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A CIRCULAR TRANSDUC ER ARRAY FOR
ULTRASONIC INSPECTIO N OF PLATES AND SHEETS

I NTRO DU CTIO N

Plate and sheet products are usually inspected only for laminar f laws using normal-
incidence ultrasonics This procedure is totally inadequate for welds , w hich often contain sen-
(I US fla~s s of ’ other or ientat ion , such as inc lusions , cracks , lack of fusion , and incomplete pene-
t r , i t lon  Although such flaws tend to be oriented either normal to or parallel to the weld ax i s .
intermediate orientations also occur. Randomly oriented flaws are ese n occasionally found in
plate products.

The detect ion of randomly oriented, planar flaws by either ultrasonics or radiography is

l imited by t he a~ a i la h i l i tv of angular aspects f ’or impinging radiation relat i ve to t he plane of the
t 1t~ For a high level of confidence , an object must be inspected using mans different a ngl es .
a tedious , t ime-consu ming. and hence co s t l y process. T0 avoid thi s , it s~as proposed se seral
ye a rs ago ’ t hat a rotat ing- t ransducer shear- wave array attached to standard automatic scann ing
equ ipment he used. Ex per iments  wi th th is a rrangemen t showed that the principle s~as sound
but mechanically impractical. The prl lgress in electr o nics in recent ye a rs led to consideration
of the poss ib il ity of accom plishing the efl ect of rotat io n by sequentially operating a ring of indi-
vidua l s ta t io n a ry  t r a nsdu ce rs This report presents results of this deve lopment

TRANSDUCER A R R A Y

An ide~ h a r r a ,  w ou ld cons ist  of a large number i t  transducer s in a circle , all angled t o

produce shear s~a s e s  ,lI the desired angle In the plate. Difficultie s in accomplishing the ideal

~ire both economic and phys ic a l  A large number of elements would he costl y to buy as w el l  as

to mount , rind great care would be required to prevent  coupling between tr ansducers From
t he point of . iew of detection only, t he intercoup ling might not be se r i ous  Elow es c i it would
inter f ere w ith other appl icat ion s , suc h as flaw a nalys is . in which it would he desirable to
oper a te the individual elements independently.

The pre s ent  compromi se shown in Fig. I employs se s en transducer s in a circ le ,  angled to
produce rtppr nxiniateI~ 45 shear w a \  es in steel in an immersion sy s t e m  In addition , a tr ans-
ducer at the center of the ring, oriented at normal incidence , produces coni pu C \ s i l l a I  w i’ Cs to
provide a top-surface echo which ser ses  as a trigger for the gat ing c i rcu i ts  in th flaw ala rm
sy s te m and as detector of laminar flaws. All transducers were 3/4- inch-dia meter ( 2 - e n s -
dia meter )  ~-M Iii lithium sulfate d iscs mounted in spec ial hiius it igs Transducer L . i pac  lance
w a s  e lectr i cal l ~ tuned to ~ Mlii \\ ork with this sy s t em ‘showed that a center transduce r w i th

sm a ller diameter would be pref erable ,  s ince a lower si gnal strength would minirniie bot h the
number of mult i ple-thickne ss ech oes and the e ffect of slight surface i r regu lar i t i e s  in the plate

\ . ~ . “I • ‘ F, i ’ i  sU hfli lt lcd \ t , lLh  I S  S~~
‘SI) ii n nd 1. 1 (‘ ,IrLhIn,Ii . \ \ c”  IeFhnique f r  t l U F I I I I L  lnspc. iIon oh Shc’eI “ lee RepI r i I ‘5 R F  t ’ t , ~~i
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Fig I — T r a n sd u c e r  array and is assIc la ied  coni rot  panel . ~hch  L IflI ,IIfl5 the
eheciro nics for sequent Ia l opera iton

