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PROJECT  II 

^NONDESTRUCTIVE EVALUATION OF ADHESIVELY BONDED SYSTEMS   j    ^^    "^ f  T 

Summary 

JroSe of  accurately reflecting the strength properties of a part. 

For adhesive Joints between metal ^-t8;t-°f
8Xerbitk

8;Udrhrs8iv0ef it::'"88 

a dramatic change in the frequency ^P^^^J^^/ff^surements of this 

b.ckv.rd tro. the Int.rf.c. .a. t- •"°°«1' ~'1J'e;:
d

t.5
,
tr^ MMM*. 

effects t. exhibit .n, KJ-»«-^ SS^UM -hlch Inte.ect with 

M the proble. of ■llllipi degr.detlon In poly~t ~"1. ^•'■l''- 

„esute^ts of the .trength P"P""" »' «"'""n""0^':",'.™t W« 
oondueted .. a fuoetlo. of exposure to boiling ^^.^SSSTLSS- 

nondestructive evaluation techniques were delineated. 
3 
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PROJECT III 

y NONDESTRUCTIVE MEASUREMENT OF STRENGTH RELATED PROPERTIES     , 

Summary 

One of the most valuable potentials of quantitative NDE is to perform 

a nondestructive test on a part to predict "V6™1?1"^ % * „^slcal 
principle, this can be done by a quantitative determination of a physical 
prope -ty that is related to that mechanical state of the material which 
controls the failure process. One such failure related mechanical state 
is the degree of resiLal stress present in a part.  Another is the acoustic 
emission signal generated by a part when its load approaches the "^ «a e 
failure stress.  Both of these are being investigated as part of Project III. 

Present methods of measuring residual stress in a nondestructive manner 
are based on X-ray techniques that iM cumbersome and often time consuming. 
They also only measure those stresses that extend over large distances 
compared to the metallic grain size.  This is satisfactory for those cases 
^he« the failure mechanism involves the opening of cracks at the surface 
such as in stress corrosion cracking and in the latter >•«" * fttiff» 
failure, but is unsatisfactory for those cases where failure is 1*"** 
by plasUc flow on a microscopic scale such as during the very early stages 
of fatigue failure and in the pre-yield microslip that sets up stress 
concentrations to initiate general yielding.  Previous e*f r^fr* ^^ 
shown that the non-linear phenomenon of ultrasonic harmonic generation not 

^reflects microscopic internal stress that controls ".Jj^Jf "f **« 
but that it is a well defined physical property of a material that "n be 
nondestructive^ measured conveniently.  In order to establish ^e quantita 
tive relationship between harmonic generation and the state of Internal 
stress, measurements have been made on pure aluminum and its alloys as a 
function of work hardening, precipitation hardening and fatigue damage 
The results show that harmonic generation is indeed a sensitive indicator 
of the state of internal stress, but that a more systematic study supported 
J; dislocation theory and direct measures of dislocatlca parameters must be 
m^de before a quantitative nondestructive test method can be demonstrated. 

For those residual stresses that extend over large distances compared 
to the grain size, a new. ultrasonic technique was investigated. This 
method Utilizes the efficiency by which electromagnetic ^ion excites 
ultrasonic waves to perform a uondestructive measurement of th« ^a^"d 

magnetostriction on the surface of a ferromagnetic material,  ^nce this 
magnetostriction is a very distinctive function of stress, it can be used 
treasure tu level of stress at the site of excitation of the ultrasonic 
waves.  The results obtained in the preliminary experiments were very 
encouraging and further work to derine th* limitations of the technique 

will be undertaken next year. 
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QUANTITATIVE FLAW DEFINITION 

UNIT I - Transducers 
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PROJECT I, UNIT I, TASK I 

PIEZOELECTRIC TRANSDUCERS 

K. M. Lakin 
University of Southern Califor.iia 

This report covers the nine month period .rom the start of this task. 
The three suo-tasks are transducer construction- transducer circuit modeling, 
and construction of a data acquisition system for use in "iiation "•" 
pattern analysis. The three parts of this program are intended to .'.nteract 
such that NDE transducers of current interest and commercial manufacture may 
be rapidly characterized for quantitative NDE applications.  In addition the 
construction of transducers using single cryst^ materials is being !■—»--. 
gated in order to achieve consistent and identical performance between several 
transducers.  The materials of interest are those available on the open market 
such as lithium niobate and barium sodium niobate with emphasis placed upon 
the former.  Circuit modeling of the trSnsducer structure is undertaken in 
order that the transfer function between electrical input (output) and 
acoustic output (input) can be predicted.  For commercial tran8J""r;L"^ 
unknown internal construction, it will be necessary to measure this response. 

Since the electrical terminal measurements are only one dimensional in 
nature, it is necessary to examine the field pattern of the transducer 
function.  In all cases, both magnitude and phase of the transfer function 
is being examined even though the phase information is not employed t.y current 

NDE ultrasonic techniques, except holography. 

Transducers 

In order to access the parameters associated with transducer design and 

construction, a single transducer was fabricated •£■*£"*•»•< ^      ^ 
LiNbüa as the piezoelectric and grey cast iron as the backing medium  The 
details of this trancducer construction were given in the third ^"terly 
report.  The piezoelectric disk was bonded to the backing using a "«J»"1^ 
lloZ.    This Lnd proved to be quite troublesome in that ^s finite thickness 
«Si a sizable frequency dependent change in the ■HUIIMI to* IgKJf^. 
presented to the piezoelectric disk.  In order to give a quantitative descrip 
tita of this effect, the radiation resistance was calculated as a ^"ion 
of frequency, as shown in figure 1. using bond thickness as a parameter with 

an assumed vkocity of 3.5 Km/sec. for the bond region. *•?•«*•»* 
plots to the experimental results, figure 2, the nature of the ^nd region 
could be determined.  This was possible since the magnitude of the radiation 
resistance is sensitive to the bond impedance and the frequency of maximum 
radiation resistance is sensitive to the thickness-velocity ratio for the 
larger bond thickness.  From this we determined that the epoxy has an 
imoedance of 11.5 x 10^ kg/sec-mZ and thickness-velocity ratio of 0.02 jisec. 
It'warapparent then thaAhe bond thickness used in the experimental device 

Jr— 
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was 80 microns or approximately 4 mils.  Although not the intent of this 
experiment, it appears that such a procedure could be used to give a quick 
and accurate measurement of the acoustical properties of thin bonds and 
associated materials not normally available In bulk form.  The affect of non- 
uniform bond thickness was not examined but clearly of importance since it 
would result in a tilting of the radiated wave fronts. 

Experiment and theory did not agree quite as well when the transducer 
was placed in water.  The much lower observed radiation resistance is 
thought due to stray capacitance since the "hot" electrode of the transducer 
was exposed to the water. An additional shunt capacitance of 20 pf. is all 
that is required to transform the series loss to the lower value. At this 
writing, the capacitance loading effect has not been included in the circuit 
modeling.  In any case, the hot electrode will not be exposed on any further 
design. 

Transducer Modeling 

Circuit modeling of transducers employs the Mason [1] equivalent circuit 
for the piezoelectric disk cast in the form shown in figure 3. This network 
is most easily described by a set of y-parameters describing a three-port 
network.  In this case the a-.oustic loads are characterized by admlttat.ces 
rather than impedances as is customary.  The ports are labeled 1, 2, 3 where 
1 and 2 are acoustic ports and 3 is the electrical port. Using this designa- 
tion, the y-parameters for the disk are given by: 

'11  '22 
A ('s esc ♦ - B cot ♦ - 1) 

v12 " y21 " A (B COt^~ ^ C8C ♦ > 

'13 " y23 " y32 " y31 B 

y33 " - ♦ COt • 

T.-here 

'22  711 

A - j2foCoK'ZT 

f  I 
if  f 

"If 
fo - v/2L disk rcsoaant frequency 

C0 - clamped capacitance 
^2 . electromechanical coupling factor 
ZT - disk mechanical impedance 

11 

T 
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From these y parameters the electrical terminal admittance is readily found 
from ^ 

'33 ^13 
2(y 12 
(y 

bl*  + YTi + YT2 
12 + YT^ ^12 + V ~yll7 

are the acoustic port terminations. where YT1 and Y  are the acoustic port terminations.  The values of Y 
YT2 are obtained by considering the loading regions.  If the loads are single 
half-spaces then YT1 and YT2 are real and equal to the reciprocal of the 
respective media impedances.  Otherwise the load admittances must be determined 
by a transmission line analysis. 

In calculating the transfer function from the electrical port, 3, to 
one of the acoustic ports, the other acoustic port is given an equivalent 
impedance or admittance.  This reduces the ciruit element to a two-port and 
is readily described by well-known techniques.  The new y parameters for the 
two-port, composed of ports 1 and 3, are 

1 
yll '11 

'12  y21 
1 ■ 

'13 

y22  y33 " 3 

Yl - y12/D 

Y2 ■ yi2 yi3/D 

Y3 - y?,/D 13' 

~ - yn + YT2 

where the 3 port has been relabeled the 2' port for convenience. 

Now, any two-port scattering parameter [2] may be determined using the 
primed y parameters.  The transfer functions are, 

S12" '21 
"^2 

(i + yt > (1+ ^2> - yli 
At this t.^me the transfer function has not been included in the computer 
codes but is in the process of being programned. 

Radiation Field Pattern 

The radiation field pattern of an KDE transducer is an important element 
in the overall quantitative dtscriptlon. Of importance is beam intensity 
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relative to the assumed axis of the transducer, on axis and off axis diffrac- 
tion plaksa^d nulls.  The diffusion pattern is wavelength dependent causing 

an uncertainty in wide oand pulse measurements. 

The field pattern riglr. at the transducer is of int"ef.^"^ " 
determines the remote field pattern and also gives some Insight into the 
operlTion o the transduce..  In order to accurately characterize the beam 
pattern it is necessary to measure the amplitude and phase of the radiation 
o^er several side-lobes as well as the main beam.  It is also necessary to 
accLulate this data in matrix form so that the inverse transform may be 

carried out on the computer. 

The experimental set-up for pattern measurements is shown **"■»"*• 
The system is controlled by a PDP-11/10 mini-computer through a laboratory 

Sriph " system (I^S).  L, actual measurement is »«€«-•*•£"«* 
analyzer or vector voltmeter.  A phase lock reference signal is established 
Tthe input and compared with the test signal derived from a «"lvl1*J^8" 
ducer  TL spatial Vocation of the transmitting transducer is determined by 
a X-Y table having 15" travel along X or Y in increments of 1 mil.  The 
table's sepping motors are driven by the numerical control system wh ch 
accepts standards ASCII codes from high speed paper tape reader or directly 
?rom the LPS.  The interface between LPS and ICON-350 was the most difficult 

PlTt  of the setup because of different logic levels "^^^L^. 
systems.  In addition, a language interpreter was required in the PDP U 
software in order to allow the two systems to converse properly. 

Using the setup as shown, the system has demonstrated over 80 dB dynamic 
range with less than 10 mw.  RF into the transmitting transducer.  Typical 
r^Slts showing magnitude are shown in figure 5 for the point receiver scan 

of a 3/4" dia transducer at 5 KHz. 

The diffraction pattern data has not yet been correlated with the trans- 
ducer aperture field pattern although the computer codes to do this have been 
«itte^anS demonstrated on the IBM-370.  These .ode» must now ^ transferred 
^ the PDP-11 system assuming the core memory is large enough, otherwise the 

data will be transferred to the IBM-370 or PDP-10. 
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PROJECT I, UNIT I. TASK 2 

CPTIMIZATION AND APPLICATION OF ELECTRODYNAMIC 
ACOUSTIC WAVE TRANSDUCERS 

B. W. Maxfleld 
Cornell University 

Introduction rFMATS^ have an insertion loss 
 ^^nagnetic —^^"^/"^^a, oSnable in resonant piezo- 
that ranges from 20 to 60 db U^tfc^ ttot «>tt»ye       iarge 8ignal_ 

electric plate transducers ^^^Sm.    ?he advantages of EMATS 
to-noise ratlos (S/N) can be realized "^ f^^ t0 generate shear waves 
include their freedom from mechanlcal """"' ^ar wave polarization direction 
2SS to the surface, ability "^g^'^JSZt'l**  successfully the 
and. if desired. ^-^3"^° ^ul e^lore way^to reduce the insertion 
desirable features of EMATS, one snoux  J t determine, by 
loss (improve efficiency) ^•J'-gtSTST^S. origin of a variety of 
„easurement and calculation, the ^^  ^rfonnance features which in 
non-ideal EMAT characteristics.  ^" a" ^actlce mu8t be present if the 
principle could be JU**^ ~ **±?***Z the  influence of fringing 
best possible S/N is to be ^^^f'^^e «ejaration distance (lift-off 
fields, effects related to 'hc^oil "U™e 3 of these have received very 
effects) and diffraction effects.  To da". «^ ° 
little attention i. the quantitative evaluation of EMATS. 

M  ™M..» IS similar to methods that have been employed 
Our approach to this problem is *}»""'     we measure the acoustic 

in the study of piezoelectric "^^^jZce  from the generator, 
response (displacement) produced mt **~*?TZ—   ve  have exploited the 
InsLad of using the -^^fa^^ ailing7ystem* which measures the 
non-contact feature of EMATS t0 «•"»*' *"  f h generator in the material 
displacement field (acoustic I*» »*"£> « ^L^ectric. magnetostrictive, 
being studied.  This m^~*<***^*  and> by platlng the surface 
EMAT or any other for« "^d}8P;*",n^t

c^n be u9ed to determine displacement 
of an insulator with a .netal film, it can 0* h hear and compres- 
field in insulating as well as un*«ti*9-H^^™.  advantage of our 
sional components of dl8Placem^^'*:8

be
thnMlity to measure directly any „ethod that is immediately apparent is the *™*£ ^ ^^ ^^    he 

diffraction effects due to the "r1^ 8l" °etal_water reflections.  Of 
matex lal witnout the fded -'»^^^ ^^^"cture can be investigated over 
course, the same specimen and its detect str 
a wide frequency range. 

calculations with which to compare. . AJth°"f V^"   calculations are far 
operation of EMATS are well -J^SJ'.^LSSSI understanding of EMAIS. 
f'rom straightforward  f «Sj1*!^'JISS^ -n a ^nductt^  sheet 
it is necessary to calculate the cu"e"td"tr calculation of such current 
placed in the vicinity of the generator coll. Calculat    * ^ 
Sistributions is straightforward ^ '£ J ^ ro pl-ced such that the 
obtained for one special case, a single^ v o 

/ 
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plane * .e .oop U Parauel co ^^^S^T^A^^ ^ 

^ Ss rw^b/fr coLu'n^TC present  indications are that sub- 
r^falToÄ ti-ne will often be necessary. 

Mthough a single loop O. «ire i-ither a JJjfjI - «JJlfS^ 
geometry, we realized that  the ^^^/^iJAy useful coil geometry, 
used as an excellent «W««^^»« gT*^   Jnen a planar spiral co 1 is 
namely a planar spiral coil as ^S^r^^He*^ d < 0-1 r' ^ü LÜ 
wound with small pitch  ^f"'^^"' rings  is an excellent approxima- 
the winding radius).  ••«*-_!' ^^t l8 relatively easy to sum the 
tion to the spiral coil    see "••»>; £ totaL lnduced current density for 
contributions from each loop to obtain tneJ-0 lattice results from 
a pUnar spiral coil.     The driving force °" ^e "^"pplied 9tatic magnetic 
the Lorentz force between this ^^^^jtSJT Measurements we have 

re^oVafe^e ^^^-^^  ^ ^ * ^ ^ 

By applying existing solutions ^^^^^ 

pattern) from a spiral coil to bo
e"e

1
r
lv
th

c;;o2.^consequently we have chosen 
planar spiral coils one would normally choose.      qtltative 8tudy of EMATS. 
'the planar spiral ^il geometry for an extensiv q^^ ^ ^ ^   c 

re ^-TSrÄitinrs ss: of — -*—-. 
^e next section describes - syste-- ^^^^^^^^^ ^ ^Ä 

measurements as well as results °* * ^PJ^ calculation8 and a comparison 
a detailed discussion t**™**?*  J /^ts a brief outline of the next 
with our measurements while section   v 
phases of our work. 

rinTrr1-o.^al Observation 
-^  , „oH . two_coil method to measure As shown in Fig. 2. we hav. employed a two coil   J-^ che ^ 

acoustic mode P^terns; the ^^^^tST,    The receiver is - small, 
nlacement field produced by a fixed 8ene"^    ,     about 1 x 2 mm and a 
fut^ectangular solenoid coil f "^3^^ 42 SWG wire shielded against 
surface area 2 x 2 mm.  It con8i81

t
t
8

t °
f ^^'^apurious electromagnetic pickup 

radiation from the spiral transmitter ^ *ndfab;icated lf necessary).  Acoustic 
(coils of smaller size (1 x 1 x * "^"^f^automatic scanning device shown 
iode pattern measurements J^^/Jf .SÄSS «hlle the vertical is 

18 
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Fig. 1(a): A planar spiral coll and (b): the approximation of a planar 
spiral coll by a series of connected circular loops. 
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A block diagram of the electronics Is shown in Fig. 3.  This s similar to 
the conventional system used for piezoelectric transducer.   A puxo^J oscilla- 
tor is externally triggered to provide the r.f. current to the generator coil. 
If necessary, the output from the receiver coil can be blanked off by a FET 
switch during the drive pulse but, preferrably, if the receiver coil is 
adequately shielded this switch may be omitted.  The signal is then amplified, 
mixed with a local oscillator signal, amplified by a selective amplifier, 
deir^dulated and, if necessary, averaged with a box car integrator.  In nur 
presen1- 3xperiment, a position measurement, taken from a tracking potentio 
matci is fed to a chart recorder.  The other fxis is  pepped manually and 
the chart recorder zero is displaced after each sweep so as to obtain a quasi- 
3 dimensional representation if the spatial distribution of the acoustic 
displacement.  Figure 4 shows the output resulting from such a series of 
measurements using a 19 mm diameter, 38 SWG wire generator coil placed 0.25 
mm above the surface of an aluminum block 4.9 nu thick. 

Certain general characteristics of the mode patterns can bv». deduced 
intuitively.  The first feature is the two main lobes with a narrow transition 
region where the displacement goes to zero.  This arises because the flat sole- 
noid receiver coil is sensitive primarily to one polarization. Along the line 
of minimum response, the coil windings are normal to the displacement.  One 
lobe is 180° out of phase with the other since the excitation currents are in 
opposite directions on either side of center; this of course is not evident 
in the detected signals. 

Theoretical Calculations 

Calculation o. the acoustic response divides into two separate problems; 
determining the current distribution induced in the skin depth region of the 
metal surface, and then calculating the acoustic field resulting from the 
Lorentz force on these currents.  Dodd and Deeds^- have calculated the induced 
current distribution for a single circular loop of radius r placed a distance 
h above the surface; the vector potential within the metal is given by 

A (r,z) ß  r 
o o 

(kro)J1 (kr)e 
-kh ke  1 

k + k. 
dk 

(1) 

where I is 

, 2 

the current through the loop. 

j 

1 
kz + J/6- 

(2/11 aw) o o 
is the skindepth and o    is the conductivity 

Details of the derivation of Eq. (1) are given by Dodd and Deeds : it 
results from a Fourier Bessel expansion in the cylindrical geometry of the 
coil with K being the expansion parameter. The induced current density is 
obtained from the use of hm's law expressed in the frequency domain, namely 
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j - - jw ooA (3) 

Since the current Is basically confined to the skin de^th, Eq .(3) may 
be integrated over z to obtain the current per unit width of the surface. 

j (r. ro) -jT "Vo
ro f\ (kr )J1(kr)e o i 

-kh tk (1 - e ■M 
'-Jdk 

lOS~^i) '  (4) 

For this calculation, we assume 5 <<X. where X is the ■^»tU«^^- 
In practice. iKis is not a limitation as aii measurements are done ^ this 
regLe.  Equation 4 may be integrated numerically by the Gaussian quadrature 

method and converges well for reasonable values of h ^PP^1»3^1^J^^1 ro) " 
For small values of h. however, the expansion parameter k must be taken to 
rather large values and then the calculations become lengthy and expensive 
The resiu8of this integration is the current distribution in the -tal surface 
which results from a current I through a single loop of radius r.  Since 
spiral coil is a reasonable approximation to a scries ui  concentric loops, 
the spatial distribution of the induced surface current J(r). for a spiral 
coil, can be obtained by integrating J (r. ^ over the appropriate range of 
r which is from the inner radius. ra to the outer radius rb. 

