnber,

     are  in series  in the  thickness  direction and  the

     in'plane stretch  direction efone  film is perpendicular

     to that  uf  the other  (see Fig. 8(a)), the  eleetric

     p"tential un  the surface  of  the  two ]ayers of  the  PVDF

     fi]tns may  be equal  te {Y, +J',).

         I2

         10

      E
       &8
       R
       iv 6
      

=o.

       g.4
       52

                                                  120

                        Stress range  (M Pa)

      Fig. 7 Relations bet-,een the average  output  voltages
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     ancl the  stres$  ranges

    Fvom  thu above  described method,  if the  in'plane

stretch  directic,n uf one  film is changetl  to be parallel
tu that of  the  other  (see Fig. 8(b)), thu electrie

potuntial on  tho surface  of the t"'o layers of  the  PVDF

films Tnay  be tsvice uf  thnt ofa  single  PVDF  film.

    hi ovdcr  to validate  the  above  phenomena,  the

following eNperiment  was  earried  eut,

    Fig. 9 show.g. the  PVDF  films adhered  in eight

patterns on  a  smouth  specimen  rnade  of  Tnild  steel

SS,100. The lines drawn  on  the  PVDF  films show

their  stretch  directions. Froin the figure we  can  see

that No, 6, 7 and  g films are  cemented  on  the

specimen  b.v the  "'ay  illustrated in Fig, 8(a). The

differences between  them  are  the  angles  between  the

stretch  directions of  the  top films and  loading

direction, whieh  are  O", 4t')" and  90'', respectively.

    No, 2, 3 and  t') films are  cemented  c}n the

specimen  by the  way  illustrated in Fig. 8(b), and  No.

3 film is laminated  hy three  layers of  PVDF  fi]ms, For

comparison,  single  layer PVDF  films No.I and  4 are

also  cementud.  The  unly  difYbrence is that  their

streteh  clirecti:ns  are  parallel or  pevpendicular to the

applied  loads.
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     on  the specimen

    Fully reversed  axial  sinusoidal  wave  loads, with
stress  ranges  ef  30 kN  and  frequency  of  1 Hz, were

repeatedly  applied  to the specirnen.  The results  ofthe

output  voltage  from  the electrostatic  voltmeter  are

shown  in Table 2 and  Fig. 10.

    From  the  comparison  of  the  electric  potentials of

No.1, 2  and  3  fi1rns, we  can  see  that the electric

potentials of the PVDF  are  proportional to the

number  of PVDF  films cemented  together  in the

same  direction. We  can  also  eonfirrn  this thing from
the cornparison  of  the potentials between No.4 and  5

films, of  which  the streteh  directions are

perpendicular  to the direction of  loading.

   Besides, if two  layers of  PVDF  films are

cemented  together  and  their stretch  direction are

perpendicular  to each  other  such  as  No.6, 7 or  8 films,

the eleetric  potentials become to be equal  to the sum

of the  potentials of  No.1  film and  No.4  film. No
difference can  be seen  among  the potentials of No.6, 7

and  8 fi1rns. This  proves  that  the  two  PVDF  films

laminated  in the  way  illustrated in Fig. 8(a) become
isotropicpiezoelectriematerial.

Table  2 Output  voltages  of  PVDF  films from No,1 to
        No.8

No.offi1rns

Nurnberof

layersof

thefilms

Angle'
Outputvoltages(v)

No.1 1 Oo 9,5

No.2 2 Oo,oe 19.5

No.3 3 Oo,Oo,Oe 29.5

No.4 1 90e 3.0
No.5 2 90o,90o 5.5
No.6 2 90n,oo 12.5

No.7 2 -45o,45o 12.0
No.8 2 Oo,90o 12.5

'
 Angle between the stretch  direction of  fi1rns and

  loading.

30

25

t]./111'1/s"'f""/-'M't/St/'.tt/t'1/x.e//,..tt/t..Isll-/.',.t.t..t/''''ttttttt

't.t･/

.t'ttttt.ttt''gil,1,,t.ttttt.ttt..t.tt...tt'1･$.g/it,ttt･ti/･.,
/t･,/,tt･sc't.t･/rix..'g/.t/.ttt.../di:a','t･t1/11iil,1il.'il,IL･1/,esl'.Si･i'

-
'

-'tt

4.3 Stress measurement  of  cracked  specimen  by the
  use  of  PVDF  film

   To  validate  the  accuracy  ofPVDF  film as  a  stress

measurement  sensor,  an  experiment  was  carried  out

by using  a  cracked  plate speeimen  as  shown  in Fig.11.

The specimen  is rectangular  plate  (400mm length,

100mm  width  and-  10mm  thickness) and  made  of

SS400 mild  steeL  with  Yong's modulus  E=2.lxlO'
MPa,  Poisson's ratio  v=O.3  ,

   Fig. 12  shows  the  shape  of  an  artificial  inclinecl

crack  machined  in the  plate  specimen,  the  location of

the PVDF  film cemented  near  the crack  tip and  the

measurement  points of the electric  potentia} on  the

PVDF  film. Two  PVDF  films were  cemented  on  the

front and  back surfa ¢ es  of  the specimen,  respectively.