The transducers are mounted in a Lucite housing along with a pulser and rece i s er  for
eac h transducer. The diameter of the transducer ring (locus of centers ) is 5 inches ( 13 c mt
The ultrasonic beams from all transducers converge at a point 7 . 5 inches (19 cm) below the
center of the ring. In the presence of a plate the ray paths would be as sketched in Fig. 2 hr
one transducer. By raising or lowering the array the point of convergence could be placed ans -

where in the thickness of the plate. From Fig. 2 a simple relationshi p can be derived he iween
the height of the array 11, t he radius of the transducer circle R , the thickness (if the plate T.
t he incidence angle 

~~~~ 
the refraction rtng le (4~ in the plate , and the number of half bounces

in th e plate i t :
R — nTt a n (4

~H =  ~~~~~~
- , ( I )

tan

where (-)~ = sin ” 1 [ ( C 5 /C , I sin (-)~ J , in which (‘~ and (~ are the s heer .elocitv in the plate
and longitudinal velocity in the water.  Use of Eq. (1) is illustrated in Fig 3. which gives the
height of t he array above the surface of the plate for beam convergence at the bottom
In = 1) . midthic kness (a = 1.5 ) , and the top (a = 2 ) .  Actual l y beans spread provides more
coverage in depth than is ind icated by the ray diagrams.

A

Fig 2— Ray paihs of uiirasound ~ ith the arr ay si . arlous
/ d ist . t nccs above a plate The paihs labeled t i i . ‘t = I S ,

“.1 and — 2 respe ci ls e ly represen i 1/2 bounce lpoini ot eo n.

vergence of ihe beams is at the botiom of ihe plate I. 3/4
boUnce (polni ill convergence 5 at ihe cenier i and I

TOP S U R F A C t  ~~~ 
bounce (point of con verg e nce is at ihe top )

T H I C K N E S S

S T E E l  P1 111
B O T T O M  S U A F A C E  F LAW

g 2
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ELECTRONIC CIRCUITS

The electronic circuitr y is designed to be used w ith a standard ultrasonic les instrumen t
whic h provides liming signals and displays infnrmation in the form of the usual A-sc a n A
clock signal is obtained from the early sync of the ultrasonic tes h instrument , as shown in Fig
4 This signal passes through a pulse-shaping circuit which con verts the sync pulses to 5- suI t
logic pulses , by c ircuitry shown in Fig. 5 . The clock signal controls the rate at which the trans -
ducers are pulse d and sequenced. Before the clock signal reaches the pulsers , t he frequency is

div ided down b~ the comb ination of an up-down counter and a BCD decoder as shown in Fig.
6. These , in combination wi th  logic gates and a BCD switch , permit control of the sequence of
pulsing an d receiving. By means of this logic c ircuitry, t he following modes of operation are
poss ible: sequentially pulsing the transducers wi th  all preamplifiers continuously recei s ing.
sequent ially pulsing each transducer in turn with only its associated preamplifier acti ve, and
pulsing the center transducer on every clock cycle , in sequence w i h h t he others . inact i ve , or in
rece iving mode only.

Each transducer is shock excited by the sharp so htage transition of a condenser discharge
by a pulser , diagrammed in Fig. 7. ( Pulsers were small , encapsu lated units supplied h~ Sortie
Instruments , Trenton , New Jersey. ) The pulser units , one for each transducer , are mounted

3



r 

. 

-

~~~~~

__ _ _ _ _ _ _ _ _ _

‘ I \ i S l E ) ’ S t ) S  .55 1) 11.5K!

A-SCAN
RECORDER
C.SCAN EARLY SYNC PULSE

I ULTRASONIC OR CLOCK (1200 Hz) ~~ SHAPING

INSTRUMENT

SE L ECT
POST AND
AMPLIF IER SEQUENCE

CONTROL

8 < >8  8

8 PRE-
AMPLIFIERS 8 PULSERS

8 8

ACOUSTIC
8 8 TRANSMIT- MEDIUMA RECEIVE

8 GATES ~~ RECEIVED
SIGNAL DUCERS STEEL PLATE

Fig. 4—System block diagram The numbered rings indicate the number of
control lines and return signal paths.

on a copper-backed circuit board as close as poss ible to the transducers. Also mounted on the
circuit board are an analog gate, a preamplifier for each transducer , and a postamplifler , which
feeds the combined outputs of the preamplifiers to the receiver input of the commercial ultra-
sonic instrument (Fig. 8). The gate circuit is detailed in Fig. 9.