The second part o.< the problem entails the calculation of the acoustic 
field given the current distribution in the skin depth.  The Lorentz orce 
resulting from the interaction between the static magnetic field f^ the 
surface current produces a radially oscillating surface stress.  This surface 
stress has presented us with a difficult problem.  Within the ^Ik metal the 
normal Navier equation applies which separates naturally t» «WCfi*Jq^ 
tudinal and transverse waves.  At the boundary, however, this equation does 
not separate and the solution is non-trivial.  In the static ca*e. this 
problem is known as Cerru.i's problem and for this case a Gr^'8^"^^ 
solution is known.  However, the time varying problem has not to our hMiMt» 
been solved. We are currently investigating the literature for more information 
on this ve"; interesting problem.  In the absence of a formal solution we have 
proceeded by using an approximation that the radiation field from a point source 
of shear stress is dipole In nature.  This form is suggested by . comparison 
^ith etectromagnetism" fa fact, the acoustic response after *»>*^*~ 
the source field is not .ery sensitive to the form of this angular distribution 
function because the response is mainly produced by the forward ******* 
of the wave front which varies only in second order with angle,  galled 
comparison of these calculations with measurements may help to establish ehe 

validity of the approximation which we have used. 

If we consider a point stress on the surface parallel to the polar 

direction of a spherical coordinate system (r *. « ) ******£*£%* 
at the point stress (Fig. 5). then the acoustic response of the bulk metal at 
Josltionl and in a iirectio; parallel to the polar direction is proportional to 
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Pig. 5: The coordinate ayete. used for the ^WfU'-S ktf 
the response at any point. P. the vector If is "«* and the 

response fro« all elements of induced current su—ed. 
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Vdr.r^o: 
J(r8)  8ln      * exp   (jqr) 

where J 

fU1^: q
8u-rf"v

e srs:8 den8ity at a ^™* - M.. '   H      ^V *■  the acoustin „» . s 

(5) 

from the -nter of fLlolT,  Tl^ STS!' den8lty at * ^"ance . 
velocity.     The magnetic fill/ ^ aC0UStlc wavevector and^v^th/"6 

constant. "^ "rength is lncluded ln the^Jportlon^ 

V(R) K/J J(r8)  sia2 * exp   (j  q r)  cos y e-«r ^ 
(6) where r «  Irl 1"y 

constant of proportionality.) '     {The constant K Is a calcul- 

Ä^^^8^ c" ValUe8 - J^s)   - Used  to 
llZlZn* JS cal-^tion L ;;la

(t6l:e; SSSJ^1!the Gau88lan 

Placed S . JSiTSlr1" WOrk weli forly c
8on0;?"? S the 8ln8le- 

Figure  7 shows  the  reBi.^=     *: 

It  Is  clear  ^hJaf■ 
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Fl«.  7: 
The clculated patterns for the parameters are specified In Fig.  4. 
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until some equipment changes can D*  < P
h      beeM done In Fig.   8.    These 

tie magnitude of  the response and this has be ^ co 

c^rutlons are Identical ^^/^polarLatlon sensitivity.  Is 
factor, wllch accounts for the rece 
equal to rnlty. ^ where 

,-ntitatlve comparison with exPerllBf'"/^^Mcal)  through the 
the expr/lLrarrfheoretLal ^JUS^^SÄ- « —' 
lode patterns in Figs.  4 -«Jjg^St coil system for the coil 

ficant differences are that the rig difference in amplitude coui. 

differences. 

iith a thin mjlar tracking surface on ^e «ceive      » ^ i ^ lift_of£ 

lift-off gives reduced 8«8ltlv"y
K
(a

oirtn lift-off also produce some ' "a fsU diameter coil) .small  fan^ in ttg- ^ ^ ln£luence o£ 

smaller changes in response.    More 
lift-off are underway. 

*J!: S S2--SÄST SÄTi coii. r j-f-S 
geometry can produce a gt« 
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4 

Flg. 8: A completely reconstructed acoustic node pattern for conditions 
specified In Fig. 4. This Is a calculated response but the 
■easured response Is quite similar (see Fig. 9). 
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waves of one particular ^^^^711^  Se^pl- W SÄ" 
the fringing fields have -J^^ ^^ ^^ ^Terns  of'.any transducers, 
the efficiency (transfer imPfan"'*"°   ^ Investigation of surface 
Including bonded piezoelectric *^ts'     J^JJ JJ ?ime permits.  For 
waves and ferrogmagnetic materials Is «Jj^1^ sub8tantlal problem to 
driving colls with circular «^^^'^"/^ee this symmetry Is lost, as 
calculating the theoretical W-^J"«^ °«ce ^ .^ t0 the analysis 
in the rectangular solenoid, the »»^^JjVS used. We are at 

^ T^tZLrZZ  roTol^itrcalculatlons for non-cyUn- 

drlcal colls. 

!„ order to Improve the speed -d^e^ ^Ing data we^l^jo^ 
construct a  digitally controlled scanning devi« for ^^ ^ 

line computer.  Unlike our JJ-'^LTS'«^ recorder. Mechanical control 
scan in both X and Y directions just U** ^ ^J^^^ the nea8urement8 
will be via stepping motors «;th .^!s

COm^t
i
es nerlpparatSs will also have a 

and storing results 0" ^^^^^"^e^ecelver coll and metal surface), 
more uniform tracking force ^etwee"t^r"^ attention to shielding of 
It is anticipated that by £-•"«• ^^/Sch can be eliminated 
both the generator and «"^V^*. fatudled.  This. In turn, makes it 
and therefore lower signal ^^^""^^f^fand to ^ork farther into the 
possible to do measurements for larger lift ott ana 

fringing field region. 

Much of  the non-^iformlty evif^/"J}*8^f^ff! "Se"^apparatus, 
to our inability to P-perly control ^f ^^^^f f and more uniform 
which will be able to take advantage 0* * *r""r

p^tems.     m addition, we 
scanning force,  should produce «^-gj^^ ^JSL coil systems 
will be able to determine the *******£££ must be compromised with 
(large signal l-^^f^/^^f^^ff)'^ Increased speed in taking 
sensitivity to small chan8" ^ "f

f "f') in dlgltai  form will greatly 
JSlS^TAS S5Ä «A "lls^and the influence of  surface 

roughness. 

References 
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PROJECT I, UNIT I, TASK 3 

SUPERCONDUCTING MAGNETS FOR ELECTROMAGNETIC TRANSDUCERS 

R. B. Thompson 
Science Center, Rockwell International 

Introduction 

magnetic transducer units.  Since tne eiixcxe.. j ,   th square 
in'converting electrical to -chanical 'T^^^J^^S^ 
of the static magnetic field fren^' ^e "'"^f/^ JSel, appears quite 

glti^n Us limited to a two-week P«^^^^^^^^  rom n ^Llized 
simple calculation of the performance that "uld .^/^"^^ the practical 
Stt. and (2) consultation with c0--cl!^n

e
d

8°
r

l
8
t8
t:r

d
e
e ^ized below, 

difficulties in constructing the magnet.  The results are suimn 

Design Calculation 

It was found that considerable ü-ature
1'2 is ^lable- designing- 

optimized superconducting soleno d to produce Uy^^^Ji for electro- 
bore center.  However, such a solenoid is not ne"""^ 0^ laced again8t the 

magnetic generation.  In f^^^^^V^a  ^icJ should be 
metal part and it is the field at the *urtace or c ^^ 

from the superconducting to normal state  "•"•/Jg^J wound ^th 8 mil 
numerical calculation of the field at the end °* ^J™" he wlre 8hould 
diameter, niobium, 48X titanic wire.  It was a88tr

e
t
d
t^

a' ^n!"„ction 
weigh 2 kgm (A.4 lbs.) for SS^tTyJtÄa Ä2 negligible. 

:ri^i^:r\re^re!ir^^^^ 
^aS for the inner windings at the solenoid center (a!  0). 

Xwo ma.or points were learned --.t- graph *^~£*» '*~ 
to be obtained for large values of az/b, !••••"' tuTsshape the field at 
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OBSERVATION 
POINT 

M = 2 x 10    gm 

", = 4 qm/crn' 

1,/b i0 

NIOBIUM, 43    TITMIUM WIRE 

/b)Fig. 1 Magnetic Field of Superconducting 

Solenoid 

The field at various axial positions 
uVhlwn for a magnet f constan 
mass as a function of the dimeter 
to height ratio. 
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Hence.  higher external fields ^^^^S^^^ A, 
field is reached at whl^ ^e wire Is no longe        P believed that a 
the field falls *"J*W**J^J*^^ about  ^.j cm (including 
realistic distance fron metal part to 8°1«n"a =n t^en be expectel. 
1 cm for dewar wall).     Fields ^/J^^fbfe^eSed with a hand-held .er- 

^ " "ner^e «"it rg d    reare11" lllTAlTlss of 2A dh for a pulse 
ThrL^ent ^r/certafnly be a significant improvement. 

Commercial Vendor Response 

Ba8ed on chese^lculations    a set of desired ^t specification^ 

asking:   (1) whether such a magne    would be g^J^ 8peJifications 
(2)   if so. how much It would c°8t-  and. ">   " ^'H'       tlc field In a 
would have to be relaxed  * "^^"^"^ L^S/TS the vendors 
hand-held unit.     No responses were received Jy ^ ^ r with the 
were contacted by telephone.     In each case    they were ^ apparently 
request and clearly had been **>"*•«»"***•    «^ ^^    more about 

no?  felt it wise to formally respond In «^« f ^fJ^abL for its 

the S^-.SirrÄ^oÄ^SSS are not Identified 
ÜSZ* Sethee8PinroerLairnature of  the verbal cot-nunication. 

Evaluation of  - availability of  the proposed -tem^aried^Jderably. 

^"arrtTo^^ 
that 40 kOe could be attained. A iHMT*"« • -I a hand-held unit 
the value of inner field judged to be a"eP"ble ^  ^e lower the Inner 
subjected to various vibrations and mechanical *"*•* JLJJ from the 
Jieid. the less likely **£*£££  2 JÄS evaluation, 
superconducting state. Jt

s;"
e^8

d^i0p;entai funds might be needed to 
something on the order of $40K * -^--^ ; of 20 koe. However. 

obtain a high "eld' ^-^"t^fJesS a^d development costs, and that 
it should be noted that much of this is ^sign an     J ltude) cheaper, 
subsequent units would be substantially (perhaps 

Conclusions 

of clumje I» this ■■■>«*.«r'^gg'^TjlS^SS Um « 

task of *!• project.    «"^««' ^"uootlon .tudle. the MHMi 

now. but it may not be far away. 
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TABLE 1 

DESIRED SPECIFICATIONS 
FOR 

SUPERCONDUCTING MAGNET 

PURPOSE: HAND-HELD OPERATION FOR 
(SEE SKETCH) 

ELECTROMAGNETIC GENERATION OF ULTRASOUND 

MAXIMUM DIMENSIONS: 

H - 20 cm (7.9 IN.) 

D - 10 cm (3.9 IN.) 

MAXIMJM WEIGHT: 

M - 3 kgm (6.6 LBS.) 

FIELD STRENGTH 0.5 cm FROM DEWAR BOTTOM 

H - 40 koe 

POWER SUPPLY: 

AT DISCRETION OF VENDOR 

CRYOGENIC SYSTEM: 

AT DISCRETION OF VENDOR 

PLEASE SPECIFY FIELD «W-g^, 
WITH DEWAR AND 0.5 cm FROM BOTTOM 

OVER 1.5 cm DIAMETER DISC COAXIAL 

- 
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PROJECT I, UNIT II, TASK 1 

IMAGING AND PROCESSING OF ANGULAR SCATTERING 

G. S. Kino. H. J. Shaw, D. Wlnslow, W. Leung, 
J. Havlice, T. Waugh and J. Fräser 

Stanford Unlversif 

Summary 

focused B scan system is also described,  using ^ .  array, at 
this has yielded a 2mm definition both normal and parallel to the array, 

a distance of 15 cm. 

New Techniques For AcousHr Non-De8tructV^_jre8tin& 

is the case when only mechanical scanning is used. 

z directions. 

Both of these imaging devices employ an a-stic surf ace wave delay line 

with one tap per piezoelectric "«nsducer to obtain "^"STf«« an 

phase references for imaging.  In the ^^Tf^.^^SA tap on the 

individual transducer ^V "tf T^isTlelds ^ output which is the product 
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a carrier frequency typically of 50 MHz, sent along the SAW delay line. 
Thus, one line of the Image is scanned in a tim^ corresponding to the time 
delay from one end to the other of the delay lim«.  At this time is typically 
of the order of 50 Msec, the line times correspond to typical TV line 

scan time . 

Because the outputs from the mixers contain both phases and amplitude 
information, it is possible to synthesize the electronic equivalent of a 
lens.  Put another way, if »J consider the system as a receiver, a point 
source, in the paraxlal approximation of optics, gives rise to a signal with 
a square law variation of phase along the array.  If a signal could be in- 
serted in the delay line with the same square law variation in phase, one 
sideband of the product signal would have the square law variation of 
phase removed and the signals from all the elements could be added, i.e., 
we would have constructed a matched filter, matched to the point source. 
In our case, this is done by sending a linear FM chirp along the delay line. 
Such a signal has a square law variation of phase with tin.», hence, with 
distance along the delay line.  A chirp inserted along the delay line is 
thus, equivalent to a moving electronically focussed lens; the focal length 
of the lens is adjusted by varying the chirp rate, and the lens automatically 
scans along a lir.e as the chirp signal passes along the delay line. 

We have used an 83 element receiver array of this kind to image debonded 
regions in a boron fiber reinforced epoxy laminate laid down on a titanium 
sheet, a material used in the B-l aircraft by North American Rockwell and 
supplied to us by them.  As we have described in previous progress reports, 
we illuminate the plate with a strip source, mechanically scan the plate in 
one direction, and electronically scan and focus in the other, thus obtaining 
a two-dimensional transmission image.  As may be seen from the photographs, 
we obtain good information on the position of flaws (debonded regions).  The 
present system used in the aircraft industry is mechanically scanned in both 
directions; ours is electronically scanned in one direction and mechanically 
scanned in the other. Thus, we can carry out a scan of this 9" x 3 sa™?16 

in approximately a second, an increase in scan rate of the order of 80 over 
that taken with purely mechanical scanning.  A purely mechanical scan of a 
large aircraft part could take several hours; an increase in scan rate by 
a factor 80-100 would reduce this to minutes. 

We worked first with a thin laminated panel 1/8" thick and took trans- 
mission pictures of this panel which had a number of imperfections in the 
bonding, as illustrated in the accompanying schematic supplied to us by 
Caustin.  These pictures (Fig. 1) were obtained by using the 83 element 
electronic scanning and focusing receiver working at 6.4 MHz.  At this 
frequency, the attenuation of the samples is large and the sensitivity 
of the receiver, which was designed to work at a lower frequency, was very 
poor. Later we were able to obtain pictures of this sample at lower fre- 
quencies.  After numerous trials, we found several frequency windows for 
good acoustic wave transmission through this sample.  These frequencies 
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are 6.4, 4.2, 2.6, and 1.15 MHz. The lowest frequency window is at 1.15 MHz, 
which corresponds to the fundamental resonant frequency of the titanium plate 
(calculated as 1.13 MHz), which is bonded to the boron fibers. 

Several acoustic transmission pictures of the complete sample were taken, 
each in one pass of the mechanical scan; these are shown in Fig. II.  The 
upper picture was taken at 4.2 MHz, the lower left picture was taken at 
2.6 MHz, and the lower right was taken at 1.15 MHz. 

In order to keep the resolution approximately the same in each picture, 
the separation between the sample and the receiver has to be reduced as the 
frequency decreases.  At 1.15 MHz, this separation is 20 cm.  At this 
distance and frequency, the resolution is about 5 ran, which is two to three 
times worse than the resolution in the other pictures.  However, the imper- 
fections show up very clearly.  The vertical dark band in the picture taken 
at 2.6 MHz is believed to be due to nonuniform excitation of the transmitting 
transducer and coherent interference phenomena due to using a single frequency 
source, but it is normally not as profound as in this case. 

One way to eliminate coherent interference from different parts of the 
source is by using partially incoherent excitation of the source. An 
experiment was carried out by using narrow band noise as the excitation 
to the source.  By limiting the bandwidth of the noise, the coherence time 
can be controlled.  Figure IV shows a transmission picture of the same 
sample with noise centered at 2.6 MHz and a bandwidth of 500 KHz as 
excitation to C <« source.  This corresponds to a coherence time of approxi- 
mately 2^s.  By comparing Fig. Ill with Fig. II, it can be seen that the 
dark interference band has disappeared.  However, the resolution and sensi- 
tivity decrease, because the signal bandwidth is too large and the focusing 
ability of the receiver decreases.  Further experimentation is underway.  We 
are trying    imit the FM noise bandwidth to about 20 KHz so that the 
acoustic waves radiated within one line scan time (5Qfs) is essentially 
coherent, but is Incoherent between different scans which are separated by 
approximately 500^3. 

When we go to thicker samples, the S/N ratio decreases because the 
scattering and absorption increase.  Hence, it Is vital to increase the 
output power of the transmitter.  To further Increase the output acoustic 
power, a large (1" x 4") transducer was made and an acoustic lens was used 
to focus it into a narrow 4" long line source.  Different lenses were tried 
and It was found that a compound lens made of polystyrene and RTV 602 had 
the least spherical abberation.  However, detailed experiments are yet to 
be carried out with this system. 

With higher acoustic output power from the source, a thicker sample 
0.4" thick (sample No. 907), provided by the Science Center of North 
American Rockwell was tiled.  The dimensions and positions of these defects 
are shown in Fig. IV and Fig. V,  respectively.  Since this sample is much 
thicker than the last ona, the vertical resolution is worse because the 
separation between the line source and the sample is larger and the sample 
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is .low in the far field zone of the source In the vertical dimension.  Fig. VI 
shows the actual situation.  It is also more difficult to obtai i acoustic 
transmission pictures of these samples in a single sweep.  Comvjsite pictures 
made of two and three pictures corresponding to different parts of the sample 
were made and are shown in Fig. VII and Fig. VIII, respectively.  These 
pictures were taken at 2.7 MHz.  The dark areas in the photos bear a one-one 
correspondence with all known defects, plus a few indicated defects not 
supposed to be present.  It is also noticed that the frequency used (2.7 MHz) 
is very close to the 6th harmonic of the fundamental resoi.jncc of the titanium 

plate. 

We have also started to take transmission pictures of an even thicker 
simple (1.25" to 1.4" thick), with defects at different depths, and have 
obtained images of some of the holes present.  As the work progresses, we 
intend to use a focused transmitter, and examine other structures with t^s 
technique such as alrcialt honeycomb structures. 

We have experimentally ^emonstratrJ a new type of imaging system which, 
we believe, should be by far the most useful for NOT work.  This is like 
a focused sonar system.  Here the array is used both as a focused scanned 
transmitter and as a focused scanned receiver to scan out a two dimensional 
image of a cross section in the x-z plane perpendicular to the array, with 
good definition (2imn) in both azimuth and range (x and z).  Such a device 
should, in NDT applications, be the best type for imaging cracks and flaws 
in, for example, thick metal samples, ceramics, and graphite nose cone 

materials. 

The device operates first as a transmitter, like a moving lens which 
produces a scanned focused acoustic beam that scans along a line parallel 
to the array, then operates as a receiver which scans along and is focused 
on the same line.  If the time delay between the receiver chirp and the 
transmitter chirp is chosen correctly, a signal scattered from a reflecting 
object on this line will be the product of the definitions of the receiver 
and transmitter leises, and hence, about one half of either used alone. At 
the same time, because of the requirement of correct time delay between 
transmitter and receiver, only signals from reflecting objects on this 
line will be received, the range definition typically being approxlaately 
equal to the transverse definition.  The whole process is repeated by changing 
the chirp rates (the focal lengths of tie lenses) to focus on the next line, 
and the time delay between receiver and transmitter chirps to correspond to 
the correct change. Thus, we scan out a raster in the x - z plane line by 
line and produce a TV image of this raster. 

