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Tensile stress  is applied  to the specimens  of  polymethyl methacrylate  (PMMA)  and

polystyrene (PS), using  a  mechanical  device composed  of  screws  and  a  lever, and  its
effect  to the  ultrasonic  velocity  is observed  by water  immersion ultrasonic  sing-around

method  fbr both compressional  wave  and  shear  wave.  The  incidence angle  is set  to be
zero  for the compressional  waye,  or  to be the angle  appropriately  above  the critical

angle  of  the compressional  wave  for the shear  wave.  Relative ultrasonic  velocity  varia-

tion  (RUVV)  due  to app]ied  stress  is linear for all cases,  and  the  effect  of  RUVV  for the
shear  wave  is Iarger than  that  for the  compressional  wave.  Next,  rnechanical  anisotropy

of  iniected polypropylene  (PP) plate and  burned extruded  porous  machinable  ceramic

plate are  investigated by the similar  inclined water  immersion method.  The  relatiye

ultrasonic  velocity  diflbrence (RUVD)  of  the miected polypropylene  plate ranges  up  to

about  9%.

Keywords:  Water  immersien, Sing-around method,  Stress effect, Mechanical anisot-
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            1. INTRODUCTION

  Applied  stress  and  residual  stress in metals  have
been  investigated by direct contact  ultrasonic  velec-'

ity measurement  method.i'it)  But, the  coupling

of  the  transducer  to the specimen  causes  some  difi
ficulty. Non-contact  water  immersion  methodt2-t4)

ensures  stability  and  repeatability  of  the  ultrasonic

velocity  measurement.  In this paper  are  reported

rneasurement  of  stress effect to ultrasonic  velocity  of

solid  materials  and  rnechanical  anisotropyi3'i5)  of

them  by water  immersion  sing-around  method.i6>

If the incidence angle  from water  to the specimen  is

above  the critical angle  of  the cornpressienal  wave,

only  shear  wave  travels in the solid  material  by mode

conversion  at  the  water-solid  interface., And  this
condition  is appropriate  for the  measurernent  of

stress eflbct  to  the  ultrasonic  velocity  of  solid

materials  and  for that of  mechanical  anisotropy  of

them.

     2. PRINCIPLEOFIMMERSION

 ULTRASONIC  SING-AROUND  METHOD

  Figure 1 represents  the principle of  immersion

ultrasonic  sing-around  method.  Cornpressional
wave  is emitted  to the water  by the transmitting

transducer. It is refracted  at the water-solid  inter-
face and  propagates in the  solid.  When  the  in-
cidence  angle  (i) is smaller  than the critical  angle  of

the cempressional  wave,  both 'compressional wave

and  shear  wave  propagate in it, except  when  the

incidence angle  is zero  where  only  compressional

wave  propagates  in it. If the incidence angle  ex-

ceeds  the crjtical angle  of  the compressional  wave,

only  shear  wave  propagates in it. At  the other

interfaee, they  are  refracted  again  to the  initiat
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Fig.1 Principle of  ultrasonic refraction

  by immersion method.

incidence angle  (i) and  travel in water  to  the receiv-

ingtransducer.

  The  time interval (7) between the  ultrasonic

transmission by a  transmitting transducer and  the

ultrasonic  reception  by a receiving  transducer is
expressed  as

         t-d･cos(tri)/cos(t) `Ztcos(t)
                                     , (1)                           +     T=
                 co c

where  l is the distance between  the  tran'sducers, d  the

thickness of  the  specimen,  i the  incidenoe angle,  t

the angle  of  refraction,  eo the ultrasonic  velocity  of

water  and  e the ultrasonic  velocity  of  the specimen.

The  theory of  refraction  is expressed  as

                sin(t)  c
                      -.  (2)
                sin(i) co

Eqs. (1) and  (2) hold for both the compressional

wave  and  the  shear  wave  on  preper conditions.

When  the specimen  is not  placed, the time  interval

(7b) between the  transmission and  the reception  is

expressed  as

Frorn Eqs.

         c=(1)-(3),

      1
 To=  '
      eo

c and  tare  derived as

      1

                          cos(t-i)  
'

            (T -  7,)  COS  (t)
                        + -
                 d . co

             t =  sin"i  (f' sin (i )) .

The  values  of  c and  t can

d) i and  co by Eqs. (4) and  (5) with
proximation,  where  the  values  of  T  and

measured  by the sing-around  method.

      3.