In most commercial instruments a flaw alarm circuit is provided. This circuit is armed
either by a signal from the internal clock or by the first echo after some fixed delay. In an
immersion system this would normally be an echo from the top or front of a piece being in-
spected (front surface , or interface gating). In the array the primary purpose of the center
transducer is to prov ide a top-surface echo as a trigger to arm the flaw alarm circuit.
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A R R A Y  P E RFOR \ IAM ’E

Optimally, beams from all th e t ransducers should co nverge at a po int  ~in the .Ris of Ihe
,irra~ . The actual degree of ’ con s e rgence ss is checked by mounting the array on the sc ,inn ing
head of an ultrasonic test tank and placing a 1-inch 2 5-e ns  I ball below it as a target .  The .ir-
ray ss a s scanned bac k and forth at diff erent heights a ho s e lhe ball . .- \ t e i c  Is heig ht . the
recorder p lotted the posit ion of the center of the arra y is the target s’. is detecte d b’s each t rans-
ducer.  In other ss nrds the recording shnsv s the point at which the ball in te rcep ts  e,ich t r a ns-
ducer beam. \k hen t he ball s~ as close to the a rra~ - each trat s sducer appeared to ind icate the
position of the ball d i f f e rent l y , a s shov. iS at top (if Fig. 10 . \ s  the heig ht ,ihI ’s e the ball ss ,is in-
creased , t he indica t ed position moved toward the center oh’ the ,lrr:i i unt i l  a hei ght o is reached
at wh ich all t ransducers  indicated the position to be It the same Point (I ‘yr Ill , bottom ) . This
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was the po int at which the center lines of the beams from all transducers appear to converge.
How e s er . when these indications are all projected onto the scan plane us ng a linear least-
squares fit , some errors in the con s erget se e are indicated ( F ig 11 )  A similar projection on a
vert ical  plane (Fig. 1 2 )  a lso s h o w s  this I l ow e se r , since there is beamwidth . the offsets show n
in Figs. II and 12 are not es dent  in I ig 10 , because t he zone 01’ convergence is broader than
t he positioning error Hence the direct ional imnerfections are not significant
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The of isets nia~ heconse s ign i f ic a nt  when a di f l erent i~ pe of .11 f c i  is en Lo un te r ed  ‘\ slot
0 . 5 inch long h~ I) I inc h deep ( 1 3 cm long by 0.3 ens deep ) w a s  ns i l l c d  in a st e H  pla te to
simulate a crack. The is late w a s  t isounted (in a turntable and sc , i isned w i t h  the a rray sese r , i l
t imes , w i th  the plate being rotated sever ,il degrees be tween  sc a ns F igure 13 s~ i O w ’ s  s et

scans at dit l’erent ang les. The mult iple indications in three i t  the s c a n s  resul t  beca us e  the
transducer-beans center l ines are not all aimed ,it t he same point 1- I Ir  (lass detect ion this mulii-
c ip l ic it~ is not ser ious . hut if t he array is to be used in flaw es a lu at ion - it becomes inspo rt ~int
In retrospect it would ha’s e been desirable to provide means fo r  ~id iust in g t he beam dire~ tion s
to insure focus of the des ice.

246 0° 324 5°

272 .0° 3465°

- ..~~ .