A photograph of an aluminum part in which a series of steps Is milled 
is shown in Fig. IX.  The corresponding acoustic reflection image taken in 
a water tank at a distance of approximately 15 cm with a 2.5 MHz wave is 
also shown.  It will be seen that the step faces Sa« apart and Stna long, 
facing the array, are well reproduced and their lengths are very well defined. 
This system has only been operating for a short while, but we have ascertained 
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th.t the «ui.« - ----»ir^^rrrsE»;rof irr;.^. 
the transducer array are aPPr°x^"^e^lone.  The field of vlev In the 
half that of the ~*^ " «TS^HS and the presenr field of view 
direction normal to the ""y Is trom      roxlmately 7 cm. 
In the direction parallel to the array is PV 
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PROJECT I, UNIT II. TASK 2 

ANALOG DATA PROCESSING 

R. M. White and G. L. Kcrber 
University of California-Berkeley 

Introduction „,nn*.asinR 

^^..n of the overall proves ^^SS^ £* 
applicable to quantitative flaw defi*it*0^lt"°8, ^„volvers. and the  like, 
analog signal processing devices such -"g*^^ lnVestigation. The 
ustng surface acoustic waves, was J^JJ^J^ placed on realizing and 

£3 emphasis during this «SLÄftlTÄ" wave8' f0r ^ ST 
testing an inverse filter ^^/^^"„sponse of the NDE ui«asonic 

of ^oving the JfJ-S/t^lSS thL work ^^^^0™ «co St ion; 

rnd^g-e e^siS ^IS^-rÄt^iSÄ already hegun 
some preliminary computer experiments 

on that topic. 

Inver8e_Filtering_anlNDE ^    ^ ^ ^ 

in the ccnventional NDE "tuP' ""^""ifshocrexcUedrproducing 

test object directly Vt  ^^-^"/est otject. reflect or transmit from 
ultrasonic waves which pass ^"g^tiSiW. and finally P^* 
flaws to either the same or a different t        lo8C   or ..hart «corder. 
electrical signals w^ich are M**,*  ;nflnite baadwidth of operation. 
?o the extent that the NDE transducer has jjjgj^, for example a 

in rhe time domain. 
«d digitally, as shown by Seydel and 

This flaw waveform can be processed digitally.the ^ tran8duce    A. 

FrederickdUo remove th%^»"fo ^e he influence- of the transducer 

„ have Irfl .»tf-c. .Coptic «.ve    I    „,„„„,10 »on-l).JtrUctlve 

u 



.1 

^ 

Science Center 
Rockwell International 

IMPULSE RESPONSE 

pit) 

h(t) 

FREQUENCY RE3P0KSE 

ml« 

glO 

wm 

• 

mil) 

hit) 

DISCONTINUITY »• 

Mil) 

Hi« 

^S^^^^TSX^^^is +he impü,se 
rflnw)       Figure from seyoei where 

*" -** iM '"V,rM   s-'.t, tM ch.r.ct.rist,c ,.t, *m v-t. 

ations the B5Tr">  
(t^btt) ./a(f )t,(t - f )<.f 
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^ 

4^ via    2    where a test 
A ptctori.1 sketch of the «J^^^TwC differing acoustic 

oMect is shown as a layered 8olidJ
havinfB „;*duct of «ass density with Ranees (specific acoustic Impedance   ProJ-^o m~^ 

wave velocity). When the returu »^J "   he dl8tortlon Introduced by the 
Z  SAW filter designed for ^at transducer the  **  dl8played return will 

transducers and medium Is removed g^ÄijLf- WOUld ^"^Vl 
XZXXiflZZ  -e ÖS S a continuity of acoustic 

Impedance. 

Fnter Design 
, ,he idea we set up a simulated NDE arraugement In 

In order to test the Idea we »" ^ transducer (Vernltron, 5 MHz PZT 
which a commercial piezoelectric "'^"f™) " .'„etal (aluminum alloy) 
disk! 0.5 inches diameter) «s attac^d (»a.ol^to^^ ^     b 
cylinder (sketched In Figure 2). , a^

e"a
alulninum or glass (microscope 

T^a with oil to additional plates of al«»1«    a pulse from an HP 

«»native film) and used to characterJ. computer, originally u»c 
in a ilgltal scanner system "t,fi2£Ä-S-*SS (FET) program (run 

d..le. - th. SAW in.«.. »"«• ^^^ ^ 

aienal from the tliter wuu*     aKoilt thirty percent ot its UI^B 

rÄ"^c"«r" - -^ S! °f the -rn" 
TOl8h«d £•£ «a-- SäTäJT-äS -."-«j°"r 
^5.«    the input SA« ttBiri»"' "^ „ tL the Imulee teeponse of the 

reduce insertion loss,     me o    K 
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TEST OBJECT 

SURFACE ACOUSTIC WAVE FILTER V 

Figure 2.    Schematic drawing of simulated NDE setupand SAW inverse filter. 
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l£5t-!£5!!la ^. in the r»alnl»8 fl8u"- 

„.nltlns h» »•« °f the S*U the H^k 

dugn.. nn. tnn P'»"«»''^/ ^nnd".',. In..; -^T^JÜ  ST 

The active portion of the 5>AW i» 

Also, m an experiment where a ^^ thl8 HDE trans 
transducer (also «^f^^spatial resolution was also ^rved.  «^ 

llcation now in preparation. 

Sunmary „mcess has been carried 

- J ^SSSiSSiS* a»--"■="■ filter yields improved spatial res 
time processing. 
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PROJECT I, UNIT II, TASK 3 

DIGITAL TECHNIQUES FOR ULTRASONIC 
FLAW CHARACTERIZATION 

B. G. W. Yee, J. C. Couchman and J. R. Bell 
General Dynamics 

Objective 

- QMecUve o. this ».K U for gff^^^SStt««» 
Division to support RISC in t^elr '"^^{"^^ 0[ digital computers to 
Flaw Definition by ^^^SjgS^'LS! scattering from 
collect, process and display data *rom ui achieved by a series 
defects embedded in solids.  This objective w „,,  The first 
of tasks which will be performed over a three year program, 

year's tasks were: 

1. prepare an.lytic.1 .oftware and hardware for data collection 

and signal processing. 

2  collect and catalog time and frequency domain signatures of 
spheroids and flat bottom holes, 

3.  identify measurable quantities for characterizing internal 

defects, and 

A.  look for empirical correlations and agreement with theory. 

cto..-cotrel«tlon8 .1th oth.r support ta.k data. 

Data Collaction 

T.e -^J Pro-aio,;..t- -- ^-^ "o XXSZ* 

or otherwise analytically studied. 

A flow chart diagram that describes the equipment    t"*™11*"1™' 
and dis £ SStSS used in Task I;";' ^f™    ^J    " R ^Iser 
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,»^ 

,! processing System^ 'Top) 

System   (ootwOmi HP-2100 
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Af^r beine delayed, the waveform is displayed 
on a Tektronix oscilloscope,  ^"^"f ^ dismay scanner plug in. 
on a HP oscilloscope that "nt^"8

d
a
l8fla^

2
clSer is computed by either the 

The X coordinate position for *« "jgg ^^ computer and stepped by an 
HP2100 (256 steps) or the ^P 11/^5 ^0ZJ/^J iter.  The signal amplitude 
analcg-to-digltal convert^ f ^/output of the scanner and converted to 
at each positiv n is sampled at ^e J outpu pDp ^^  by an 
digital form (± 256 discrete values »"100 ±^      computer.  The PDF 
analog-to-digital converter channel and «to^n   ^^ puige     data 

11/45 computer can ^t0IBat^ai;y """ iS 
P The computers can be programmed 

on disk packs for retrieval -d -^lysis.  Th ^9      ^^        ^ 

rv^iirtTh^rosfifiorpe u^ -. **** ^~ - 
put. 

ca»did.te tr.M.uc«. <^*^SjrSZ SÄT««"».«« 

effect on the source ^"""'J^'^l-U M it***' ""• 
Limiting Beasurcent» to the frequency rang 
error factor. 

Surface roughness was ^ot^T^Z^e r^tll'e oi 'thei^flct"  It 
surface roughness ~^J*ZZ££Tli than  .5 Mil   (RMS) had 
was found   (see Fig.   5)  that ■«"«• ™ * 1A mz, 
little effect on the power spectra below 14 «MZ. 

- 

Data Processing 
,-,  via. at  reneral Dynamics for (a) plotting RF 

Computer software is ~**^£S*jZ  spectra. (O for 
waveforms, (b) computing and ^gJ/fJJJS signals, and (e) for wave- 
source normalization, (d *" •*!>£«* "^^  ^  8lgnal pr0cessing 

is^ssrÄ'isrsÄs^« - th
d-
8ection'are important 

friifor^tlo: Retrieval from reflected ultrasound. 

a. Fourier Transform 

n-rrra is the square of the absolute value of the The Fourier-power-spectra is the sq 
complex Fourier transform of f(t) and is rep 

P(CJ) - F(w) 

where   F(w) f(t)e"iWt dt 

(1) 

(2) 
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t^hat can be substi- 

flaw «2* rtrsTftSft-4 to 22 
power spectra is very 

c.    GatelGaiiLCaBabiliti flertion. a flaw 

reflection,  and a «alnt back s      dlf£icult to ^f^"'  «„/face echo produces 
Tourier transform Is co^-^ ^ b ck Jj- ^iCness 

2SS?i>wl5 a* flaw signature, transformed to v1- 

j.    gut£uLJi5£iä2- R1SC 8Upport task, 

computes and plots 

RX_P 

nb2 

= f 

where: 

. .«..e. th. ««.due« »- ^ •—f' 
B is the distance between u 

,  th of ultrasound in transmitting media. 

P i8 the mm*** *** tran8form 
scatterer, 

a i8 the radiu. of the transducer. 

g-SI^^^^^^^- 1nen8 are measurable by ultrasonic 
<»^rra in specimens are 

Several flaw ^"^"'^uts possible to measure: 
spectroscopy.  For example. 

-  A  in a aoecimen, 

(1) 
m  velocity of sound in a specimen. 

6A 
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(2) the depth of a tlm i> a specimen,  and      ^ 

(3) the diameter of a simply shaped inclusion 

a      v^wity Me««uremants 

2024 aluminum,  conmercial purity """       '^    h  («ithin one percent).    The 
srecimen thicknesses were measured " °ne/^ \ for aluBllnu« and titanium 
Scity measurements - -Ji^Jj«^ J^ c<ln be COIBputed from the 

SäJLSrSSJS    "sona/ce dips from the equation. 

v - 2t ^ 

where 
t is the specimen thickness and 

A F is the frequency spacing. 

-u« u»lncitv of sound but 
XHe travel time can also be used to measure J-J**^ ***• 

U  subject to errors introduced by P;"a
e
re
C
tab;i<lted in Table 1. 

The velocities measured in this stuay 

* Air filled voids do no 
needed for dimension me^urements 

nSSanSa to provide back SSS^ echoes 

— 
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Table 1    Velocities of Sound In RISC 
Specimens  (cm/sec) 

Specimen  

A  (1100 Al) 

Travel Time 
Measurements 

6.4x10 

C  (2024 Al) 

F   (Ti) 

6.3x10 

5.9x10 

1   (64 Ti) 5.9x10 

^ 
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Rockwell International 

Interference 
Spectroscopy 
Meaeurenents 

6.34x10 

6.2x10^ 

5.9xlt 

5.83xl0J 

b. Flaw Depths 

(refer back to Figure 6) but in order to save   F     velocltle8 given 
iere determined from travel time >»■"»;£; ^^^^  are tabulated 
in Table 1.  The depths *«*^J%^JS?S  in order to prepare 
Ä ^.ÄIÄSÄ^Ä« referred to in Section 

111.2(d). 

I 
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Table 2 Co-Axial Flaw Depths in 
RISC Specimens 

Spheroid 
Specimen^ 

3ecimens_ 

B(l-8-A/21) 
0(1-8-24/19) 
E(l-8-24/24) 
G(l-8-64/15) 
u(l-l': '4/9) 
j(l-8-T/17) 
M(l-4-64/32) 

N(B-2-4-64/35) 
0(B-2-8-64/36) 
p(B-2-12-64/37) 
q{B-3-2-64/38) 
R(B-3-4-64/39) 
S(B_A_4-64/40) 
T(B-4-8-64/41) 

1.09" 
1.09" 
1.08" 
1.09" 
1.09" 
1.09" 
1.09" 

d bv RISC were 1" and 1.125" for the FBH and tje JPheroi.al 
Depths reported by RISC were       inconsistency for WW-,      

C. Flaw Dimensions 

therefore do not provxuc 
^acoustic impedance measurements. 
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Empirical Observations 

The amplitude and power spectral signatures of the test specimens are 
m  . LTOV  The flaures reproduced In this section typify the data.  It 

I^earanc; with the signal-to-noise ratio tending to Increase with flat 

bottom-hole diameter. 

These ultrasonic echo signatures contain ^•«*£'*"' ^ZlTiln 
r    u    ^►„,«,  it  «m  however, require the computation ot correiacion 

in  the test specimens. 

Perhaps the best starting point for next year's work will *• •"* 
specimens S. Q. R. N. and S (see Appendix A-l) which -ntaln void having 

S same cross-sectional area when v ewe ^ a   .bU ^cUss^Katior.s 

TchTs 5SSÄS: ^oiSS^Ph^oldaL^blat.. and flat might 

be reasonable as a starting point. 

waveforms certainly differ.  The prospect for classification as prolate, 

spherical, oblate, and flat look promising. 

1 

*N0tlce that the dimensionless parameter plots contain brokei.-vertical 
Tiner-'tSs: identify the beginning and -d of the region where sou ce^ 
energy was highest-data before the first line and after the last line  y 

contain noise. 72 
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1^5  -n     ►••       *     *r-    - 

Figure 10      Co-Axial Pulse Echoes and Power Spectra 
from Spherical Voids 
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<m -^   » »f i» 

P)(1200  ) 

^WWV 

—««ii 

Tiire   ( fi Sec.) 
'»   '.   ^   s   '«   s   I <    «   n    II    ii   n   i4 

Frequer.cy   (MHz) 

Fig ire. M Side View Pulse Echoes and Power Spectra 
from Spherical Voids 
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ij^mo     (  ßSS- •) 

■■■.z) 

frcn Flat Bottom Holes 
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mn >• i«' 

Tine   (^Sec.l 

13   siCo Vie. Pulse Echoes  and Povor Spectra  from Figure     13   Side W«. F ^^   ^.^ ^ ^  FBH) 
Cylir-irica 

UJ 
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%-n»        m njr   ' al>€n       • Ml    IMW-1   II i» < nae «»tm»    r-■ 

S(ProIate) 

Q(Thin Oblate) 

M(Flat  Bottorr. Hole) 

Y \ U 
V 

■ 

f.. 

V   s   ■ '<    S    \    't     a    ^    S    fi    f^    IJ    •• 

Tine   ( ^iSec. Frequency   (MHz) 

Figure  14 Co-Axial Pulse Echo and Power Spectra from 
Varying Flaw Sn «oes that have the same 
Co-Axial Areas 
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1 Fourier Power Spectra of Varying 
^..apes that have the same Co-Ax: - 

Area (Dimensionless Parameter Plots) 

Figure 15  Co-Axia^--^ ^ ^ „„e^co-Axial 
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2.68 cm 
c35 cm 

Frequsncy (Wi- ■) 

Figur 

Diameter FBH taTcen 

•'L'fo *--e E'molou Predictions for Comparison to ...e t..^ 
e 16 Power Spectra of ECO 

Comparison t; 
T-ttma ^e Presentee - 
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[ 

Comparison with Theory 

„„.■K in inherent In the FBH data shown In Figure 16. 
An unknown water path is inhe"^ Z" '^ for broad band response. 

The water path Is less than one cm and ^^^^or ^        collected 
The dlmenslonless parameter ^.«^^^J^TS specimen In 

sit %£Z£^2^^hzs or 

frequency and that measurements be made under water UBXU» 

simulate disk scatterers. 

Moth« ~Um .ource of ■.■■■■■■■I "^^^^r.^.l"""- 
l„g ».11 .ngle deviation» £ro. »on»lcy.    J^"/^ „de M .ccoUnt 

Conclusions 
^ 

A. 

6. 

7. 

STSÄ SÄST SüäSTTäSä Sä-I 
resolutions. 

Flaw depths can be measured by ^-of-trayel measurements but phase 
changes in reflected ultrasound limit attainable accuracy.  This 
becomes mcst dominate at shallow flaw depths. 

Flaw depths can be measured by ultrasonic spectroscopy with an accuracy 

that If Independent of flaw depth. 

Source-spectra shift appreciably with «"«ance; this factor *U have 
to Z  accounted for as spectroscopy procedures improve. 

Surface roughness does not become much of a prc'.lem until the r»S 
surface rou|hness approaches the wavelength the ultrasound pulse. 

Single broad-band sources of pulsed ultrasound are available ** 
span a frequency range of from 3 to 20 MHz. 

the prosper of classifying "-» •-"-**■ JJ fR^X**» 
haoe factors (prolate, spheroidal, oblate, or iJ-at;, «»u   t- 
£S ZtSjSm  having a measurable —»tU ^ Üf ^ look8 

promising bun will require pattern recognition techniques. 

il 
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~ 

i/r 

17   co-Axial Poxer Spectra  of Spheres  and 

Parameter  Representation 
(Is"  Diameter Transducer) 
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Figure   is 

%!** 

Co-Axial Po-wer Spectra  of Spheres  ard FBH's  in 
Titaniur.  ir  Dimensicnless Parane     r   Representation 
(4"  Diameter  Transducer) 
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„.. use „f .mu  theoretical *^£*S*Zl££.'TS. 

for in ehe theory. 

A very extensive catalog of -^^^^^LÄ^Tl-S 
bottom holes have been prepared f/2^SlSSLi  before »ore complex 
stood la terms of «P™^1^..* TJS?    Metal inclusions having 

than the host material ave recommended. 

u,, Koi-i-or understood after void 
W. Data presented in ^/^f/^^o^su'r ^e Tef -re and shape, 

specimens are opened and testea 

■ 

r 
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APPENDIX A-l 
TEST SPECIMENS 

for exp.rl~Mal twtlng.    sP"'f»' "'".""„LU. loc.M<i at «bout 1 Inoh 

to test specimens Is presented in this appendix. 
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Table A.l    Properties of Test Specimens 

|T(;B-A-8-64/41) 
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PROJECT I. UNIT III, TASK 1 

MODELS FOR THE FREQUENCY DEPENDENCE 
OF ULTRASONIC SCATTERING FROM REAL FLAWS 

L. Adler 
University of Tennessee 

Introduction 

The overall objective of this invest! -atlon is to *^ 9~****ZJt%a 
quency and^ngular Lpendence of scattered ultra^ 

Lve introduced a new theoretical ~«^ *"* ^^edlor two-dimensional flaws 
geometrical theory of diffraction. It ^ ^ used ^ ^°      .. ^ expreg. 
of any shape. The model was adapted for ^e flat bottomed h al 

sion for the amplitudes of the scattered energy was derlvea ror 

licidence. This expression -^'"/^/-^^^ojlhe Sole  T^is expression 

and to study mode convers.on. 

Diffraction Theory 

in order to correlate the parameters of the "1""0
e
nJClan

e
1'z:

UCshrpea,,,Pli' 
tude and frequency distribution to the >"-**"•< «J ^ %}£? 
and angular orientation, we used ^«"^V^i Jl f^'electromagnetic 
geometrical theory «^di«"ctl--:^r°df

U
1^

d
8..
by Ss theor^ has several 

for the Itudy of off-axis scattered energy distribution. 

in the geometrical theory of **^**~* tL^S^SS^^ 
is introduced. A diffracted ray is ^it^^Sm Sß^m  doubly 
an edge. Tne diffracted ray may gttWBtllgi with ^e «dge      ^^ 
and multiply diffracted rays may be considered  Now each g^J^ ^ 

(amplitude and phase) at ■^^'J'SlWttwS that point. The 

SÄ'Ä^tT.S -ff^t" ÄfflT- arbitrarily shaped aperture 

is given by equatlor (1) 

\ 

U(p)  - - jA(k) 
i[k  («K 8)]+ 1 | 

e  z. 

2(2TTk)ä8inß 
Bi;co86 -aBsinB), 

[sec H  (e-a) ± rsc H  (6 +a)]  x  [s   (1 +    ■ JJJJ (1) 
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i ■. »K»^ IT - n or ^r^ - 0 at the surface.  A(k) Is 
The + or - signa is used whether U " ?H*nÄlse ! is the phase of the 

other parameters. Equation UJ i8 a generax v^ . n „ „„,^ir„iar 
So"iLnsional flaws. The parameters characterizing a particular 
geometry are ß. (3 and a.  This theory is a scalar theory. 

Flat Bottomed Holes 

of the diffraction of sound by circular flaws. 

,    ^. /.\  Tab-ins four ravs into account nas not givcti ■»"/ 
iSS^k. "^t^dia/ram of the problem is sho^ on Figure 2. 