(3)

(4)

be cornputed  from
               '
         successlve

             7o can

(5)

T, To,

 ap-

  be

          MEASURING  PROCEDURE

  Figure 2 shows  a  block diagram of  the  measuring

system  when  the shear  wave  propagates in the  speci-

men  and  stress'is  applied  to it. The,specimen  is
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immersed  in a  water  bath. The  water  temperature

is kept constqnt  by controlling  proportionally the

electric current  in the heating wire. For  the  purpose
of  controlling  the  electric  current,  the height of  the

rnercury  of  the thermometer  with  ceil  glass tube  in

the water  bath is detected by the photo-sensor. The

fiuctuation of  the water  temperature is within

± 10mK  at  303 K.  The  incidence angle  into the
specimen  can  be varied  from Oe to 500. Tensile
stress  is applied  to the specimen  using  a  mechanical

tension  device composed  of  screws  and  a  lever, and
its eflect  to the  ultrasonic  velocity  is obseryed.

  In the ultrasonic  sing-around  method,  the  elec-

tric pulse is applied  to the transmitting trqnsducer

to emit  ultrasound  in the  mediurn.  The  ultrasonic
wave  travels in water,  then goes through the speci-

men  and  again  travels in water.  It is detected by
the receiving  transducer and  the  electrical  signal  is

generated. When  the  reoeived  signal  exceeds  the

set level, the electric  pulse is again  generated and

applied  to the transmitting transducer,,and  the

system  sings  around.  The  sing-around  period is
measured  by the  universal  counter  together with  the

system  in which  only  water  is along  the ultrasonic

path. The  central  frequency ofthe  ultrasonic  wave

is 2 MHz,  and  the sing-around  period  is measured
with  the resolution  of  1 ns.

     4. RESULTSANDDISCUSSION

4.1 Receiving Amplitude and  Sing-Around  Period

    
'with

 Incidence Angle for Solid Materials

  Preliminarily, the amplitude  of  electrical  signal
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 T. IMAMURA:

of  the receiving  transducer  and  the sing-around

period are  measured  as  varying  the incidence angle.

Figure 3 shows  the result of  measurement  when  a

polymethyl  methacrylate  (PMMA)  plate of  10 mm

in thickness is used  as  a  specimen.  Closed circles

represent  the amplitude  and  open  circles  the  sing-

around  period. The  amplitude  reaches  a  minimum

at the incidence angle  of  about  30e. At  this angle

the  sing-around  period jumps by about  5 pas. From
this figure we  can  find that the compressional  wave

dominates the sing-around  period below  the critical

angle.  This is because the compressional  wave

propagates faster than  the  shear  wave.  And  the

shear  wave  dominates the period above  the critical

angle.  Figure 4 shows  the result  for polystyrene
(PS). It has a similar feature as  PMMA  at  the

incidence angle  of  about  350. Figure 5 shows  the

result  for a  polypropylene  (PP) plate of  2mm  in

thickness. It has the similar  feature as  before, but
the  jurnp of  sing-around  period at  the angle  pf about

400 is about  1pas as  the thickness of  the plate is

2mm.  Figure 6 shows  the result  for a  burned ex-
truded  porous  machinable  ceramic  disk of  5 mm  in

thickness  after  saturation  of  water  into the pores.
This has a  jump of  sing-around  period  of  about  1 pas
at  the angle  of  about  15.0

  From  the above  results,  the incidence angle  for

the measurement  of  stress  effect  for PMMA  is set

to be Oe for the  compressional  wave  and  to  be 41e

fbr the shear  wave.  The  similar  angle  for PS  is set
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Fig.3 Receiving amplitude  and  sing-

  around  period with  ineidence angle  for a

  pelymethyl methacrylate  (PMMA) plate

  (10 mm  in thickness) in waten
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to be OO fbr the compressional  wave  and  to be 450
fbr the  shear  wave.  The  incidence angles  fbr the
measurement  of  mechanical  anisotropy  of  the PP

plates and  for that of  the  burned  extruded  porous
rnachinable  ceramic  plate are  set  to be 46e and  230

respectiyely. 
'
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Fig.4 Receiving amplitude  and  sing-

  around  period  with  incidence ang]e  for a

  polystyrene (PS) plate (lemm in thick-

  ness)  in water.
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     Fig.6 Receiving amplitucle  and  sing-

      around  period  with  incidence angle  for a
      burned extruded  rnachinable  ceramic  plate

      (5 rnm  in thickness) in water.

4.2 Ultrasonic Velocity Variation with  Applied

    Stress

  The  specimen  of  polymethyl methacrylate

(PMMA)  or  polystyrene (PS) of  300 rnm  in length

and  50 mm  ×  10 mm  in cross  section  is clamped  and

stretched  by  rods  through  holes which  are  drilled at

the places near  its ends.  The  stress  in the specimen

is measured  by strain gauges bonded on  it. The
stress-strain relation  is determined prelirninarily by

a  tension  tester which  is calibrated  by dead  weights.