299.00
FIg 13—R e c o rd ing s  III .1 s e r t i c , t l  s kIt  in .1 4 - t c h- i h iek  i t  r t i - S h t ’ . k )  p1.5-c
(tr le t sie d dl S , I T I ( I U 5  single’. The . -t o i  lar re lc ren c e i s  t i  b i i r . t r t  The m uli r ’ .
inisigcs are due to the t nes , i ’ .  ‘ ~iI ignnse nt I the t r. ,n ’ . Iu~ c ’ .

In the exper imental model . cos erage for ,ill possible sing les of a fia t fla ss i s  not co nsp lete .
This is i l lustrated in Fig 14 . which  ‘.l~~ t ss s the echo st rength  o bser sed .15 the flaw Is ro ta ted

F about an a x is through t he center of the a r ra \  I s  eti when one consider s the pilss i  hI l i ly ft il

echoe s of pulses sent out from one transducer m.i~ he recei s ed h’. anot her , there .ire gap s  in
detect ion , because t he beans spread is narrow . V~ den ing the he,im w ould impros e nsa t ter s . hut
this ni usi he done careful l y to as I id direct t ra ns ni t ssl (  in I ri~ns i n c  t r ,insducer to otie appi s i—
nialely opposite
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The g.ips in cC s ) h i l nse  (s hins is in I yr 14 )  are due to the high d i r e c t i s i t i c s  ot th e I t t  ce .  and
(It the trans du cers Liscd }:igtj re 15 illust ra t es the rapid dec rease in sens i t is  i t y  as the t . irget is

mo’s ed ,iss .ts f ro m the t r a nsd uc c r  . ix ts  I or the t r i o  sducc rs  actu al l~ use d I / ) .s = (5 - i  I and I’ it

r.i nsducer w i t h  1/3 the d , . it i l c t c t  (I) A = 2 ) ) i ‘ Both ,ire normalized to the res ponse tro lls a
targ et direct l y tin the .i \ is iii the t ransducer .  I he plots indic,.te th ,it the smaller t i  .in ‘.d LI’. Ci

could detect the s,inie t . t r g e t  (15C r a ss ic Ier angular range than the larger oti e Ili w es er . 1 ,11  ge t ’

,ils t I has e d i re c t i  S i t s  - and the s,5-it e rules apply . ‘I’h us w e  h,is c the interest ing result tha t  .1 small

target ( less i ) -  iii 4 ss ,i~ e lengths ) . althoug h ref lect ing loss ci am p I t  ude s ign ,i ls than 5 5 1 5 - I d l  ~i la rge
tar get ( gre .iter th,in 4 cs i s d e n  gths I - reflec is the sign a ls over a w ider  .ui g)e and hence nia~ Os:

more rel iab ly d d e ’ .  ted th a ts .i large targe t. Thus the result is that  the .implit ude si t  the s ig n

frons a small target w i l l  s a l y  less rapidly w i t h  ats g)e t hats w i l l  that lrotsi the large t . i r gct . si that
ii the slgna l is strong enough to be detected at all , it may remain str iil yr enough ( is c i a w ider

angle [h is  resul t  could be used to aid in flaw eva luat ion.

I w i  lactors then are ins olsed for the gaps in respon se s hit~ is in I yr 14 The gaps in set s -

s i t i’. it ~ could he closed by using tra nsducers w ith ss icIer beans spre ad . h~ using more transduc-
ers , or by using both. In ship constructi on relati ’s ely large f la ws  are sometimes pert is iss ible
) \  .S, \  S HIPS 0900-006-3010 allows up 10 ‘ .5 inches (3.8 ens ) in length in one c las s ) . Such
flaws would be highly directional in compartso n w i th  a small flaw . -\ w idely diverging beans
could he used in order that portions of the beam might retu rn to the sending transducer. This
is i l lustrated sc hematically in Fig. 16 for a simple case. The actual ray diagram l’or t he arra .  and

tl  II ( h. tske l is  and S I) Hart , “The Sign ltic ,tn’ .e nt Target e l i c i ts  on Far ’ I ’ te t d  Be,im Patie r ns . Proceedings ill t t s th

‘is mpiisturn tin N III - A p r  t 975
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both

$ 13

a- — —,~~~ 
— 

.