Substituting the parameters into equation (1). we obtain 

u - -A(k) 
exp(ik(t|>0 + D) 

Buk. 

r - asin» fa _ r - «sin» (_8lne _ sin+)j 

exp(i(k«(6ln* + 2sine) + it/A)) 

r + asin» a _ r + asin^ (_8lne + 8ln4) 
r    f 

(2) 
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Figure 
2. Schematic di.gr» of "r.y diffraction" **■ fl«t botto-ed hole. 
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NORMALIZING   INPUT   FUNCTION 
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GC 
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o 

^.00 2.00 4.00 6.00 8.00 
FREQ   IN  MHZ 

10.00 12. 

Fig. 5 Amplitude distribution of the incident wave vs. frequency. 
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,     . mnHtude8 were measured.     The amplitude values 

COMPARISON OF THEORY AND EXPERIMENT 

Brass Circular Rods 

w; have used ends of circular ^^^^^iX^T 
flat bottomed holes. The "-^"^J^TL 5 MHz. Both incident and 
and   .25  r .6 cm).     The  frequency ranged from 1  ^  ^ agreement between 
scattered angles were varied up  Jo 40  •      JJ the scattered energy 
experiment and  theory  for a 1/8 inch g* ^ ^ al80 excellent  for the 
as\he  function of  scattered y^'    y/gTSl scattered angl.  is  15° 
same reflector as  a  function ^J^SJ-T-!  theory  is also very good 
(Figure 8).    Ihe agreement between "•«"!■£  I 
for a  .245 circular  reflector,  as shown on Figure 

F1at  Bottomed Holes  in Aluminum Samples 
f «mnles were used to study scattering from flat 

Two different  types of  «fP1" ""V^ a 1/8  inch hole  in it. 
bottomed holes:     (1)  a flat circular ^™*J£i cylindrical  surface 
prepared ^^^f ^/^ ^flat boU^ed^ les.     Both these samples are 
2Ä£ ^AilTt "(Surface conditions may affect the data) . ^   ^ ^ 

The frequency distribution of  ^%^trFirurre8yio!0r^heeang;emo1flinciSence 
bottomed hole  in the curved s.np e is sho^n on Figu^  ^  ^^^     Fi u 
was 0 and the diffracted angle  is 25   •    ^ «g

flat bottomed hole when the off 
also shows excellent  agreement  for a 500 MU 
axis angle is  12°. 

On Figure 12  the agreement  is ["^J™* SJlSTÄ ^ & 

500 mill hole in the -rved aluminum g^ Jg between theory and experi- 
18° and the diffracted angle  ** *  I    ™* ^ hole  m the  flat  sample,  as 
ment  is good also  for a 125 m1^^f^^lents  in both samples   (shown 
shown on Figure 13.     We have carried out »easur ^ ^ of 

on Figure 6^  under  the 8am^exPerJnhesoUd curve is  the theoretical curve, 
the sample's surface.     On Figure U the *^c"ce 8ample and  the crosses 
the dots are I***?*****?£ aat boomed samples.    At  the frequency 
are the experimental points  for ^e "at bot a(its of  data.    For 
region above 2.5 MHz  the theory a8re" ^"^ whlch „.akes  it difficult to 
the lower freqencies there *~£%^£S?, surface condition on 
rd^nrarct'orrp^ S under instigation. 

Three-Dimensional Plots 

We 
{'}\  t-n obtain three-dimensional plots to 

have_progrr*d eq^a   ^2^ study some of  the  fine structures Typical plots ar^ 
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6.4 
ORNL-DWG 75-3820 

 1 
DIAMETER« 250 mils (6.35mm) 

OFF AXIS ANGLE ■ 25 deg 

THEORETICAL 
—»—EXPERIMENTAL 

4 6 8 

FREQUENCY {MHz) 

10 12 

Intensity as a Function of Frequency in Aluminum. 

Figure 10 
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ORNL-OWG 75-3814 

DIAMETER« 500rmls M2.7mm) 

OFF AXIS ANGLE «12 «leg 

 THEORETICAL 
—«—EXPERIMENTAL 

Intensity as a 

40 « 

FREQUENCY (MHi) 

Function of Frequency in Aluminum. 

Figure  11 
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o 
o 

g 

OCo 

Q_ 

8 
9, 
o 

DIAMETER IN MILS = 500.0 
VELOCITY IN MILS PER MICROSECONDS 
INCREMENTS PER MEGflHZ = 20 
INCIDENT ANGLE IN DEGREES = 18.0 
DETFCtlON ANGLE IN DEGREES = U.O 

= 250.0 

^Töö 1.00 2.00     3.00     «i.OO 
FREQ IN MHZ 

Figure  1?.     riirv^H  aliiminun  ll«i«pleJ 

5.00 6.00 
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PRTTERN   AS   fi   FUNCTION   OF   FREQ 
OIPMETER IN MILS = 125.0 
OFF AXIS ANGLE = 17.7 
VELOCITY IN MILS/MSEC IS 250.0 

o 
CD 

(To 

CC 

{M 

^.00 1.00 2.00 3.00 14.00 
FREQ   IN  MMZ 

Figure 13.  Flat aluminum sample. 

5.00 6.00 
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PATTERN   AS   fl   FUNCTION   OF   FREQ 
OIPMETER   IN  MILS  =   125.0 
OFF   AXIS   ANGLE   =  27.1 
VELOCITY   IN  MILS/MSEC   IS  250.0 

^.00 i.uo 2.(0 3.00 •••• 
'FPEO   IN  MHZ 

5.00 6.00 

„.„„ u. m**~ - "^' f~?Zf~ " •'""""• Dot8 "" ""' 
«urface and crosses for flat surft tace. 
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Simulated Real Flaws 

Another set of scattering ^^T^^S^^^^ 
those on arbitrarily shaped metal shims ^^Vs  Notice that in 

flaws. «^ «^»-^^^eSiJr^lS.. there are 
addition to circular, elliptical and rect 8 complete set 
randomly shaped reflectors (see *°a'  *'l^[^ ^y  ls for the circular 
of data to be analyzed based on the f ""^"^ect^n. We are in the 
one and the result has been discussed in ^^^"^f^f lector. The 
process of evaluating the expression f°^e "^however. allows one 

dimensions is good, within 10-15Z. 

<;.arrering of Shear Wavjs.from Notches in Aluminum 

We have carried out some initial m^^J?*  STiSSS^ 
from notches in aluminum plat.s.  Th« ^e^a ic ^^^JSZ  critical 
is shown on Figure 19. ^^^^^In  the plate. Two notches 
angle. This way only shear waves a« P^op 8   received signal was spectrum 
we?e used (.058 and .091 inches in depth), ^eReceive   g J^^ ^ be 
analyzed and by the use of equation (4) the »^.i^J. ^ goiving equatlon 
.061 and .082 inches, respectively. J» «• "e

C
gtudv of the mode conversion. 

(1) for a slit and applying this problem to the study 

. 
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X IS FREQ FROM 0.5 TO 5.5 MHZ 

Y IS   OFF AXIS PNGLE FROM 10.0 TO 40.0 DEGREES 

DIflMETER IN MILS = 245.0 

VELOCITY IN 10« MILS/SEC IS 57.1 nPrRF(rc 

FIGURE IS ROTRTEO FROM XZ PLRNE BT - ^^  ^  ES 

FROM XY PLANE BY - 60.0 DEGREES 

Mgur. 15.    3D Plot, «apllcude-frequency-angle. 
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X   IS   FREQ   FROM   0.5   TO   5.5   MHZ 

VELOCin   IN   10-  M1LS/SEC
7

15
pl

5
fl

7
NE

l  BT   .   270.0  OEGBEES 

Figure 1^. » plot. 
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Figure 17.    3D plot,  amFÜtude-frequency-dletance. 
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TABLE 1 

COMPARISON OF ACTUAL AND MEASURED SIZES FOR 
SIMULATED "REAL FLAWS" 
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APPENDIX 

tlv carried out at 

(5) 
VA       'j       ,.     j AN     M    Is the zeroth order 

Off) - rr ••
2 Jo^"'"9'    * » ^»«1 fu.ctlo») 

farfield.    At  the same time,  trm 

2 a2      • «+ 5L__+...   (6) 
-6R (3     4    2 a 4A0e    R^8in      2 

^      ,  .^.  a is the radius of  the dis.. h is ^ "- 
where . -^ . ^       2K n      between th    »ansducer and    he^ 

£ ^ Xu if Pro o^jal to ^--SS-SJi    "o-ained from 
for the on axis case,  i.e.. 
Equation  (5). 
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PROJECT I, UNIT III, TASK 2 

DEFECT CHARACTERIZATION BY SPATIAL DISTRIBUTION 

OF ULTRASONIC SCATTERED ENERGY 

P. F. Packman and E. J. Coyne 
Vanderbllt University 

Introduction 

The ultrasonic pulse echo technique Is a highly sensitive nondestructive 

thicknesses are not too great.  IVarf!*id distances  the minimum value 

I, the «..fee« .re pl.nar 1» nature. -'SCL'iS'jIlf«tai"**" 

data on flaw detection of fatigue cracks by production UT methods.^ »J 

There are several reasons for this drop in sensitivity for tight cracks. 

These can be summarized as follows: 

1   The tl htness of the crack does not reflect as much ultrasonic 
anergj'as a volumetric defect of the same apparent projected area.(7) 

disperse some of the Initial energy.,9) 

4. Plastic deformation associated with the stress field surrounding 

the crack may diffuse the initial energy. 

5. The gross orientation of the crack plane may not be Jlreccly 

~~±r. Sä =£•» -VtÄltho° SÄ. 
(10) 
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Technlque/Matl'l 

Ultrasonics 
2219-T87 
0.2" or 0.36" 

Ultrasonics 
Shear Wave 
2219-T87 

»» 
S -;ence Center 
Rockwell International 

SC595.10AR 

TABLE 1 

ULTRASONIC FATIGUE CRACK DETECTION DATA 

Flaw Size 
Length & Depth 

Inches 

.186 x .038 

.07 

.18 

.10 

.125 

.33 

.80 

.15 

Shefr Wave 
7071-T6511 

4340 V Mod. 

Ultrasonic 
Surface Wave 
2219-T87 

Ultrasonic 
Shear 
5Al-2.5Sn Titanlua 
0.125"Thick 

Ultrasonic Shear 
5Al-2.5Sn Titanium 
0.5" Thick 

Ultrasonic Shear 

2219 Al 
0.50" Thick 

0.02" Thick 

Delta Scan 
D6AC 

Duplex inspection 

.25 

.20 

.20 

.09 

.03 

0.07 
0.05 
0.07 

.28 

.05 

.05 

.150 

.030-075. 

Prob of 
Detection 

X 

90X 

901 
951 

90Z 
95X 

90Z 
95Z 

90Z 
95Z 

90Z 

90Z 

90Z 

<19Z 
50Z 

S9Z 
97Z 
5015 

99Z 
50Z 

99Z 

90Z 

90Z 

Confidence 
Level 

Z 

95Z 

Reference 

(1) 

95Z (set 2) 
95Z (set 2) 

(2) 

95Z (set 3) 
95Z (set 3) 

(2) 

95Z (set 2) 
95Z (set 2) 

(2) 

95Z (set 1) 
95Z (set 1) 

(2) 

(3) 

(3) 

preproof (A) 

(5) 
(5) 

(5) 
(5) 
(5) 

(5) 
(5) 

(5) 

induced flaws(6) 

95Z        (6) 
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The problem of determining the degree of crltlcallty of the flaw size, 
shape and orientation Is very difficult.(11)  Few studies have been have been 
conducted on the measurement of the size of small defects by UT.  For the 
case of defects whose size Is considerably larger than the diameter of the 
transducer, several techniques are available. (12), (13), (14)  These Include 
the AVG diagrams developed by Krautkramer (15) and the position scanning methods 
developed by Clacomo, Crlscl and Goldsplel.(16)  Both techniques are relatively 
accurate for larger defects.  The Glacomo techniques uses the motion of the 
transducer to determine the size of the defect.  The transducer Is moved 
slowly across the defect until the reflected signal reaches some lower threshold 
edge, passes through a maximum and diminishes as It passes beyond the crack 
plane.  Geometric analysis of the diverging ray pattern emlnatlng from the 
transducer Is used to estimate the size of the flaw.  In almost all cases 
the ultrasonic signal analysis underestimates the size of the flaw.  These 
underestimates are attributed to 1) tightness of the flaw, 2) multiple 
reflections from the rough surfaces of the crack and 3) diffraction effects.(16) 

The AVG diagram introduced in 1959, (15) relates the distance of the 
flaw from the probe (A), the amplification of the signal (V) in db and the 
equivalent reflector diameter (G).  A reference graph is drawn for a trans- 
ducer by plotting the amplitude in db from a series of flaw disc shaped 
reflectors as a function of the distance of the reflector disc to the trans- 
ducer probe in a water bath immersion system.  The ultrasonic attenuation 
of the water is then subtracted out and typical graphs show the reflection 
conditions without the immersion attenuation.  The backwall echo shows 
that the reflection of large defects becomes nearly linear with the distance 
when In the far field of thß transducer (approximately three field distances). 
The radiation laws for small reflectors show decreases more nearly proportional 

to l/distance^. 

Measurements of -he equivalent area of the flaw by consideration of 
ref1-cted amplitude gives informat .on about the possible minimum dimensional 
values and not about the actual dimension of the flaw.  It is apparent that 
flaws of different geometric configuration can produce the same maximum 
reflection heigh., and hence appear to the ultrasonic beam to be the same 
equivalent area.  Excentric elUptical-crack like defects and circular flaw 

defects of the same area are t *o typical examples. 

The amount of Information about the revealed flaw can be substantially 
increased by considering two aspects of the reflected signal, namely the 
frequency content and the indicatrix of scattering. 

Considerable information is available on the use of frequency analysis 
of ultrasonics as a tool for the charactevization of defects.(17,18)  In 
this type of analysis the frequency MttMC of the ultrasonic pulse is 
examined, and found to change with shape of the defect.  This technique was 

initially proposed by Gericke. 

The use of the ^ndicatrix or indicia as a method of determining inforna- 
tion about the shape of the flaw was initially proposed by Gurvlch and 
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Shchukin(I9 and further developed by ^jfj^fl^i ^lurll 
defined as the standardized function which des^bes the      ^^ ^^ 

sonic waves reflected by the defect tV^t associated with the scattering 
.S, totality of reflected energy ^    er    Is  picked up by a receiver when 

rhP ultrasonic waves from a transmitter, as picitea uy ^.y 
both »ais^ttei and receiver are moving in a prescribed path. 

A typical example of an Indicia is shown in JJj- ^ ^ ^^ 

of reflected energy I is shown a^wecorded is that ound within a gated 
mitter/receiver.  Therpartlcular ^«"^""^f ^f^^ions from a known 
position selected previously ^considering the reflectio reflected 
defective sample. As the transducer scans ^ross the «pec ^ 

energy slowly rises from ™*J£*~ TeJeTZTe      If^ere  is a crack 
a 0.5" diameter straight shank ^i16^™ *. uaves are pertubated by the 
growing out of the drilled ^» «^STSATI^^S original 
additional reflections associated w"h^ crack as weil ^ 

presence of the crack in the vicinity of the drilled hole. 

The technique used by Gurvich and Yermolv «^"«^f g.^ 

indicia at a predetermined ^Z£*~Z  i^SSJ'-Ä the 

Sl^f^Lri^1^8^^^^ Im;rrtant\o dete^ 
from ideal reflectors such as spheres, spheroids and discs. 

Rxperlmental Program 

indicia for scattering from known, «ell CM""°".lm.n, „ers prepared by 

i&.t^-srÄ. s^rsrs s.tssTÄ ^ de.„lbed 
elsewhere.(22) 

ultrasonic indicia were run for ail ^^TZS^Si:  Trepared^in'our 
1, 2. 3. A. and 5 sixtyfourths '^ f?4 f^f j^S.^fS Automation SFZ 
laboratory from 6061 Aluminum. %^S!Lic<n£l  was a Sperry UM 715 
ultrasonic transducer was used. ™* u^0^e * duced on a specially 
with a translgate H gate system. A^ J^"*"^ be recorded directly 
designed fixture.  In this fixture ** fO+^^jZJZZZ  controlled 
using a 10" slide wire position ^^^TJ^^SM^ ^  other axis was 
with a variable speed screw drive *echfi8mJ^ °n* *„ted  ^ amplified 
indexed using a micrometer drive that *~^g^jT^  X-Y recorder 
DC signal from the translgate was fed In" the Y axis of an    r^ ^^ 
while the position signal was used as the X axis. 
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FIGURE 1 TYPICAL ULTRASONIC SHEAR WAVL^ KIÜICIA 

OF GOOD IIOLL (0.5 DIA) 

DISTAJCL (INCHES x 133) 

FIGURE 2     TYPICAL ULTRASONIC SHEAR HAVE INDICIA 

OF HOLE WITH CRACK (0.5 DIA) 

JISIA/.CL (iNciir.s) x 100 
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4 ~A.   ii a low sensitivity position scan to obtain run for each specimen examined; 1) a low sen""vi ' »T ammUtritf  position 

The 5C.„nln8 unit .i.o h.J »^^'1^2^5^323^ ffi 
.„d ■ direction.. lyplc.l y '^J'0'"^'' ^t" ^ch.nged. A typlc.l 
contnct «a. mnlnflnnd during • ""• '^ 'f1"'

1^ „I, pcitlou, to ohtnln 
»erlös of sen, would be «.de by ""t,'"™1"« j'^J „lthi„ the p-e- 
the euppoeedl, l"^/'' ^J f .'"o u! jtlth ^he .ere. drive 
oel^ted gated position.  Scans were tn  y direction.  When a trace 

U4it automatically moving the "
an8ducet *"' *he x Erection.  Thus, a ser.rs 

yÄJr^^ÄÄT^^£^s.-rjS3? 
for .025" x position changes. 

Since both indlcl. -ere -de u.lng the "J '-^i^'S.'SJU-.. 

than that obtained on the second 8Pflme"-  ^X^"" the (maximum indicia) 

would be approximately the same number of x traverses. 

Experimental Results 

The simplest method of describing the ^^^^^-fimeTulse. 
amplitude-distance pulse to be ^e ecu valent of an amplitude t   P^ 

(23)  If this mechanical shock or ^P^f.^^flf k^. the response 

+ 00 

X(t) f(T)-h(t-T) dT (1) 

where X(t) is the response 

f(t) is the forcing function 

h(t-T) the unit impulse response of the system 

t <*  dummy time variable 
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F1CWK3   TYPICAL DLTIMIC mm MAVC IIDICIA or 

UI^üüLJüLILCT. LACüSCA;! ISSTLI' 

MULX OF d.02lj m 

UlSTAilCE (INCHES) 

FiGURE 4     TYPICAL ULTRASO.HC ***. «WE IWC1Ä OF 

IffiEJÜLü DEFECT. EMX SCA,I IS STEP i'JKX 

OF 0.025 IN. 

Ü1STWCE (INCMCS) 
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The Integral involves the convolution of two complicated functions and the 
exact solution usually poses formidable difficulties.  The analysis can be 
simplified by applying the Fourier Transform to the phenomena and describing 
the transformation in the frequency domain.  It should be emphasized that with 
the Fourier transform analysis of the indicia, the Impulse is space-like 
instead of time-like as with the more commonly accepted pulses. 

The Fourier transform is defined as 

A (f) 
,. . -i2fr ft... 
f(t)e     dt (2) 

with the additional requirement that f(t) is finite.  When f(t) is a shock 
or indicia the latter requirement is automatically satisfied since at t - 0, 
and t-f, f(t) - 0. 

If tl.o driving function is given by a short duration square pulse of 
duration T, and amplitude A, shown in Figure 5, the Fourier spectrum of the 
rectangular pulse is given by: 

Smff ft 
A(f) - AT 

ff ft (3) 

II 

This is shown in Figure 6. Thus, it appears that driving functions that are 
Dirac in nature, transform into a series of loops whose frequency between 
node- (zeros) is inversly proportional to the width of the pulse T. Similar 
results can be obtained for sinusoidal driving p ilses and triangular pulses. 

(23) 

Since the observed indicia are all pulse-like in nature, an analysis 
was made to determine the Fourier spectrum of the indicia. A typical 
Fourier spectrum of an indicia is shown in Figure 7.  For some indicia 
it was found that the nodes did not necessarily pass through zero, but had 
minimum which could be associated with the width of the pulse. This means 
that in contrast to the Dirac or Square pulse which is missing energy at 
certain frequencies, these pulses contained energy In these positions 

A plot could then be made of the "order of the node" vs. the frequency 
at which the node passed thorugh zero, or through a minimum. For most of 
the specimens examined this resulted in a straight line, indicating that the 
general shape of the indicia was that of a space-like pulse, whose shape could 
be described in terms of some idealized width related to the equivalent width 
that the ultrasonic probe believes the defect to be. 