The  streteh  direction ofone  PVDF  film is parallel to

the  direction of  xaxis  to measure  output  voltage  V. ,

and  the other  PVDF  film is to the direction ofraxis

to measure  V,.  The  measurement  points  are  the

cross  points  of  5 mm  square  meshes  drawn  in Fig.12.
Fully reversed  axial  sinusoidal  wave  loads, with

stress  range  of  35 kN  and  frequency of 1 Hz, were

repeatedly  applied  to the  specirnen.  After getting the

output  voltages  at  designated  points of  PVDF  films,

stresses  can  be calculated  firorn Eq. (29). The distance
between the probe  tip of  the electrostatic  voltmeter

and  the  surface  of  PVDF  film was  maintained  about

1.0 mm  during the  measurement.

su&fi:&-.N-.9s-n=o

20

15

10

5

o1

Fig.

  23456T

          No.ofPVDFfilms

IO OutputvoltagesofPVDFfilms

e

Fig. 11 Stress rneasurement  near  crack  tip using
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      PVDF  film
   Stre$s distribution
calculated  using

of  the  FE  model  and

stresses  a  and  a  .
         = y

distributions between

shown  in Fig. 14.

results  are  in good
film can  measure  the

However, near  the

expemments,  lt ls

the crack  tip,

tip is very  big,

stress  value  at  the

calculation.

               5.

   In this paper, a

distribution of

electrostatic

presented.

constitutive  law,

of  structures  to the
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                    of  the specimen  was  also

                  ANSYS  for cheeking  the

experimental  result.  Fig. 13 shows  the mesh  division

                   the calculated  clistribution of

                   The comparison  of  the stress

                   experiment  and  analysis  are

                From  the  figures, we  can  see  the

                 agreement.  It proves  that  PVDF

                   stress  distribution very  well.

                crack  tip, the difference between
the experimental  and  calculated  results  is obvious,  In

               not  easy  to measure  the stress  at

            because stress  gradient  near  the crack

              Besides, it is also  hard  to get real

                    crack  tip by linear FEM

                  Conclusions

                    method  to measure  stress

              structures  using  PVDF  film and

            voltmeter  of  non-contact  type is

         The  approach  is based on  the piezoelectric

               which  links the stress  distribution

                  rneasured  electric  potential  of

PVDF  film cemented  on  the  surface  of  the  struetures.

)

    stress  measurement

   The  relationship  between the electric  potentials
and  the stresses  a.,  g  and  T,, is deducecl, and

the parameters  at  and  a,  usecl  in the relationship

are  obtained  through  an  experiment  applying  PVDF
films adhered  on  a  smooth  specimen  under  uniaxial

stress  conditien:

   A  method  to make  isotropic PVDF  film is also

introduced, in which  two  layers of  PVDF  films are

cemented  together on  the structure  component,  and

the in`plane stretch  direction of  one  film is

perpendicular  to that  of  the other.  The electric

potential on  the  surface  of  the  two  layers of  the  PVDF

fi1rns will  be equal  to (V. +  V,), and  also  be the sarne
when  the two  layers ef PVDF  films are  changed

together  into different direction, which  shows

isotropic property. In addition,  if the stretch

directions of  PVDF  films cernented  tegether are

parallel,  the electric  potential on  the  surfaee  of  the

PVDF  films will  be proportional to the layers of  the

films.

MSTS  S.S.1rEe lfi 2ee:iO:le/so"eD-L
 seLMTIov

fnT.tsv- -tT::[-
±

SX tLV41
RST!-OPode[O[ephLcs

trACtT-LiValfiJ"ecDNX

 -.ltOE-Ol
Smg  .-.:tTE+Oe
S-I  -.ldlEcog
   -.Jllt+eS
-  ,ntE+oe
E=] ,:cD[+ue
M  ,sestne
C1  .t"t+e"
[:] .IBsEeg
C)  .n±Eeo
a  .i:s[+os
P  .""tdig
[ ] ,3e:E+ag

a.

Fig.12 Shapeof the inclined crack  and  pesitions of

 Anm  s.s
 D![ tS IOOi
 OO:1ff/S9

 "aniL  SOLVTION

 l:Vll,..1::.)
 srtttr.1

 "VRtn-m;

 L,il-l･i･ltt.l,1
 [ ] .4StE+eT

:Ige,:.Ft"..e:
M  ,IOS:-S

:
 liif{i

                g

  Fig. 13 Stress calculation  using  ANSYS
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   ,Xn  experiment  to measure  in'plAne stress

distribution near  the  crack  tip of  a  plate  specirnen  is
alse  performed  in order  to validate  the ae[uracy  uf

PVDF  film in stress  measurernent.  Compared  with

the  results  of  numerical  calculation  using  ANSYS,

the  experimental  results  have  demonstrated  good

precision  of  the  present  technique  in measuring

stress  dis. tribution  ofstrlictures.
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