--.-- —



‘s l ’i t \ l i’sO ’ S \ ‘s l i  II S R I

t arget  iii .i pla te is m u c h  t i t le ’ c ’ o nh l s l c s  I lie wi de l~ I s  c i c e n t  hc ’ .oii w o uld he ss ” . . t c e t  l ie -

c . id is e ’ the r,ic li. iiecl e i i’ .’ t e s  is c l i s t i i hu i c d  ncr  .i w id e r  t h y m e  PS , 1 II’ . . I l  t i . o i s c l u c et s  a t e  sot s i c k
Ii h , iSc . it io lc s it c l i s c i g c n e c .  at 0 III c low t i  i l  it i i l ic ’ l) t ,o i  S I h i t s  i t t 5  I c h i t i  Il / I / i  Si 5 1 , 1 1 1 ,’ .’ is

re l a t i s c - It t r u l y  ss i s le  s l i l e t y c t i c e ’ c il lildI he .i~~c i i t i ; l is h c c I  Ill .1 i r , I c i i c ~ il t r . i n s c l u c c t . t ) s e r e  w ou ld
,iIsI’ he .i pc is .ilt~ i i i  tli.ii the h~ .t t i t  ss i L:~,l h.I r c t i , I L t L l s e t  a w ide r  ani ’ I . in t h e  i l _ s t e  i ts the
c i s i t s ers i l in lii shc. i t  iiiildd I his cou ld  ca use  u n c c ’ri,ii n t s  us l1.iw locat i on is w e l l  as r esu l t  in

e I i l d ’ . I  t F . i i l s i l i i s s l & t i s  to  ( I l i p I i s I t C  t i . t t i s i l i i s e i s  lIlt the ru yr I i~ ure li  , t 1 s  ~ t u O  s .1 secon d tr a ns-
duce t  its Place il l r e c e i \ c ’ the e c h l ’  t ro t i s  th5’ la rge f l aw -\ t s y  I w o  t r a n s du c e i s  its the a i t , t \  could
operate in t h is 55 ,iy l ls I it  ( l is t  . idt . icent pa i rs l

Its c o tsc l us i o ts . the d i s t i : i c ’t iut i be tween  detectoin and es. i l u , t i t In s hit u ld hc ens ph ,isi /c c l
I se preceding disc L i s s l s i t h  i t s  been in te r isi s I I  c le t cc t  sIn (>0 cc  a Il,iss h i s  been detected ,  i ts

si iioif ic .toce to t ls e l l lc ’ and st rengt h i t  t he s t r u c t u r e  h is  to he es a l u . i ted  I his t n s o l ’ s e s  b a s i n g

it s f i t r t s s a t i o t s  is to sh ip’.’ at sc l  i , F I~ ’ t 1t , t l t i I t 5  is w e ) )  is s t / c  \ t s  .s r ra y  ‘ ‘ I t i e  s i r S des’ .  rihed here
issa ~ he c o n t s c ’ . t 5’ ’.I to ts sore s t l p h I s t t c . I t c c t  c i r c u i t r y  l i t  the a n a l y s t s  ol sig tsa ls rece ised  0 ,  the
\ a r i ous  t r , i n s c f u c e r s . toil s s~ hich s i /C , sl i . ipe.  and i i r i c n t a t i s ’ l s  c,in he d e d u c e d  and an es , i lU.I t l i In

c,i n he istade

(‘O\l I ’L T F R - A I I ) F I) F l . -~%\ F1~ .~ I. L \ I l O ~

\\ it h the , i s s l s t , i t t ’ . e’ t I  .1 c i l tss ls l i ter  the c i r c u l a r  l r u t ss duc e r  u r n  co uld h .’ . I tsle ,t p ss e- i l 11

t i c  c h, I r . lc t d r i / , it lon and e s a l u a t t l l n  il h iss --. \1i t t h s  , i l l l i i p t t , i i .’ c i t i s p u t e r  s i l t s s a r e .  the
sc, i ls is l is g i ns t  seque isc ’ iisc nsoc les i t )  th e . irr a\ ou ld he co is t ro l l ed .  m d n lo r ns . t t t n as to  s i / c .