Since the actual width of the defect is known and the number of passes 
needed in the step scanning system is also known, the width of the largest 
peak indicia can be taken to correspond to the transducer scanning the defect 
at its widest point.  Hence, a graph of the slope of the node order-frequency 
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Fir.uRE 5     LUUMH PULSL TOR DRIVIHG TUiJCTIOH FOR 

IHI'ULbL AJALY'oIS 

Tiff (DISTANCE) 

FIGURE 6     FOURIER SPECTRA FOR PULSE SHOWN IN 

FIGURE 5 

4-       FREQUENCY (flllZ) 
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f the known maximum width of the series 
plot coald be determined^ a ^ -^^ng^Teast scares fit. a straight 

of defects. This is f0^.1"^' Cental points. 
line has been drawn through the exper ^ ^ 

The analysis of an unknown ^fect would ^ P^oceed^as^o^ow^ . 

the mSimum indicia height ^T^^ST^  the slope of the order- 
te position of the nodes would be determ^  ^^^  Figiire 8 the width 
frpcuencv Plot determined for this "nVc"own:      les of 8Cans are made for 
of th unkLwn could then be df ^^cis LowTthen the value of the ultra- 
0

an unknown, and the ^SShlf^Ä« c-ld be ^"""^fehf Unfs 
sonic indication of the width °* th* *P la are essentially straight lines. 
Lan position. The first and last indicia       interact8 with he 
of Figure 3 and 4. (when the 9**J%*£ {oi:\a^  scan in the ^J 
defect). Hence, the maximum of th« Jn" ld al80 be considered as an indicia 

by examining Figure 8. ct 

Following this reasoning, one can -^Z^ToTZ^  spherical 
from the analysis of the indicia. The "constr     ^ ^^ probleln wlth 

Sect, specimens N. 0 and »-»J^^Stt« in the **»*£ 
these results appear to be ^at the inn wldth and hence, the 
Figure 8 results m uncertaintiesjn J*^«^ to deternline if the defect 

ertfutreflip"^ --shape or circular. 

f ***  defect depends strongly on 
This method of "—f^fl^r^0 he pressure pattern ^nerated by the 

the shape of the pattern *££**«  ^'S^J-^*-.^^' 
transducer. » ■~~^; transducer changes and can *»*»**•"   e88 

^rSSlTSif «2 analysis of the si.e of the defect. The 
It be repeated for each transducer. ^ 

A more direct method of ^"^iningth^ shape of ^^^eectc^n ^^ 

„ade following Gurvich and ff^f -J^the indicia when the probe 
authors give an *****££*£  of ?he defect (assumed to be spherical or 
sonic axis and the s"tteri/f ^e 8Can. The standardized £un"1^c

£
i
0

a
r
1
t

8
he 

disc like) are aligned during the scan       ^ ^ ^^  indlcia is 
envelope sequence of echo signals or 

given by: 

/     Xi\    2 I 5- / 
F(x) -*o(arctg J») cos ^y 

arctg 
Xi 
H 

oo U): 

.. (■.... f}-~  \k'-- ^ -* • ', 
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FIGURE 7     TYPICAL POULR SPLCTRA OF DLFLCT INDICIA 
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FIGURE 8  SLOPE OF FRUGE ORDER vs FREQUCilCY PLOT 
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FIGURE 9     PLOT OF ULTRASONIC INDICIA DLFECT SHAPE 

(RH. SIDE) vs ACTUAL DEFECT SHAPE (Ul. SIDE) 

- 

FIGURE 10     SCHEHATIC FOR CALCULATIir. SCATTERIDG 

IHDICATRIX OF A REFLEC 
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Where f(x) Is the Indicia function 

X = the position of the transducer 

H = the depth of the defect 

i,   = scattering coefficient of defect 

an gle relating the major pressure pattern angularity 

6  - attenuation coefficient 

n « 2-spheres, 1-dlsc 

X = position of the transducer at the maximum echo signal 

The experimental configuration for this  system Is shown ^J1^" J0' 
Since the shape Is normalized. I.e. the scattering factor tortte«*!^ 
defect configuration divide out. one is primarily Interested In the changes 
of shape that ocr r with changes In the beam width of the transducer  I.e. 

SLSTlfSiT .  Computations of the -^^"'^ ^'^s 

valuL of.0 are given In "jfj"^"« Sr'StJS oÄlSÄ^ ultrasonic 
predicts secondary peaks, and Indicate that tor ce"ain      tran8ducer. 
signals should drop and rise again with further motion f ^ "™8^; 
This has been observed with AS" shear wave transducers JJl) and is due 
the formation of multiple reflections from the defect ***•»•'* this 

position as the transducer moves over a large distance  ■«^S'Jj ^ 
Lalvsls we ire Interested primarily la the shape of the primary peak, ay 
Tluitalle Zice  of V the maximum indicia can be made to agree nicely with 

the predicted curves, as seen in Figure 12. 

It should be pointed out that in this analysis, the shape of Jjhe ultra- 

relatively straight forward. 

Conclusions 

The ability of the ultrasonic indicia to characterize the shape and 

size S lidded derects has been developed and ^^JJ^^SJLT 
experimental program to characterize these defects has shown the following. 

1  The shape of the indicium gives a indication of the shape of the 
defect andean distinguish between elongated defects and spherical defects. 
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iDa nkp instead of space- 

HVP a frequency spectra can u gpectra can be useo 

de£eCt,    The .h.pe of the «Mi "^.T^ZT^äSS!* 

the independent variable. ^ ^^^ 

t    The characterUatlon of size «^«f ^^and Yermelov analysis 

of the transducer, and rotation 

errors. 
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PROJECT I, UNIT III, TASK 3 

COMPARISON OF THEORY AND EXPERIMENT FOR 
ULTRASONIC SCATTERING FROM SPHERICAL AND FLAT-BOTTOM CAVITIES 

B. R. Tittmann 
Science Center, Rockwell International 

Objective 

The objective of this task has been to perform those ultrasonic experi- 
ments and analyses required to interpret the electrical signals derived from 
the pulse-echo scattering from defects in terms of the characteristics of 
the defect. The work has been done in the context of evaluating standards 
as currently encountered and utilized in the industrial NDE community. 

Summary 

Experimental data are compared with theoretical calculations for the 
scattering of short-duration ultrasonic pulses from a single spherical 
cavity embedded in a metallic solid.  Emphasis has been placed on the influ- 
ence which a defect has on a wavepacket containing many frequency components 
as is used in practical NDT applications. The angular dependence of the 
scattered longitudinal and mode converted shear waves generated by an inciaent 
longitudinal wave pulse has been measured over the frequency range from 2.25 
to 10 MHz. These data are found to be in reasonable agreement with theoretical 
angular-dependence results obtained with two alternate schemes of synthesizing 
the scattered wave packet out of each of the. frequencies making up the incident 
pulse. 

The study of scattering from flat-bottom holes emphasized normal incidence 
ot an ultrasonic beam onto the flat bottom of a drill hole. The measurements 
have been carried out under a variety of conditions to test the range of 
relevance or Ermolov's theory and more generally to shed light on the range 
of applicability of the flat-bottom hole as a reference standard. Effects 
of liquid versus solid propagation medium, large versus small bandwidth 
ultrasonic pulses, stress-free versus clamped boundary conditions for the 
scatterer, near-zone versus far-zone scattering ranges have been considered 
for a variety of transducers and frequencies.  For most situations, Ermolov's 
theory adequately desjribes the scattering characteristics and, therefore 
provides a useful tool for predicting the behavior of the flat bottom hole. 
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(1)  Introduction 

looroxlMtoly hair of tho effort dnrin« the last year concentrated 

on the ^antlSräval/atlon of ^^-1S^^^SSTl,SW. 

by the AFOSR program. 

(2) Procedural Techniques 

The ultrasonic pulses used in many NOT experiments have a high 
bandwidth and a comparison between our data obtained with th- Pulses and 

emulations based on monochromatic ^^^^^J^^'J^t 

order to resolve this dilemma we «^^ *^2^to2lo«^aIS! H^e 

procedures for applying present scattering tneory to laboratory and field 

practice. 

As example. Figure 1 shows the angular W"*"™?*/ 1 ^ 

S: SSS'.SS- iSlSS 2. power intensities for «J«««—» 

section at eacn iiciiucm.jf ^4«- „.» +>,«. »rPR und°r the square of 
the final result is actually a calc^a^°" °f J11^^^^?^ RF p^se as 
the scattered signal and not t'.c peak height of the rectified w pux 

was measured in the experiment. 

for each angle. This signal i« «MB re^?;^^  '    enVeiope is used to 
its envelope with a parobala and the peak height of the envelope        ._ 
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technics, .ut was found to consu.e considerably .ore colter 

time. 

(3) Results and Conclusions 

Figures 2 and 3 S^^-^JS^SS^^A^^ 
angular dependence of f^Jff^SSTi^lS^S upon which are 
re^ectively associated with » «« ^^.'SSS theoretically calculated 
incident longitudinal waves ,,?* ^f^.. result in Fig. I. Three points 
by the method which gave the "*■»»•"•!* the technique is sufficiently 
emerge from this study: '^X'Zl^tljZ  and experiment for a wide 
accurate to give good agreement ^T^V^J^  listed below respective 
range of frequencies and transducers (»f ^ ^ntly different that a 
fSquencyh secondly, that each ^/^"f ^Sm e = .0 to 6 = 60 
few'measurements points ^^-^J^ J spherical cavity, and; 
should be sufficient t0.det«rmi^p^

e '^ing the mode conversion of the 

sss^TÄS t^rts^ra. * -—identification 
of defects. 

B. ComEari.S.LO^^ 
Procedures Procedures 

(1)   Introduction 

Ermolov.s theory3 is *. ^^a^1J^1jSS1Si^f^ 
for normal  incidence of longitudinal waves on      *££££ scattering from 
a fluid.    This treatment is °f* ™e

afK^II as  some of the other, his 
disks and although ErmoloVs is not as 6^^ conveniert to use.     Since 
solution enjoys the ^vantaf°f

ft^tReconversion t0 shear waves, the 
his  solution does not take into ^^"J^SS situations other than the 
question arises of how well his •J^*"1 "££'    of the several CMM 
highly idealized situation ot  a disk » • " motionless flat-topped 
studied,  only three will be *£**££%, tn a me^l block immersed in 
rod in a water bath;  a flf "^^ ^^ in a metal block with the Wans- 
iÄSlÄ ZSXZZXZ TX allow reception of mode-converted 

shear waves. 

(2) Comparison for three test cases. 

(a) Rod in water bath 

Flgur, N .MS«... ri.ur -^25- s^-russr, 
fro. • 5/»" diameter f1""1»^ "trtrf      Sre a J/k" diameter, 1.0 MH» 
leween the transducer and rod .as ^"^„^".nh very long pulaelengths 

snrs^s rjisrrsÄSS—to ^ ^. *~ 
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shown in the figure are the theoretically calculated positions of the first 
££«3 «Si nSing the transition between the far-zone (high values ol R) 

and the near-zone (small values of R). The ^ree»f\be^een^he°^p^f 
experiment is good even though in this case any effects from the sides of 
Srod (th^ shaft) are clearly not taken into account in the theory.  A more 
stringent test of this comparison is afforded by the plot f^^/ig. 5 
which graphs the infomation in terns of normalized parameters * Here also, 
the da?I ?rom a few runs with different diameter transducers show reasonably 
good agreement with the theoretical plots ■epresented by the continuous 
lines  These lines s).-w both the far-zo:.e (Fraunhofer) and near-zone (Fresnel) 
regime ovL a very large range of the separation R.  m this plot R enters 
into t'.e denominator of the abscissa, so that by contrast wxth Fig. h  the 
separation increases from right to left. 

A noticeable characteristic of th - graph is the smoothing of 
the near-zone peaks and nulls as the ratio of  .e disk diameter b to transducer 
diameter a increases. This result is plausible on physical grounds when one 
considers the phase relationship between waves arriving at the center of the 
transducer with those arriving at the edge.  If the source is almost a 
point source (b/a small), the two waves could add in or out of phase and 
the integrated response of the transducer would give sharp peaks and nulls 
respectively. When the source become the same size as the transducer the 

^eTaf be thought of as consisting of many point ""^t^^S? 
a relatively large area. Consequently, the waves arriving at the transducer 
no longer have a well-defined phase relationship and the sharp features 

heco^Looth and disappear. The same result must be •gf^J«'"^*? 
the waves loose their plane-wave character as would be the case for a puls., 
containing a large frequency band-width. The partial rounding of the peak 
and null in the data in the vicinity of a//R =1.5 is most likely due tr, 

both of these effects. 

(b) Flat-bottom hole in metal block immersed in water. 

When the rod was replaced by a block of metal with a flat-bottom 
drill hole, our data, as well as published data, again gave reasonable agree- 
ment with theory. As example. Fig. 6 presents data in normalized form for 
the case of Al Ultrasonic Standard Reference blocks of various lengths 
and containing holes of various sizes (data taken from the l<m Annual Book 
of ASTM Standards5).  Here the transducer is maintained a fixed distance 
(3 inches) from the face of the block containing the flat-bottom-hole 
such that the waves are incident at right angles to the block face and 
the flat bottom of the drill hole. Any effects of mode conversion taking 
place in the solid metallic sample are not detected by the transducer, since 
the shear waves are not propagated in the water. As seen in the f-gure, 
the agreement between theory and experiment is reasonable in spite of the 
fact that the waves are encountering two layers of material and the flat- 
bottom-hole (backed up by air) no longer satisfies the boundary conditions 
assumed in the theory, i.e.. that of a motionless (clamped) disk. 
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Fig. 5.  Scattering from rod in water bath. Plot of data and Eraolov's 
predictions in terms of normalized coordinate. 
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(c)  Flat-bottom hole in metal block with solid between 
transducer and sample. 

Vimire 7 presents data in a form similar to that  in Fig.   »* 
(relative powl Ts Jf^cUon of the separation R)  on Ti-6^-W Ultrason.c 
SdlrlR^erence blocks of various  lengths all containing the same size 
fiat-bottom-hole  5/6l"  in diameter.     Special effort was placed on ^ur^ng flat-bottom noie?/ temperature melting point   (     50 C) 

L3: iTAS niz: :L4aS ***** ^^ii^z^s'cZ. 
+ v.0 -ir^ntion of the ceak. Data analysis showed that this disagreemeub LA,^ 
no trfco^edfor'bfmisalignment between the flat-bottom hole and the 

Transducer or in any property variation between ^f^f^J^ °fe ' ** 
result then suggests that the theory of Ermolov is not ^^^^^^ 
Lnlicable here, that some mode-conversion may in fact occur - P™fbly 
Ta the edge"f the hole, and that perhaps the presence of a solid bond 
allows the shear waves to alter the back-scattering problem. Further 
tieoretical S experimental evidence is needed to clarify +he situation. 

(5) Conclusion 

In summary, except for special test configurations ^ch as those 
involving sol d bonds o^ metal blocks. ErmoloVs treatment is applicable to 
a w^IvL-iety of scattering situations and should provide a useful tool 
for the analysis of the flat-bottom hole at normal incidence. 
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PROJECT I, UNIT HI. TASK 4 

THEORETICAL STUDIES OF FLAWS AND NDE 

, A. Krumhansl. J. I, Gub.rnatls M. Hubert and E. Uoroany 
Cornell University 

A. of :»ly.  1975. tk. .UM of «i- -»—" °f thlS Pr<,8r" ": 

completed. 

While there is much ^^erature (acoustics) for -alar wave g*1^^ 

believe this to be the first tto. tfcjt ^f^T^C for this theory, 
have been documented. Our writeup can serve as 

and evaluated. 

,. Thus, m  have computed Born *******'Z£££?2'ftJZS. 

i  4 „ <= chat there are many useful regimes 
5. The practically useful c°nclusi°" ^.^e „f its relative simplicity 
of the first Bom approximation -^ich because of       ^^ ^  a8 

does not require extensive «"•"*«» I«2 ^"^ featUreS (8ignatUre8)' a first approximation to explore scattering pattern 

"calibrations." 

Udlvi^al tecnid «po«. covert those „soUs «. •. pr^.ti». 

* shstrsct o, . t.lk to ho »J-«-«^ ir^'so-ro^TSi";- 
Sopto-hot 22 - 24.  1975. at Us Angolos.    Thoory 
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sound by Flaws," J. A. Krumhansl, J. E. Gubernatis, M. Huberman, and 
E. Domany, Laboratory of Atomic and Solid State Physics, Cornell University, 

Is attached. 

Although publications are planned, results from this first year's work 

are just now being assembled In our reports. 

A more detailed overview of the program Is attached. 

Overview 

Ultrasonic metl ods are of great Importance In the study of structural 
and elastic propertle : of materials, particularly for non-destrurtlve 
testing. A remendoui body of experimental work exists and has been Inter- 
preted to varying degrees.  However, these Interpretations have freqi .»tly 
been based upon theoretical methods which. In terms of modern concepts, have 
not advanced nearly as far as have the experimental techniques. 

Beyond the experimental aspects of signal production and processing, 
the central question is that"of specifying how flaws, i.e., inhomogenelties, 
scatter ultrasonic waves.  Several experimental programs are now under way 
to lay a basic foundation for engineering applications, by measuring and 
analyzing the behavior of specific, well-controlled, prototype defects in a 

few representative materials. 

We have addressed ourselves to the theoretical problems encountered 
in this controlled, experimental study. Two lines of development have been 
emphasized, representing substantial advances in the theoretical and analytical 
capability of theory for interpretive purposes:  First, integral equation 
methods adapted from quantum scattering theory are susceptible to a wider 
variety of practical approximation methods than are the traditional differential 
equation approach; second, modern computer capability is vastly greater than 
that available a decade or more ago when much of the last serious study of 
elastic wave scattering in solids was done.  In both respects, n«!W results 

have been obtained. 

Thus, we plan to write a series of reports for record and for use by the 
experimental community; in part, these reports will be a review of theory, 
but much of what we report is new and is not to be found elsewhere, to our 
knowledge.  In addition, computer programs have been produced and rfdults 
obtained for several representative (single) flaw situations in titanium, 

aluminum, and stainless steel. 

Another set of Introductory remarks, for perspective, concerns the 
broader view of the experimental situation. Scattering problems are encoun- 

tered at several levels: 

1) Even the normal "good" material is usually polycrystalllne, so that 
when looked at with sufficient resolution there is a "noise" source not 
present in single-crystal material. 

HI 
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i.(»i. Rcatterln« between £l«w« requires 
J)    In so»! Instances, ■•1"'" JJSSSil differential equation 

analysis.    In .11 of th"e ""^,^."^^"»1 Integral equation .ethods 
„ethods have been '"""""^ 'j!""ound usable In M« applications, 

"TiZ ^rrieTotenil^orridlr .PpllcblUt,. 

„f considerable Interest  Is tbe fact ^^^Tr^Z"T' 

ULTRMONI^CATTERIN^TH^^ 

Krumhansl.  Gubernatls.  noman>.  and Huberman 
July 1975 

Physics:     Constitutive Relations   (Elasticity) 
""       Dynamics   (Newton's Laws) 

Fq■.a^^nnR of Motion; 

nifferential Equations:  Wave Equation 
Ditterentiai. s        Polynomial Expansions 

Integral Equation: 

' 

Boundary Matching 
Partial Wave Scattering Basis 

Fredholm Equation 
Interation Solutions 
Boundary Matching Automatic 
Approximation Options:  Born, Modified 

Born, Variational 
General Scattering Cross Section 

Formula 
Asymptotic and Conservation Laws 
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1 

Regimes: 

Diffraction Limit: ka    «1 ^flaw 
Scattering Pattern Signature 
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Applications: 
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Born approximation for sphere. 

comparison 8pheroid. 
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THEORY OF THE SCATTERING OF ULTRASOUND BY FIAWS 

Hu^erman, and E. Domany, 
j. A. Krumhansl, J. E. Gubernatls, I 
Laboratory 
NY 14853 

An integral e.uation ^verning the scarring of ultrasoun^by an^ 

arbitrarily shaped flaw is presented, and \~*£*"    of a £law embedded 
placement and stress fields a«/18^6^0^^ ami partial differential 
In an Isotropie medium.  Also discussed ^^Vr^ss sections for a spherical 
cross sections for the scattered P0""; .^"^^p^i^ttons: one analogous 
flaw (cavity and inclusion) are evaluated by JT* ^T«*"«^, the other 
to thl first Born approximation in ^ntum mechanca scatter ng,^^^^^^ 

analogous to the Mie-Debye %^^£^T?%S>  «Ct results for 
rc^lrirg^r^ftras^by^^s  - t-elevLce of this c .parison to 

NDE. I.e., fla« identification, is discussed. 