  Figure 7 shows  the relative  ultrasonic  velocity

variation  (RUVV) due to applied  stress in water  for
PMMA  and  for PS. The  stress  is applied  up  to

about  5MPa.  The effect  of  stress  fbr shear  wave

is larger than  that fbr compressional  wave.  RUVV

against  stress is linear for all cases.  In computing

xv)<

-O.20

-O.10

o.o

  O.O  1.o  2.0  3.0  LO

             Applied  stress(NPa)

Fig. 7 Relative ultrasonic  velocity  variatien

  (RUVY)  due to applied  stress  in water  for
  polymethyl  methacrylate  (PMMA) and

  polystyrene (PS).

5.o

RUVV,  specimen  shrinkage  is taken into account,

by  using  a  strain  meter  and  Poisson's ratio  which

are  derived by the ultrasonic  velocity  of  the  com-

pressional wave  and  by that of  the  shear  wave.

4.3 MechanicalAnisotropy

  Iniected polypropylene (PP) plates and  a  burned
extruded  porous  machinable  ceramic  plate are in-
vestigated  their mechanical  anisotropy  by the water

immersion ultrasonic sing-around  velocity  measure-

ment.

  [the iajected PP  plates of  100mmxloommx
2 mm  are  cut into square  nine  pieces  which  are  im-
mersed  in water  separately.  The  incidence angle

is set to be 46e. Figure 8 shows  the  relative  ultra-

sbnic  velocity  difference ((cf/- ci)lc ± (%), RUVD),
where  cy/ is the ultrasonic  velocity  of  the PP  plate
when  the plane which  shows  the principle of  refrac-

tion (Fig. 1) includes the iajection direction shown

by arrows,  and  ei  is that  when  the plane includes

 ee-                eee                                eee
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 ete                ---                                ---
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 e-e                eee                                e--
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Fig. 8 Relative ultrasonic  velocity  difference ((ext-cDlci
 jection) of  the polypropylene (PP) ptate in water.
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the direction that is perpendicular to irijection.

Table 1 represents  the melt  fiow rate  (MFR) and  the

injection conditions  of  the sample  used  in the ex-

periment. For  all the  samples,  ci! is larger than

    Table 1 Melt flow rate  and  iajection condi-

      tions of  the sample.

    Sarnple 1 2 3 4 5

MFR(gllOmin)  24.S 24.5 11.6                                4.8                                     2,3
Cy(lkn)dertemperatUre

 473 s13 s13 s13 513

Ini(eMCtbOan)
 
PreSSure

 4g 4g 4g 4g  66

to

nx-.g-.

 5?.u

             10 20

             MFRCgflOmin,}

Fig.9 Relative ultrasonic  velocity  difi

 ference ((c.-ell.)/c.L (%), RUVD)  of  the
 polypropylene  (PP) plate with  melt  flow

 rate  (MFR).

a  22oo)g:8

 2ioo?･g2

 
20ooE:p
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e e
 eee..eee...  eeee..eee..

e± . RUVD  which  is near  the slit nozzle  is larger

than  that which  is far from  it. This reaches  a

maximum  of  about  9 %. Figure 9 shows  RUVD  of

PP  plate with  variation  of  melt  flow rate  (MFR).
As  the  MFR  increases, RUVD  decreases. The
sample  l which  had  low  cylinder  temperature  (473
K)  with  high MFR  (24.5 g/10min)  corresponds  to

the  sample  4 which  had  high cylinder  temperature

(513 K)  with  low  MFR  (4.8 g!10 min).

  Figure 10 shows  ultrasonic  velocity  of  a burned
extruded  machinable  ceramic  disk in water.  The
incidence angle  is set to be 230. The  disk specimen

is rotated  around  the  normal  of  the  specimen,  and

the  measurement  is carried  down  with  the interval
of  150. Ultrasonic velocity  has two  peaks separat-

ed  by about  180e. The  maximum  relative difference

  O 6o  120  ISO  24o  300  360

           Angle  of  rotation(')

Fig. 10 Ultrasonic velocity  of  a  burned

 extruded  porous  machinable  ceramic  disk
 in water  with  the rotation  around  the

 normal  axis  of  the specimen.

is about  5 %.

            5. CONCLUSION

  Stress ef!ect  to ultrasonic  velocity  and  mechanical

anisotropy  of  solid materials  are investigated by
water  immersion  sing-around  method.  Relative

ultrasonic  velocity  variation  (RUVV) against  stress

up  to about  5 MPa  is linear for both polymethyl
methacrylate  and  polystyrene. The  effbct of  stress

for shear  wave  is larger than  that for compressional

wave.  Relative ultrasonic  velocity  difference

(RUVD) due to mechanical  anisotropy  of  iniected

polypropylene plate ranges  up  to about  9%. The

distribution of  RUVD  corresponds  to melt  flow
rate  and  irijection conditions  of  PP  plates.
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