r 5n i t , u i t t t  ,m t s d ‘, s I l i iil i~ t a flaw o hta i t s c’d .ind sto rcd i t s  tssen i ‘ h I  .1’ f l a w  c h~it, ic c i t / _ i .

hots . \ nes ’ ste p its the co tss p u l i .’ r ’ .is ’- . is led i p e ’ui l t s is ss ou lc l bc the e s. i l i ia t i ot s  or c tnsp. I r i so t s  it

t he fl_ iw c- h , i racter i i .m t  Otis dat _ i ss it h f law d .ita par a tsse le r s  w (itch are k sow t5 Iii he det r i  th en ta l II’

it t . .’ s t r ength ,iti~t l i lc of the st r uc ture  he i t sg  t i s p e c t e d l  I ina l ly  - L i s i t l y r  c i is i puter  y t . i t ’ h I c s . a ‘ . t s u . m l

c !t , i r . m ’ . Ie’l i/ . i t t o i s  of u s e  h iss could he p r i t l e c tec l . ot . i le ’ d . ats d ‘ s t e w e d  _ i t .ill i s ’ ,ihle .tsre ’’ .t 1its g lcs .
I i ’  h uissa n its l e rac t i I l i s

( O\( 1.1 ~IO’\ ’S ~\ I) R F(’O\ l \I F \ I ) .~ ’I’IO’Y’~

I he use I .i c i r c u la r  ~~~~ of sequ eu s t i a l l y  operated t ransdu cc : s  b r  de tec t ion  i i i ran do tss l ~
~i r ic t s  ted f l a w s  appears a ‘s able cI i s e e pt  - w ls cli could re s u l t  in its i pro’s ed rel i ,ihilit~ and reduc e ’
t he ci st i t  ts ond es l  r us t l e d’s a luat ion  <sf w e l dtssets t s . ( )hs crs  ed s ar i , it  o i t s s is d etec t i l l t s  sdtsSi

it s i ly  c _ u t  he e~~plz i i t sec l  in t e r t s s s  ol t ransducer and target he , i ts i -p a t ter t s c h i t  . ic s e r t s l i ’ .  s , w h i c h
oulc i he e, ist  Ir c l i r rec  I-cd in production units

‘ I t > i i ht ,ot s t ls e fu l l  he is e t i t s  of ’ ,i d es ice of th is  so r t ,  it should he t ss l iu ntc d on a niec’ ha ts i c a l
sc , i t l t s e r  w i t h  a ut i I t l 5 , i t i c  contr o l ij rther step in sop hi s t i c a um ots  w ould he the incorpor at lo is i t
i s c r a ll c l l nsputer  con t ro l  of both t lse tssechanica l  and electr onic f u tsc t i o n s .  The de s Ic e  would
he used t s r  both search and cs a l ua l i o t s . 1)etection of ’ a defect wo uld in i l i , ite .os i ts ter rogat ion ac-

tints t n wh i ch  the s ca is tser  would he stopped and oi utonsat ic ot l l ~ pos it ioned os er  the defect . the
r I F t  sd iic e r - .  ss ould he actuated in turn , and echoes frons the flaw w ou ld  he consparcd in the

colss lsu t e r  for  i l s t l l r t ss a t io n  as to i ts  Isai l ire and ~iie. B use of computer graphics . it would  he
pi Iss i ble to pro lect a s isual c h otr o icter l  /a t  ion Ill the liaw wh i ch  cou Id he ro tated and ‘s i es ~ ecf f rom

sc s cr,i I ang les to aid cotss puter -h  uts sa ts in te ra cu l i l t s
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