THEORY OF THE SCATTERING OF ULTRASOUND BY FLAWS 
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REVIEW OF fHEORIES OF SCATTERING 
OF ELASTIC WAVES BY CRACKS 

Edgar A. Kraut 
Science Center, Rockwell International 

Thousand Oaks, California 

ABSTRACT 

<th  rh» aid of ultrasonics is an impornant 
The detection of cracks with the aid ot  «     ^ ^ 8catterlng 

NDE technique.  The cor"8P°ndi^'hbeen studied by scientists working 
of elastic waves by cracks *- also been studi J ^  of ^ 8ubj  t 

in many different fields.  Contributi0"^° lc8 and applied mathematics, 
have come from such diverse areas as tß****"'  ^^ the result8 obtained 
electrical engineering, and "^""^"'to the NDE Community and 

rorThrreir;^^^^^ —and pro£itable 

directions for future research. 
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PROJECT I, UNIT IV, TASK 1 

REVIEW OF THEORIES OF SCATTERING 
OF ELASTIC WAVES BY CRACKS 

E. A. Kraut 
Science Center, Rockwell International 

Introduction 

The ultrasonic detection of cracks In the Interior of an elastic sclld 
by the use of surface transducers Is a fundamental NDE problem. The presence 
of crack;, may be detected either by observing the back scattered elastic 
waves using the launching transducer as a receiver or by observing obliquely 
scattered waves with a separate receiving transducer located elsewhere on the 
surface. Unfortunately, most of the theoretical work on the scattering of 
elastic waves from cracks has been confined to the case of a crack in an un- 
bound elastic solid, a situation far differer.r from the experimental one. 
Even in that case, exact results are available only for a crack occupying a 
half plane. Exact results for cracks having a finite surface area, such as a 
penny shaped crack, are not available, although many approximate calculations 
have been published, particularly in the low frequency limit. Before delving 
into the mathematical details of scattering from cracks it is Important to 
recognize that idealized cracks and real cracks may differ substantially in 
their behavior.  For example. I cracked specimen may show different ultrasonic 
scattering characteristics depending on whether it is loaded or not.  Such 
differences may be attributable to the closing of cracks under compression 
or the opening of cracks under tension.  Important as such considerations are, 
they have received little attention from theorists.  Consequently, until a 
better description of the boundary conditions at a crack becomes available, 

the idealized theory must be employed. 

Idealized Description of Cracks 

From the theoretical point of view, a crack is a two dimensional 
surface of finite or infinite area located in the interior of an elastic 
solid.  For example, a penny shaped crack can be thought of as the result 
of removing a thin disc shaped section of material form the interior M a 
solid.  Boundary conditions are now applied at the surfaces of the void 
which has been created.  In the case of a weak crack the surfaces of the 
void are taken as free surfaces where the stress must vanish.  In the case 
of a rigid crack, the void is imagined to be filled with a completely rigid 
material which pins the walls of the crack so that the displacement ^ *er° 
everywhere.  In each case the finite thickness of the disc is neglected and 
both faces are thought of as occupying the same plane.  This approach, while 
mathematically convenient, avoids the question of how the faces of the crack 
interact with one another and whether the ct.ick Is open or closed. Typical 
examples of two dimensional cracks are shown in Figures (1) and (2). 
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INCIDENT PLANE WAVE 

PENNY SHAPED CRACK 

Fla. 1 Geometry 8    Penny Shaped C«ck 

of the Scattering Proble« for A 
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INCIDENT PLANE WAVE 

SCATTERER 

Figure 2 

Geometry of the Scattering Problen for a crack 
occupying a quarter plane 
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Sca^tering^OlMil^Waves^^^ 
Half Plane 

There are two features of a cracU ^~-^IrÄTSa 
Its behavior as a scatterer of ^«J*!?-^^ the stress or displacement 
represents a two dimensional surface across whl ^ ^  which 
(or both) can be discontinuous.  ™e S"°™aves produced by an Incident 
generate diffracted waves.  The ™l?**£££  8hown m Figure (3).  For 
Lmpresslonal wave striking «£" »^^^ fronts shown, there will 
the case of a weak crack In ^^ * ^ the edge of the crack and 
also be a Rayleigh wave propagating W ^^.^  t

8
8olutlon for scattering 

confined to the plane of the c^ck  T.e JljJ^R   ^^     ^  corresponding 
by a rigid half plane crack was 8^* ^ '"^ and compressional waves by 
problem of the scattering of tim%^™^(2) in 1953.  A very detailed 
a weak half plane was solved «f'V^Mdent shear and compressional pulses 
exact treatment of the diffraction of incident shear    * P^^ ^ 

by weak and rigid half planes ^VV^^d^ZmatM  parallel to the 
plane problem is f^*^1****»    ^klng the remaining problem two 
edge of the half plane are *^*^ i-laLi«. the half plane problem pro- 
dimensional.  Since the «-^^^^/^^^xlmate solutions such as the 
vides a convenient means of tef ^"i0^at?ering from a half plane can be 
Kirchoff approximation  ^^-^^JSTf the theoretical problem 
modelled as shown in "««*Jü*«*VfiSS depth beneath the free surface 
of scattering from a half P;ane .^ * „""the v of 8cattered waves shown 
of an elastic half space.  ^ the 00^^111^ «ultlple scattering, wave- 
in Figure (3). there is now f^^^^in the region between the half plane 
guiding and the excitation of ^amb waves in t    g     ^^ ^ have been 

ScTi^Ti^-nSS^tJrS. with which the problem can be 
modelled further work seems worthwhile. 

j7227^n"nded Elastlc Mediuin 

Consider the scattering of an ^^^Z^T^^ ™ 
of finite excent and vanishing thickness  In^an «last ^ ^^ 

rs=: TarrsÄfir^ss; s^u ■— satisfy ^— 
geneous wave equation 

/ä2u   \    *\ (4.1) 

With the aid of Green.s\heore£ f^^tl^STZ^^ 
can be expressed In terms •< ^«g ^JJ, in the direction of the 
stress. Let n* and n" denote the ^JT**?£  of f  and 27 is the other 
normal to ? aid r «spectively; J Is one face o^    ^ ^^ n+ ._  _ 

face.  The positive sense of n+ and n1 is taKen 
-^- ,  4„ ^Konlacement is given ^y 
tace.  me puoj-i.^»»-    .it. 
The jump in displacement is given by 

+ H u. 
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I - Incident compressional wave 

II « Reflected compressional wave 

III « Reflected shear wave 

IV ■ Diffracted compressional wave 

V » Diffracted shear wave 

VI « Diffracted conical wave 

Figure 3 
Diffracted and reflected wavcfronts produced an 
""rent compressional wave on a half plane crack. 
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WEAK CRACK 
(STRESS FREE BOUNDARIES)^ 

COMPLETELY RIGID FILLER 

RIGID CRACK 
(ZERO DISPLACEMENT ON BOUNDARIES) 

Experimental «odels for scattering 
and diffraction from stress free and 
rigid half plane cracks. 
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,„.♦.      '«-'« n; 
(A. 3) 

where 

ü 
3UP 

. the scattered field u^vx,,^.^ 
in the time ^-nic case the 

is given by Ju.1 

,-    (X^X^Xj.W) s ^Vepq^KJ <dS 

-jkpq       iP H>l dS 
(4.4) 

^      q 'V <     the di^plac61"6111 due 

to a single layer        ,w„Macemant which is « h    double iayei 
Tribution leads to a displac    «^ term due " t     ^  as8uined nt. 
assumed amount,    »«g »j^L which jum^ across        y t on G^ 

^tion ^*ZAlZ sire** across I. Tb    ^ and is given by 

(4.5) 

exp{-ik.T) 

where r ■    {*y'*y 
.2  .   ix .r  )2 + Ix^-Cj) 

(x,^,)    + 1*2 4' 3   J 1 P K 

2 
0v

2 - x+2p and pvs ■ H 
P kS='      S* P (     Hties  in the integrands of 

^^^t^h^Älofved'exactly S ^3^^- "e — 
rorcSs'of more general shap«.  only 
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Klrchoff's Approximation 

In the Klrchoff approximation, specific assumptions are made about 
the Jumps in the stress and displacement across a crack.  This permits the 
direct evaluation of (A.A) without having to solv^ any integral equations. 
We are Interested here in the errors Introduced by this approximation.  In 
Klrchoff's original theory; on the Illuminated part of the scatterer (in the 
sense of geometrical optics) the wave function and its normal derivative are 
equal to their corresponding values as if the scatterer were absent, on the 
dark part of the scatterer the wave function and its normal derivative 
vanish.  The corresponding assumptions for the scattering of elastic waves 
are thac the amounts by which the stress and displacement jump across a 
crack are numerically equal to the corresponding values of the incident 
wave at the illuminated surface of the crack.  When this assumption is made 
it is found^ that all the reflected waves are lost in the solution.  The 
critical angle head wave is also lost.  Only the incident wave and the 
diffracted waves generated by the edge of the crack are obtained.  This 
explains why the Klrchoff assumptions are supposed to solve diffraction by 
a perfectly absorbing scatterer (in optical terms a black screen).  The 
Klrchoff approximation can be modified in such a way that the correct 
reflected waves are obtained,-'>^' however, the critical angle head waves are 
always lost.  One can think of the Klrchoff approximation as a method of 
specifying the physical properties of a crack in terms of the jumps in dis- 
placement and stress across it.  If these jumps are numerically equal to the 
corresponding values of the incident wave at the crack surface, the crack 
is perfectly absorbing or "black".  In general, however, the theories of 
Klrchoff and modifications of it are poor substitutes for rigorous diffraction 
theory (wave equation plus boundary conditions) because they do not correctly 
describe the field in the vicinity c' the scatterer and in the long wavelength 
limit because they entirely fail to piedict the correct order cf magnitude 
of the field far from the scatterer.*) 

• 

Scattering from a Penny Shaped Crack 

The scattering of elastic waves by a penny shaped crack in an unbounded 
elastic solid has been treated by several investigators.5-15)  Some of the 
earliest work Is that of FllipczynskiS) (1961) who treated the problem by 
separation of variables in an axially symmetric oblate spheroidal 
coordinate system.  Use of that coordinate system permits a simple state- 
ment of the boundary conditions on the surface of a disc since a disc is 
one of the coordinate surfaces.  The case considered by Filipczynski5' is 
that of the scattering of a normally incident plane compresslonal wave by a 
disc in the limit in which the radius of the disc is much shorter than the 
waveleng'h of the incident wave (long wavelength or Rayleigh limit ka -"O). 
In this case the Klrchoff approximation is expected to be poor.  Far away 
from the disc in Figure (1), the reflected waves can be referred to a set 
of spherical coordinates 

153 



*» 

Science Center 
Rockwell International 

x = R cos9 

x = R sina sin^ 

x = R sine cos* 

(6.1) 

crack In Figure (1), then axial «*»'' '     ^ potential   # 

that. 

U»7^+Vx(eij1A^) 

5) t   , or,H A  In the long wavelength, far 
FUlpczynski's expressions  for f  and A^ In      I 

field limit are -ikLR 

(6.2) 

<e = *o  R 

-of 
-ik^ 

cose 

sind 

(6.3) 

(6.4) 

where 

i+ 

(6.5) 

(6.6) 

The longitudinal and transverse wave numbers are ^ and ^ J-J^^' 
The corresponding displacement components uR, u  , 

"ikLR 
e     cose , 

-ikjR 

e " ikT Ao   R   8in9 

l^A 
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Different expressions for the far field displacements due to diffraction of 
elastic waves by rigid and weak circular discs have been obtained by MAL,/~ii; 

and formulas for the corresponding scattering cross-sections appear In the 
works of Robertson6) and Filipczynski.5)  Details of the computation of the 
scattering cross section when plane time harmonic compressional or shear 
waves are incident on two or three dimensional obstacles in an infinite 
elastic solid have been discussed by several authors.16-19'  Except for 
Filipczynski's work, all the other cited results have been obtained in 
cylindrical coordinates by iteratively solving integral equations for 
the scattered field in the long wavelength limit.  The work of RobertsonbJ 
is particularly interesting.  He assumed that the scattered field due to a 
plane compressional wave normally incident on a penny shaped crack could be 
modelled by a harmonically oscillating piston on the surface of a semi- 
infinite elastic solid.  He thus replaced the problem of calculating the 
scattered field from a disc shaped flaw in an unbounded elastic medium by 
the problem of calculating the radiation field of a -Use shaped transducer 
on the surface of an elastic half space.  Robertson considered the case where 
a time harmonic normal stress is prescribed at the disc surface and the dis- 
placements are zero elsewhere on the boundary.6) He also treated the compli- 
mentary case where the displacement is prescribed at the disc surface and 
the stresses are zero elsewhere on the boundary.20)  In both of these 
cases, the fact that stress is prescribed over one portion of the boundary 
and the  displacement is prescribed over the remaining portion leads to 
integi^il equations which have only been solved approximately in the long 

wavelength limit. 

There is another kind of disc shaped transducer problem that has been 
solved exactly by Miller and Pursey.21)  It is the problem of the field due 
to an oscillating normal stress applied over a disc shaped region on an 
otherwise free surface of a semi-infinite elastic solid.  Since in this case 
the stress alone is specififed on the boundary, the problem can be solved 
exactly.  The solution obtained by Miller and Pursey21) given in terms of the 

potentials *(r, z) and V (r, z) is 

♦(r,i) ■ '^expl-vzRUaU (kr)dk a  fW 
J —F(kr 

*(r,2) - ^T""5 p^T exp(-v1z)J1(ka)J0(kr)dk (6.10) 

where 

v - A2-kä 

F(k)  -   (2K2-kjä )2- 4k2 uv ' (6.11) 
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and k  , k  are the compresslonal and shear wave numbers respectively. 
The radius6of the disc Is r - a and the modulus of rigidity of the solid 
Is  .  The Utsplacemenf u , and u^ and the stresses Trz and 1^  are 
related to tY»,  potentlali by 

2 

5z      9r3z 

\hr *>il* 

rz 

/9u        3u 

*r, 
Tzz = -^V +2u5r 

The boundary conditions satisfied by this solution are 

r < a 
zz 

zz 

- 1 
z = 0 

= 0 

z = 0 

for 

for r > 

(6.12) 

(6.13) 

rz 
= 0 

z - 0 
for 0 < r <' 

In the spherical coordinate system of (6.1), the far field asymptotic form 
of the solution valid for large R and small a Is given by 

-1R cosfl(Q2 - 2sln2e), 
F   (sine) 

(6.1A) 

^ 

-Ia2r3 e-l^    8ln 2 e (r2sin2 9-1)1/2 
(6.15) 

F  ( i sine) 
o 

where the compresslonal wave number ka has been replaced by unity In 
(6.14) and the new shear wave?munber, 
function Fo (C ) - (2; 2- ^ ^ 

The corresiondlng expressions obtained by Mai '   for the asymptotic 
scattered fields due to rigid and weak discs In unbounded elastic solids 

are 

ive.number  Is glVS" bX^T,^e ^ka *  The 

2)2 - ttc2^1-!)1'2^-^1^   •       (6-16> 
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-lkaR 

V 

for rigid discs,  and 

_ i_co8e p(k      ine)e__^ 

Pa' 
■ik6R 

L^ p(k 8ine) «-y 

(6. 17) 

ikaR P(k sin ) 

u    - const.  | (£^-2 sin    )  in (6.18) 

ikBR P(kß8ine) 
uQ • const, f sin 2 6       3lne 
'6 R 

for weak discs 
11) 

The a.plitude factor P (k) U obtained fro. the approximate or^  ^ 

Figures 5 and 6. 

Related Diffraction and  Sratterintt Problems, 

The diffraction of plane elastic waves ^^^TT^Tl^SSlRw 
strips or -acks of  finite width ha      eentreaed ^^^0^ 

roLfdertheriffr^ti. If ^L and stss  intensity ^^ 
cracked  layered composites      "«^-^ been ex^ned 'by Datta> 
sional elastic waves by a rigid ^.^* STLTILwIS to acoustic scattering 

?rdiicÄr::iÄÄ^^^ 
Uslenghi31) and some useful ^/^^-/^^w 32)  ^addition to the 
is contained in a selected review by Pao and mm. St 

problems of scattering of elastic wav"fl^
0;f

ha
1^
f
te^^

e8
i; J cra;k occupying 

another two dimensional «ca""ln8 8Uf;" °f J^^ne  äL problem and the 
a quarter plane, i.e. one quadrant of an (x y) P1«^ ™  J 8erle8 of papers 
solution of related integral ^^^^^J^SMA  the quarter 
by Kraut.33-3  ^^^iZtTZ^S^^Si  to be possible, 
plane scattering problem tor eiasiii. 
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Fig. 5.    Radiation field of the diffracted P and S waves for incident 

P waves. 

Fig C  Amplitudes of P(k) (solid curves) and Q(k) (dashed curves). 

For k - 1. the amplitudes of P(k) and Q(k) are almost identTcal. 
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Conclusion 

In a brief review such as this a great many topics of current Interest 
In elastic wave propagation have to be omitted.  These Include recent 
advances in finite difference 37.38) and finite element me^ods. 
application of Keller's geometric theory of diffraction^'   to elastic 
wave propagation oroblems/2) first motion methods in the scattering of 
elastic pulses, ^  variational methods. '"*>  numerical solution of integral 
equations arising in scattering problems, applications of the  W.K.B, -.rv? 
Born approximations to elasticity, use of the Watson transformation, 
asymptotic expansions, perturbation methods, as well as long, short and 
intermediate wavelength approximations in general. 

Many problems of interest to NDE involve scattering from cracks and 
flat botton holes in bounded or semi-infinite elastic solids as opposed 
to unbounded solids.  The presence, in addition to a crack, of one or more 
extra free surfaces greatly roaplicates the mathematics of the scattering 
problem.  The development of effective approximate methods to solve t,u.J.. 
problems and comparison of the resu ts obtained with exreriment can con- 
tribute significantly to progress in NDE. 
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ABSTRACT 

Standard KDE sables of various -tals ^^LSS^U 

defects of known geometry were ^f^f^'^^Jthe samplo.s contained 
bottom hole samples were made. b^ ^e ^^^ and were fabricated 
internal defects of known size. ^^^J^iZ^  for the diffusion 
by a diffusion bonding technique JJe material us       conditlon8 

bonding. 
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PROJECT I, UNIT V, TASK 1 

SAMPLE PREPARATION 

N. E. Paton 
Science Center, Rockwell International 

Oblectlves 

The following objectives were established for this task at the Initia- 

tion of the program. 

1  To fabricate a set of standard NnF samples containing defects of 
known size, shape and location, the metals and alloys used fo- 
sample preparation to be structural engineering materials.  Dif- 
fusion bonding to be used to fabricate Internal defects in suitable 

materials such as titanium alloys. 

2.  To develop methods of preparing standard NDE samples from metals 
such as steels and aluminum alloys which cannot currently be 
diffusion bonded by accepted techniques. 

Background and Introduction 

In a previous effort(1) techniques were developed for Introducing Internal 
defects -either voids or Inclusions- into bulk samples of titanium alloys by 
diffusion bonding.  In order to avoid changing the shape and volume of ■• 
internal defect it is important to k^ep the bulk strains low, and consequently 
the pressure used in the diffusion bonding process must also be low.  This 
can be successfully accomplished only by careful attention to surface prepara- 
tion, but techniques for achieving the desired results have already been 
Se^elopedd).  Atypical example of the types of defect which can ^ produced 
is shown in Fig. 1.  These techniques have been further developed for Tl alloys 
under the present program and also extend to certain steels. 

Sample Preparation Methods 

Methods used for preparing standard samples for ultrasonic non-destruc- 
tive testing depended on the type of defect desired and the alloy.  Four types 
of defects have been made so far, and these are illustrateti in Figure 2. 
The defects are characterized as to their geometry; Type 1 being a 
flat-bottom«d-hole. Type 2 a sphere. Type 3 an oblate spheroid and Type 4 
a prolate spheroid.  The flat-bottom-hole was made by conventional machining 
techniques, and the accuracy with which a flat bottom was obtained in 
different materials was checked by sectioning trial samples.  These results 
are shown in Fig. 3 and demonstrate that an acceptable flat geometry was 

obtained. 
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FLAT BOTTOM HOLE 

jYPE 1 DEFECT 

400. 800, 1200V M* 

OBLATE SPHEROID 

TYPE 3 DEFECT 

BOOii D1A. 

200, 400u HIGH 

SPHERICAL V-KVITY 

TYPE 2 DEFECT 

400, 800, 1200v DIA 

PROLATE SPHEROID 

TYPE A DEFECT 

1600u HIGH 

400, 800y DIA 

Flg. 2   Defe^ 
gecnetries produced during the progra». 
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iJ024AL FLAT BOTTOM HOLES 
Ti-6A1-4V 

Fig. 3   Flat bottom 
holes 800 um 1" diameter 

fe, (a) 202AA1 (b) T1-6A1-4V. 
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A11 of the other defects «ade ^^lo^TA^Z  SSiT" 
not be produced by conventional »^f^f'^ible the Introduction of 
technique was therefore developed which ^J6 P0^e8ent „ethods only tltar.xum 

Tnternal defects * "'^'SgYätSE  bonded.  With tltanlu. alloys, 
and its alloys ran ^satisfactorily ditt ration. g0es Into 
the oxide, which is always formed du™ *     ■£      ^^  yields aa oxide 
Solution during the high ^^^^^^ ^gutshabie fro. the parent metal 
free, high quality, bond f ^ *" ^fly.  In addition, failur». of tensile 
both ultrasonically and «-^f^fj^J^Z  Thus high quality NDE 
tested samples did not occur ^V  .^prnaldefects.  Unfortunately, this 
Tuples can be produced «^^^^^^^52 lUf because of the 
process cannot presently be ■»"•J"^"   the bond ime. This 
5i?ficulty encountered with oxide inc1^0

R
n8

to
at

dis
n
8olve their oxides, in 

Results from the inability «^^-^  E o ts are being made to find a 
contrast to the situation «"h/i

s
t

e^; on bonding of Al and steel alloys 
solution to this problem, and a sectio 
included at the end of this report. 

» v„ not  ir  the production of 
One further important re^i"men'/Ue

S
e;m

b
e
e
tr! and that is the bonding 

eternal defects of controlled siZe and ^^J 8pecilDen strain. 

pressures must be low in °rder t0 ^^ defect geometry.  In P"Ctice. 
and in turn, prevent chan*e*/^tf ^  This requirement for low bonding 
the macroscopic strain was linlteJ " ^ J, the slTface  roughness of the 
pressures enforces stringent «^TS^i of>uch samples is that 
Lees to be bonded.  A requirement in fabric tho8e 

(2)   t-he theory of diffusion bonding 
Recent work ^ Garmong and Paton   on t ^^  ^ and        for 

provides a method of calc;;lat;"* ^"X constitutive behavior of the 
a void-free bond, from «J^^g^^J! features of the surfaces to be 
material to be bonded.  They ^owed that tw        ^ pres8ur for a 
bonded are Important factors £ "^^n surface flatness (or long 
satisfactory bond.  They are first, the ^er 8urface roughness (or 
Wavelength Lperlty height) ^T^i'^L^^  first was found to be 
short wavelength asperity ^ight).  Of these t  ^ ^  ^ ^ a ^ 
the most important factor.  JS^JfJ^ but not necessarily mirror finish. 

diffusion bonding. 

Upplng the MtMM to be '0"ft,,°>U-f"e bonds whore.s convootloo.l 
b.oL. Thl. procodur. ""''"'''"^".ctory yielding bond. -1th . hl.h 
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A typlca! s«.pU aft« banding '» »'r^^^u^'a« 
.„pie haWa. and laaatlag ring -^g^ 'ZTL oi\  .Irror flnlah 

bSulS^ÄHLTSi^ Gained ^ -»» —" 
ing the conditions quoted here^   . 

TABLE I 

Surfac. frapatatlo» and Dlffn.lon Bonding Prnc.dnraa 

Lapping 

Diffusion Bonding 

Surface ground and lapped to »4 
finish, flat to within four optical 

bands. 

1. Wash in alcohol 

2. Rinse in distilled water 

3. Ultrasonic clean in detergent 

4. Rinse in distilled water 

5. Ultrasonic clean in distilled water 

6. Dry dust free 

I Heat in vacuum of better than 10 torr 
to specified temperature (900 or 3260C) 

see Table III. 

2. Load to 500 psi for 30 ntfns. 

3. Cool in vacuum 

^^a^ai   Specifications 

A    f^m ?024 Al.   1100 Al,  Commercial Purity Ti, 
„.sÄnr^raclir    ™ foipnaitlon. of tha.a aU.V. «a ah», 
in Table III. 
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202A Al 

1100 Al 

75A Tl 

TABLE II 

Alloy Compositions 

A1_4.5ZCu- 1.5%Mg-0.6%Mu 

99.OX Al 

99.0% Ti ^ 

T1-6M-«     Ti-e.^M-A.lSXV-O.iSIO.O.ielFe 

(Heat #DA781) * 

T1-641-«       n-».i«"-».ow-».w •.••'«'• 
(Heat #D4705B) 

n 9SXC - 1.3Z Mn - 0.5X Mo - 0.5X Ni 
A533B Steel   Fe - 0.25XC  i-J* 

* Actual chemical analyses 

SinCe most 1 the -fusion honde^amples ~£^££^. 
the microstructure and texture of ^^^ ^v,  after a heat treatment 
Z  microstructures of the two ^fJ^fLdlng are shown in Fig. 5. 
cycle duplicating that used 1%^""^^« with a grain size of 
EfflTt^tL^^SrS hexagonal . phase appears light 

whllC the hcc | Phase appears dar. ^^^ ^ 

The crystallographic text"" °f ^Z and (1010) pole figures showed 
x.ray method and the results of the ^OO^and ( J JJ» ^ eit ca8e. 

that the texture was no more than a d therefore was not 
Sis is considered to be a W «Mkt«t«W.        ^ experlraents. 
considered a problem in ^ ° /^e Jfects of texture, a reference mark 
In a further attempt to f-^"^ f^a, stock before cutting i"^ 
„as placed on the side of both ^sot       and hottom were then reassembled 
sections for the samples J^Jj^W to diffusion bonding, 
without rotation relative 

Le Inventory 
  ■, .ot-rioo were fabricated 

duzing the course of this t™*™*'      v    Figure8 6 and 7 are the 2* 
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D4705B 

04781 

• 

Fig.   5 
u  ►  ^f TI_AA1-4V (a) Heat D4705B used 

Mlcrostructures of the two heat ^^^^^ 2 ^ lnch 
for 4 inch diameter samples, (b) Heat u^/öi u»c 

diameter samples. 
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EXISTING TITANIUM 

RI„G .230" HIGH 

FIT WITH MIN. 

CLEARANCE (.0005" 

MAX.) 

DEFECT TO BE 

MACHINED LATER 

CENTERS MUST BE 

CONCENTRIC WITH 

I.D. OF RING 

WITHIN .001" TIR 

ME DEFECT SAMPLE ASSEMBLY 

FINISHED DIMENSIONS  2.250 ± .002 In DIA 

2.250" HIGH 

MATERIAL T1-5A1-4V HEAT # D4781 (TIMTT) 

Fig. 6   Samp)  assembly for 2% Inch diameter sp' Imen. 
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1-1/2 

3/16 MAX 

CENTERS MUST BE 

CONCENTRIC WITH I.D. 

OF RING WITHIN .001" T.I.R. 

CODE I WITH "A" PREFIX 

EXISTING TITANIUM 

RING .230" HIGH 

FIT WITH MIN. 

CLEARANCE (.0005" MAX.) 

DEFECT TO BE 

MACHINED LATER 

BAR IS GROOVED TO 

WITHIN 1.150 of L 

■CODE f WITH "B" PREFIX 

USE VI5RA TOOL 

CUT SAMPLES FROM 

2-1/2" DIA BAR IN 

CONSECUTIVE "AI^S 

WITH DEFECT SURFACES 

FACING EACH OTHER 

Fig. 7 

NDE DEFECT SAMPLE ASSEMBLY 

FINISHED DIMENSIONS  2.250 t .002 in DIA 

3-11/16 in HIGH 

MATERIAL - Ti-6A1-4V HEAT I D4781 (TIMET) 

Sample assembly for long 2>4 nch diameter specimen Intended to be 
machined to a spherical geometry centered on the defect. 
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depeide.ice of scattering from spheroidal defects. Fig. 8 shows the larger 
diameter (A inch) samples made later in the program.  An inventory, of all 
samples made during the course of the program is given in Table III. Tiis 
table includes information on flat-bottom-hole samples as well as the 
external dimensions, serial i.jmber, sample code number, heat treatment and 
date delivered.  Details of the sample code number, which permits identifi- 
cation of rhe alloy and defect geometry, are given at the end of the Table 

III. 

Diffusion Bonding of Steel and Al Alloys 

Standard test blocks containing Internal defects are most easily 
produced by the diffusion bonding methods described.  In the case of 
titanium, this method works well, because the thin oxide which forms on 
the surface dissolves readily in the metal at the temperatures used for 
bonding, gi' ing rise to a clean oxide-free bond plane. Mechanical 
failure in a tensile test does not occur in the bond line, and the bond 
plane is metallographically indistinguishable from the parent metal. 

Other metals, such as steel and aluminum alloys, are not so readily 
bonded however, since the oxides which form on them in air (of the order 
of 100 X thick) do not dissolve into the metal during bonding. This is 
on account of the limited solid solubility of oxygen in these metals - 
a few hundred ppm at most, as compared to ^ 30 atom percent in titanium. 
The resulting planar array of oxide particles almost invariably gives 
rise to premature failure at the bond plane in a tensile test. 

A method of successfully diffusion bonding these metals is therefore 
needed. A solution to this problem is particularly difficult in the present 
case, where only 1 to 2X  strain is permitted during bonding in order to 
preserve the desl "Pd defect geometry. An attempt was made to bond these 
materials by removing the -urface oxide, befove bringing the surfaces into 
contact and applying pressure. In the case of steels, this was accomplished 
by flushing the vacuum system with Hj gas at atmospheric pressure for a 
period of time, evacuating the system, and then applying pressure. This 
procedure proved entirely successful on an A533B pressure vessel steel 
with the H. flush and bonding operation being carried out at 1000oC 
and a bond pressure of 5000 psi for 30 mins. A micrograph of the 
resulting difi.sion bond is shown 'in  Fig. 9 which a tensile specimen 
containing a bo.nd produced by this method is pictured in Fig. 10, with a 
pencil indicating the bond line awa/ from the fracture. 

Hydrogen gas will not reduce oxides of Al or Cr, thus Al alloys and 
stainless steels cannot be bonded in the manner described above, and 
attempts are being made to use Ar sputtering to clean the surfaces of 
these metals prior to bonding. It is anticipated that such t »hods will 
work on these alloys, but at a considera»-" ' cost In experimftni-al complexity. 
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TABLE III 

Sample Inventory 

NDE SAMPLES DELIVERED OCTOBER 1, 1974 TO JULY 10, 1975 

Serial No. Code Height Diameter Date Heat Treatment 
(in.) (in.) (Heat No.) 

None (D4781) 1 0-0-64 1 Th 10/1/74 

2 0-0-64 1 2h 10/1/74 None (D4781) 
3 0-0-T 1 2»» 10/1/74 None (D4781) 
4 0-0-T 1 2*i 10/1/74 None (D4781) 
5 0-0-24 1 2»j 10/1/74 None (D4781) 
6 0-0-24 1 25» i0/l/74 None (D4781) 
7 0-0-A i 2»« 10/1/74 None (D4781) 
8 0-0-A 1 2H 10/1/74 None (D4781) 

10 1-12-T 2 1\ 10/1/74 None 

11 1-12-24 2 2h 10/1/74 None 
12 2-4-64 2 2h 10/1/74 DB,1700oF (D4781) 
13 2-8-64 2 2h 10/1/74 DB,1700oF (D4781) 
14 2-12-64 2 2* 10/1/74 DB,1700oF (D4781) 
15 1-8-64 2 2h 10/8/74 DB,1700oF (D4781) 

16 1-8-64 2 2H 10/8/74 DB,1700OF (D4781) 

17 1-8-T 2 2h 10/8/74 None 

18 l-b-T 2 2h 10/8/74 None 

19 1-8-24 2 Mi 10/8/74 None 

20 1-8-24 2 2* 10/8/74 None 
21 1-8-A 2 2»» 10/8/74 None 

22 1-8-A 2 . 2% 10/8/74 None 

23 1-4-24 2 2H. 10/8/74 None 

24 1-8-24 2 4 10/xd/74 None 
25 1-12-24 2 4 10/18/74 None 

26 1-24-24 2 4 10/18/74 None 
27 1-32-24 2 4 10/1/3/74 None 

28 0-0-64 2 2»» 1/15/75 None (D4781) 
29 0-0-64 2 2»» 1/15/75 None (D4781) 

30 2-8-64 2 Mi 1/15/75 DB, 1700OF (1)4781) 

\ 
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Serial No. 

31 

32 

33 

3A 

35 

36 

37 

38 

39 

AO 

Al 

A2 

A3 

AA 

A5 

A6 

A7 

A8 

A9 

50 

51 

52 

53 

5A 

Code 

1-A-T 

1-A-6A 

2-A-64 

2-8-6A 

B-2-A-6A 

B-2-8-6A 

B-2-12-6A 

B-3-2-6A 

B-3-A-6A 

B-A-A-6A 

B-A-8-6A 

0-0-6A 

0-0-6A 

0-A-6A 

1-8-6A 

1-12-6A 

2-A-64 

2-8-6A 

2-12-6A 

3-12-6A 

3-A-64 

A-A-6A 

A-8-64 

2-8-6A 

K-ight 

1H 

1% 
2h 

2h 

3 11/16 

3 11/16 

3 11/16 

3 11/16 

3 11/16 

3 11/16 

3 11/16 

6 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

TABLE III (Continued) 

Date Diameter 

(In.) 

2h 

lh 

lh 

ft 

21* 

ih 

ft 
ft 
ft 
ft 
ft 
2% 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

2/18/75 

2/18/75 

3/3/75 

3/3/75 

3/7/75 

3/7/75 

3/7/75 

3/2A/75 

3/2A/75 

3/27/75 

3/28/75 

A/28/75 

A/28/75 

A/28/75 

A/28/75 

A/28/75 

6/20/75 

6/20/75 

6/30/75 

7/7/75 

7/8/75 

7/9/75 

7/10/75 

7/10/75 

Heat Treatment 
(Heat No.) 

None 

None (DA781) 

DB, 1700oF (DA781) 

DB, 1700oF (DA781) 

DB, 1700oF (DA781) 

DB, 1700OF (DA781) 

DB, 1700oF (DA781) 

DB, 1700oF {DA781) 

DB, 1700oF (DA781) 

DB, 1700oF (DA781) 

DB, 1700oF (DA781) 

1700oF, 30 min. (DA781) 

l/OO^F, 30 min. (DA781) 

1700oF, 30 min. (DA705B) 

1700oF, 30 min. (ÜA705B) 

1700oF, 30 min. (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

DB1650oF (DA705B) 

1 

*Sample code describes 

Defect Type 
0 - No defect 
1 - Flat Bottom Hole 
2 - Spherical Cavity 
3 - Oblate Spneroid 
A - Prolate Spheroid 
B - Defect displaced 

defect type, size and material as 

V 
Dpfect Size 
(im x 100 

from mirror plane 
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T - CP Titanium 
6A - Ti-6Al-AV 
A - 1100 Al 
2A - 202A Al 

u- 



^ 

Science Center 
Rockwell International 

hiP^^ 

■« 

-^ »   ^;. 

a'lJr *  ^ ^     ■ 

« ,  .«33 steel produced b, tedaclng the surface 

«••9 Täfztfn&zswz^«500 psi for   n5' 
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u nA line produced as described 
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PROJECT I1, UNIT I, TASK 1 

ULTRASONIC WAVE INTERACTION WITH INTERFACES 

a A Alers and L. 3.  Graham 
SciJ; Center, RocKwell international 

S^^ss^onc^^ ^^^ identical 

Adhesive .onds of ^^^^th'he" c^afd thfnaal mean.,   .^f,1^^^. 
aerials were ^f S,^^^ ^rsSlTercred iSly 
STSi'S^Ä r-rrefatfv: T^nVZ^^r interface, 
backwards from the bond plane reia 
It can he concluded that. interface form a 

is determined by tne aes^ 
surroundings. ^  «.^ >,<.  indeüendent 

largely frequency independent -f ^ ^tS this frequency dependence 
Mathematical -dels available for P-e

d
quency

g
independent data 

could not be made to fit ^^ ^ ^ 

(Si Either the observed reflection ^^^^ or the direct 
artif cl aX interface ^at was « to aU^P^ contain 

bacK reflection of ^^f.^rthfmechanical strength of the bond, 
adequate information to predict « 

^^i^n adherend (usually 

The structure of ^^ ^Z ^oS role in aj^^^Tui 

a metal or a **£^J^W**,    In order to ^^J^tle, it 
mechanical strength of a" J^iv e technique such as an «J^Ttl« boundary 
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Table I. Mechanical strengths and ultrasonic reflection coefficients 
(relative to an air interface) observed for adhesive bonds 
formed in different ways between Lucite blocks. 

BONDING METHOD 

MEM 
BOND STRENGTH 

kg/cm2 

CHEMICAL: 

60? METHYLENE CHLORIDE 
h0%  ETHYLENE DICHLORIDE 

REGION A 
C 
B 

ACRYLIC ADHESIVE PS-30 

THEHMAL: 

361» + 36 
383 + 39 
U09 t 2U 

9k  + 16 

120oC, 15 MIN. 
130oC, 15 MIN. 
lU0oC, 15 MIN. 
i6o0c. 15 MIN. 
190oC, 15 MIN. 
200°C, 15 MIN. 

0 - 10 
lt 
76 + 7 
69 + 9 
310 + 50 
U08 + 30 

CHARACTERISTIC 
ULTRASONIC 
REFLECTION 
STRENGTH 

dB 

-10.5 
-IM 
-25.0 

-12.5 

-1*8.0 
-18.0 
-U8.0 
-I18.O 
-U8.0 
-I48.O 

18A 

n- r 
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of the boundary make the experimental study of this irteraction very 
difficult. These are:  (1) the hond line or interface is very thin compar- 
ed to the «ve length so that distinctive features must ^ ^ed for la 
the long vave length limit of any mathematical model, and (2) the ^er- 
faclal structure of interept usually separates two media of quite different 
acoustic impedance so that the observations of the ultrasonic interaction 
vill be dominated by a large impedance mismatch and the interface effects 

will appear only as a small perturbation. 

The objective of the experiments described in this report was to 
avoid the complications caused by the second difficulty by making measure- 
ments on a chemically-fomed bond line between two media of identical 
acoustic impedance.  In this way, the interaction of an ultrasonic wave 
with a very thin bond plane could be studied all by itself  The resulting 
data coulZthen be used to establish a mathematical model for the interface 
that could be applied either to more general models of interfaces between 

media of different acoustic ^pedance or to suggest ^us1f* u"rf ^^ 
techniques that would enchant special characteristics of the interface. 

Possible Interface Models 

It is valuable to consider the predictions of various possible models 
for the interaction of a sound wave with a thin layer separating two 
identical media in order to expose qualitative features to be looked for 

in the data. 

The most common model describes the interf^e as a planar region of 
different acoustic impedance with a discontinuity of impedance at its 
boundaries.  In this case the reflected amplitude is a Periodic function 
of frequency with a first maximum at the frequency where the thickness 
equals one quarter oC  the wa-elength in the layer. Figure 1 (top; shows this 
periodic function and the in-pedance versus distance curve that generated it. 

If the boundaries of the layer are not discontinuities in impedance, 
but are characterized by a gradual change in impedance spread over a finite 
distance the reflection amplitude versus frequency curve js modified 
Üs^'in the example given in the middle diagram in Fig. 1. The zero 
in the periodic function has been moved to higher frequency and the maximum 
reflection has become spread over a broad frequency range. 

The third model for describing a thin interface goes to the ext^me 
of thinness by treating the bond plane as a region of infinitesimal w dth 
across which special boundary conditions apply. Th se boundary conditions 
are that the stress is continuous across the boundary while ^e displacement 
undergoes a discontinuous Jump whose magnitude is proportional to the stress, 

that is, 
02 = 

u. u1 + k^ 

(1) 

(2) 
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As a consequence of these boundary conditions, Tattersall , and also 

Thompson5, have derived the frequency dependence for the reflection 
coefficient sketched at the hottom of Fig. 1. 

The primary objective of the measurements on thin bonds between identical 
materials is to determine which of the qualitatively different shaped reflec 
tion coefficient curves shown in Fig. 1 describes the experimental data. 

Fabrication Of Bond Planes 

In order to fabricate ultrasonic specimens containing a chemical bond 
across a planar Interface separating two media of identical acoustic 
impedance, two techniques were employed. Both of them utilized clear plastic 
blocks for the two media and formed the bond by either painting a chemical 
solvent on the two surfaces Just before joining or by mechanically pressing 
the surfaces together in a vacuum at elevated temperature. The ferner 
method, called the chemical method, dissolves and softens a thin j.ayer on 
the surface of each block with a solvent so that when the blocks are 
pressed together at roan temperature the molecules on each aide of the 
interfacecan interact and cross-link in a localized, semi-liquid region. 
As the solvent diffuses into the bulk of each block, the interface region 
subsequently "solidifies" into a rigid Joint whose thickness and mechanical 
strength are determined by the amount of solvent used and the time allowed 
for diffusion to take place. The thermal Joints were formed by heating the 
two blocks to a temperature above their glass transition temperature at a 
fixed amount of pressure and time. Joints of different strengths can be a 
achieved1. Table II describes these two methods in detail. 

After the bonds were formed and all of the ultrasonic tests had been 
canpletea the specimens were sliced into 1/8" thick slabs with the bond 
plane running across the certer "of each slab. The two outermost slabs were 
used for optical examination of the bond plane under a microscope equipped 
with crossed polarizers. The four innermost slabs were machined into flat 
tensile specimens with a 3.2 mm x U.8 ran cross-section and a 12.5 mm gage 
length. These tensile speciwsns were pulled to failure in an Instron 
testing machine and the stress for fracture at the bond plane was measured. 
In all but two case. , the failure occurred at the bond planes and the 
failure stresses were lower than those which are characteristic of the 
virgin material. Figure 2 displays the observed fracture strengths as a 
function of the temperature at which the thermal bond was formed. Obviously, 
the technique yielded a set of specimens containing bond planes of different 

mechanical strengths. 
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Ultrasonic Technique 

Two different ultrasonic techniques were employed to measure the 
frequ^cy dependence of the amplitude and the phase of Masonic pulse 
sillZs  reflected directly backward from the bond plane in the P1*5^ 
TZTes.    The most precise technique used a Matec Model 5100 gated amplifier 
tHen^ate long R. F. bursts of well defined frequency ^o be applied to 
theTa^le through narrow band transducers Panametrics A Series) at 2 25, 
■5 0 and 10.0 MHz. These same transducers detected the reflected signal 
wb^asd splayed on an oscilloscope after passing through a calibrated 
Ittenultor and ^Matec Model 6l5 tuneable -ceiver  The less P-cise, but 

more versatile technique employed a commercial ^f^^f^f'rfbroad 
(Immerscope) to apply a very s^ort, high voltage ^^^^t^t 
band transducer (Panametrics V Series) so that a short Ration RF burst, 
v.-i.v, in different frequency components was generated in the sample. The 
^e lllZlTllZZteoLä tie  reflection trm  the bond plane generate 
an electricl signal which passed through an attenuator and ^oad W '.nplifier 

in the instrument to be displayed as an R.F. tone turst °" ^/^^ the 
oscilloscope.  In both techniques, the attenuator was adjusted to glveJhe 
s^e display on the oscilloscope when the signal was reflected from a planar 
same display on ™e ^ interface.  It was found to be 

tTiZorllZ    hartTe Plast'-to-air interface be at the same distance from 
Ihe tSucS as the adhesive interface. For all the data given in this 
r^orTtheStrength of the reflection from a given adhesive bond ine wa 
measured in dB relative to the reflection from the air-to-plastic interface 
as r^d from the difference in attenuator settings needed to P^duce the 
sLe signal on the oscilloscope when the bonded interface was substituted 

for the plastic-to-air interface. 

For obtaining the frequency dependence of the amplitude and P^se of 
the rejected signal, the short time duration R.F. tone *«*•««»*?** 
tSe I^sc^e s^ste; and reflected from an ^^Z^J^JX^^ 
form by a Biomation Model 8100 Transient Recorder. T*is ^tal data was 
Fourier analyzed by a Data General Eclipse computer which generated a graph 
o?^he value of the real (amplitude) or imaginary (phase) parts of the 
Courier triform as a function of frequency over an ^^^-^^ng 
to the band pass characteristic of the transducer used  «J PJ^JS? 
+ v, + +>,» voiir^ipr trimafbn nf the data from a plastic-to-air interlace 
defineft^e frequency" re^onse characteristic of the transducer and electronic 
tvstS tfe dlta from I bonded interface was normalized by taking the ratio 
TZ'JZJS:  Sected from the bond interface to that fleeted rom 
vv,^ oir. in+*.rfaee at each frequency. Since the attenuator settings were 
asfal^ 5S2S for these two reflections, a value of unity for the ampli- 
tu^e^tio actually corresponds to the difference in attenuator settings. 

Bv takin« the difference in the imaginary parts of the Fourier transform 
for £ interface and the air interface the phase shift upon reflection 

\ 

190 



*» 

Science Center 
Rockwell International 

from the w ^ -^s-^.rsrÄ^Sä ^ ^ 
from the bond ^^iJ^^T« the pha/e ^'I of rre.uency within the 
independently to W^«"^ is a non_linear function of trequ  • 
.ases ^l^^Z^ell^.    B ,.e effort - ^^o^ ^ 
band V^ssoft^  ^      comparing the ^^nif interface and from 
phase shift data oy a        reflected from the air "      t to large 

SSr?»«»!- of frequency. coefficient 
in order .0 test these methods °f f-^« ^Seated and analyzed 

rn ^ ir fS j äu^^r^gsH 
the liquid layer.    «JfJJjJ reflected from a water ^""^adjusted 

^SÄSP^ Ar Äf're.enoy hand 

passVthe transducer used. refactions from 

T        .er to test the apparatus from mea^ir^h
S

e
m^rasonic signal 

thin Wer at a set of fixed ^^^""'^leaf sandwiched between 
a very thin ^f * f 2000 Angstrom thick ***£ ' ld layer was 

sonic »«ve .reflected from ^o ^ deli»eatsince the «oustic 
" ! Tf ihätInSasS with increasing freqnency-Bl^t^^^^^ 
efficient that incre* , Lacite aie Imown, the rexxei. dataf 
^pedance of both ^^^^ layer thickness chosen ^ ^st fi 
calculated from Eqn.   UJ w1^11    .,7solid line curve in Fig. Sis theoretical thic^ess^or^sol^ ^ ^^ thickne8S. 

Angstroms in satisfactory agre 

\ 
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-imentalResults 

A.    cWcal^L-^-- -.en fabrication, sorne large 

As descri.ea - -ctr^V^rW^^^ 
sla.s of 1/2-inch ^^tL interface.    ^Z^Z^Z*** 
Chloride fixtures f^fZ^ slahs ^«ered somewhat so        cocfficient 
different regions of the^ ^ ^ extremes of refl ^ ^ B> ^ 
were marked out ^^f^coefficient.    These ^««^j  (aii relative 
and the average reflec^°" esive joint labeled D in T^f ^'^ of the hond 
C and form P ««f^^^Sld vltb each curve " «-jf^^S seen from 
to an air interface).    J,!^rZriw mechanical tests.    " ^      have acousti- 
determined hy -^-^^/^Hurves that these chemical honds J*^^ 
the qualitative  shapes of ^e ^ ^^ as shown xn the      ^ ^.^ 

cally like l^^^^^^auency nt which the maxima «"ur ^        icrons.     It 
in Fig.  I-    From the fr!^!ve a thickness of aPProximat^y

a: the maximum 

Se^t/vrultra.onic test. 

B. 
S^BälÜ-ISISe^onaä. ^^^ together 

The honds formed hy -c^nic^ g^,^ Kurier triform 

at elevated iSr^''^^^ ^Sl^ Ä ^1^ f o/tSe Ld of the ultrasonic g^ «*"! of this reflected amplitude       Hote 
shows the frequency f^f^C

fferent strengths noted ^ ^ f ^ gcale) 

systematic variation with the t P^^ &  frequency dependence t    ^ 

the results obtained by »• 

sonic pulse. 

i 
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Fig. 5. Graphs of the frequency dependence of the ultrasonic energy reflected 
from adhesive bonds between Lucite blocks formed by placing an adhesive 
or solvent at the interface. These data were deduced from Fourier 
transforms of the RF signal reflected from the bond line. 
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Fig. 6. Frcqucnoy dependence of the amplitude of ultrasonic oifiMla reflected 
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indicated. These data were deduced from a Fourier transform of a 
broad band ultrasonic pulse. 
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The original motivation for measuring the frequency dependence of the 
ultrasonic energy reflected from a thin adhesive layer was to obtain data 
from which to deduce a mathematical model that describes the interface. 
Figure 7 shows the functional form of the reflection amplitude versus 
frequency to be expected from various commonly considered models. These 
same models were used to fit the 5 MHz data in the results obtained on the 
thermally formed bonds shown in Fig. 7. Obviously, none of the anticipated- 
models adequately describes the data because the models predict either a 
rising frequency dependence or a maximum in ^he middle of the frequency 
range examined. The experimental data is largely frequency independent or 

decreasing slightly at high frequency. 
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/^STRACT 
.     pffects of selected atten- 

bond models are Present^t^; 
g
improper adhesive cure, 

ov f^±nclxlde  8ome 
substrate surface P^P"8^^^attenuation functions JJ^»^... 

„ill then become »»"IM« ^S inspection or perhaps ^f^    \on  functions 

that would ultimately lead to 
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PROJECT II, UNIT I, TASK 2 

j. L. Rose and P. A. Meyer 
Drexel University 

?4H£ti2a VPrv useful fastening technique. 
Adhesive bonding is rapidly *****.£?££  and a reduction in 

More unifor. stress transfer increased fatigue^ lf^ ive 

structural weight are just f fe" f "^ J the uSe of adhesive« is the 
bonding. Concurrent with *£*£" ZJZ**  for evaluating bond 
research in developing ^[{^^^  i8 ultrasonic bond e™1^1™'^ 

- ?^ü t^s^f^s^^^^^        ^ er 
[3] have shown that the ove   ^-^ ^ ^  ho amplitude fr^ ^ 

l^lv. bond -««■• »JÄ3 Xuately.    t. r^/St -u^ril« 

'.Xt^»" l" the LM* .re»ented J^'J^J. lra„Böucers and elt-l 

that would ultimately lead to crxt 

selection. 
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Approaches 

A classic»!     solution for the "flection of ■»^«^^^■.t 

ä Jo Zticit:^ !r=.i^ÄS?iSH.^s' can be adjusted to represent epical properties of the system as wel 

include possibl2 bondline defects,    ^'^/""^^^tayers.--substrate, 
systen. might to considered •JS^ defect    coul'd be interpreted as an 
adhesive,  substrate-while ^"^^^^^'^eiastic modulus variation 
equivalent area reduction at the interface.    *»JJ^T " m of 8ub_ 
through the thickness of  the adhesive could be ™odele^a;h^

S^^od    the 

5SS: ssrsrs s Äi^^föir s^ie Pcobl»s 
are discussed by Rose and Meyer 15]. 

Note that in both of the above techniques, such ultrasonic signal varia- 

tions a a^litiSe changes due to reflection factor. ^^SS^ 

with bond performance of ^law type. 

Attenuati— Functlgag for Bond Model Analysis 

Several studies were made using the analytical models for bondlines 
havingTariius att'uative characteristics. The attenuation ^ion ^s 
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Since the purpose of this work is to determine the variation in 
the reflection due to the consideration of attenuation, a reflection from 
a non-attenuative material is needed.  The reference used for this study is 
uniform property bondline having perfect wave coupling at the interfaces 
and zero attenuation and is shown as material "a" in Fig. la.  Other bondline 
test cases can be compared with the result from this reference.  Of the 
attenuative bondlines materials considered, the simplest is one having a 
frequency independent attenuation value.  Such a function is shown in Fig. la 
and is labeled material "b".  It was derided that 2 db/cm is a reasonable 
value for this study.  A second attenuation bond-Hue considered is identical 
to the reference bondline except that the adhesive is assigned a frequency 
dependent bondliae function, shown as materif.x "c" in Fig. la.  The attenua- 
tion function used was that determined experimentally by Kason (6) for 
polystyrene over a frequency range of 0-8 MHz.  This function was rhosen 
because many of the adhesives used industrially exhibit mechanical properties 
uhich are very similar to polystyrene.   In addition, there is little 
experimental data available for other than a few common materials.  A rew 
other attenuation functions were used in order to investigate the effect of 
increasing the magnitude of the attenuation function on the reflected 
signal.  These functions are those detenrined by Mason (6) for Lucite, 
(material "d") two times the magnitude of the Lucite function.  (material "e"), 
and Mason's (6) function for rubber (material "f").  Ihese functions are 
shown in Fig. la.  Physically, these curves could simulate various states 
of cure for the adhesive bondline.  Adhesives are usually applied as 
liquids or low modulus semi-liquids.  During the cure process, the adhesive 
is transformed into a relatively high modulus material capable of trans- 
mitting the load from one substrate to the other.  If we can assume the 
uncured adhesive can be represented by an attenuation function similar to 
that of rubber and after cure the adhesive is similar to polystyrene, then 
the ultrasonic reflection can be related to the cure state through the 

attenuation functions. 

Attenuation studies in polymer solutions by Ferry (7) and in plastic 
by Auberger and Rinehart (8) have shown peaks in the attenuation functions. 
Some researchers (9) mention that this phenomenon may be due to resonance 
In the material at the molecular level.  Since empirical data is limited 
for adhesive-like materials in the ultrasonic frequency range, it was 
decided to use the peaking attenuation functions shown in Fig. lb.  The 
first of these (material "g") has a relatively constant value of 2 db/cm 
with a peak of 8 db/cm occuring at A MHz  while the next function 
(material "h") shows a similar peak located at 2 MHz. The remaining two 
functions (materials "i" and "j") are simple sine function demonstrating 
the occurrence of multiple peaks.  Results of employing these attenuation 
functions in the bond model work is reviewed on the following pages. 

Solution Technique 

The computer program used to gentrate the ultrasonic reflection from 
the various modeled non-attenuative bondlines is described in detail by 
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1 

d    i8 the addition 

of  the atter^tion functio of   (db/co).     The dl frequency 

(10) 
A^pUtude^ = ABpUtude^.tial 

-lo> 

T ble 1      A reference 

fM 3 ?^"s •SfS^lSÜlS I» the tl»e *£*,»£& v.rio»» 
affects on the pulse ehetacte 029 cm and    025 c  '  >■        t signal no 

Ä.    »• "• !' fon of  th^nternel «X*-^. SÄ- »"^ 
deerees of superposition oi ba„dwldth   ""l"        mplltude puese 
S bondllne In ell ceses U en «^t»*. *"" * ""un/tlon ,iwlltles 
. constant »«*« "KSTJ.    Using ^1* £em °£ j™ '    aU(„,9 th,, 
„rofile es shown In Figure ttmmocy domain ana ai eMWle, 
The reflection •»l^1' " %S pulse to be «f»"^Vut pulse is 
reflection for an arbitrery i 1 i<)n „( an "''""" „t™ for the 
rte Fourier  apectru» of  the ret ^ „fleeted g«J™M»« -«• 
St product of that ^-^C

trlc cberecterlstlcsjf ^   ^^^ 

Trlor' rbondlng'    U *%£%££* treetlng the    nerlece J. , 
Papproech to such en l»t«Uc'        ■££       "»""JVdue to sn l-proper cure 
thin hithly ettenueUve 1«      ^ edhesi« possibly d^ „„„ju« « 

^^ ,1    I„cr«sln^ta!aStlonJfflai^ 
MonotonlcSU^»creS»la&-t£S TZItU* •» l'Mdllne8 T   ' 

Ä Hanson of the ^SZJPS^^SS^ AT- 
^ ^«ilv increasing atcenu«     visual signal evax« Bonotonically inc      ^^ one of visua 
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Computer Run 
Bondline Thickness 

(cm) 

Attenuation Function 

la* 
lb 
lc 

2a 
2b 
2c 

3a 
3b 
3c 

4a 
4b 
4c 

5a 
5b 
5c 

6a 
6b 
Sc 

7a 
7b 
7c 

8a 
8b 
8c 

9a 
9b 
9c 

10a 
10b 
10c 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

.025 

.029 

.033 

Material "a" 

Material "b" 
ti 

ii 

Material "c" 

Material "d* 
n 

II 

Material "e" 
it 

n 

Material "f" 
n 

Material "g" 
n 

Material "h" 
II 

lU" Material "i 
it 

n 

Material "j1 

\ 

Table la - 
„.„ for C-put« Run, Made -1th the Bondllne Oee-ett, 
Data ror   ,    ^^ ^ Figure 3a. 
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Computer 
Run 

Bondline 
thickness 

(cm) 

Attenuation 
Function 

11a 
.0025(interfaces) 
.020 (adhesive) 

Material "k"(interfaces) 
Material ^"(adhesive) 

lib 
.0029(interfaces) 
.0232(adhesive) 

Material "k"(interfaces) 
Material "d"(adhesive) 

lie 
.0033(interfaces) 
.026A(adhesive) 

Material "k"(interf. .s) 
Material "d"(adhesive) 

- 

Table 1 b - Data for Computer Runs Made for 

the Bondline Geometry Shown in Fig. 3 b. 

- 
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Bondline Thickness 
Bondline Properties 

12a 6 bond layers 
.0042 cm each 

5 cm 
Layevs 1,6 c - 2.67x10 sec 

a  ■ material "d" 

,.5 cm 
Layers 2,5 c - 2.53x10 — 

a - material "e" 

Layers 3,4 c - 2.39xl05 ^_ 

t    t    if i n 
a m  material i 

3-. 

12b 

12c 

6 bond layers 
.0048 cm each 

6 bond layers 
.0054 cm each 

Layers 1,6 c - 2.53x10 

a m  material a 

Layers 2,5 c - 2.53x10' 

a ■ material e 

Layers 3,4 c - 2.39x10 

a ■ material    1 

■ 

Layers 1,6 c - 2.67x10 

o - material "d" 

Layers 2,5 c - 2.53x10 

n-ti 
a m  material e 

,5 
Layers 3,4 c - 2.39x10 

o - naterial "1" 

J 
Table 1c - 

Data for Computer Runs Made for the Bondline Geometry 
Shown in Figure 3 c. 
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D  mg..fl1 Signal Evaluation 

*! *<nna  for the six monotonically increasing The  amplitude-time reflections for the six        ^ ^^^ ^ 

attenuation cases are ^^^"/^^^ £, attenuation function 

J  «• however the attenuation consideration 
In the frequency i0103111' ho"eV"' ^arison 0f the Fourier 
has a more pronounced •«•"•* ^fS 6 is shown in Fig. 5. 
amplitude and phase profiles f" c^e^ det,cri:,tive interference 

satisfying the relation 

d = ILA 
2 

2) 

a« altered.    As the attenuation ^^^^.1^^" 
tude of  the frequency profile at  ^e ^^ocati^n8 i8 decreased, 
is increased while the -P ^^^"effrct of  the multiple 
This phenomenon is due to the ^"fV ln the adhesive.    An 
^flections caused by attenuat^tl

1°^io" for material "f" 
extreme case using the attenuation ^f^      r8 compietely 
(^bber)  shows that the ^fff"" ^^^ „f the incident pulse 
leaving a spectrum ^^V^ffi! the spectral depression 

SStlflLÄSrS^lrJriSSÄ - magnitude 
of  this inflection as shown in Fig.   5. 

Processing Consid^riong_°Lthe^esults 

A tabulation of certain preprocessing --^or charac^tics 
of the reflections cou^d prove M«uw '     ref lection in 
Table 2 gives the Peak-to-pe.k amplitude of the re^ ^^^ 
the time domain.    Computer runs 1 to^6 repre. a8i      8ignal 

increasing attenuation function8-™Va Evident here for the three amplitude with increasing attenuation is ^ident ^ tif|1 

bondline thickness with the ««P^^fdue to a change in the 
(rubber).    This appears. ho^er'  ^t?-% 8ignal. 
location of the maximum positive peak ir  the slgna 

T.wo characteristic, of the frequency ^^J^'^ 
spectral dtpressicn location and ^ ""^/^^ted in Tables 

Er? •KS^ä'Sä^^     
depict8 
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conclusive. 

tosaffij ^P6 Attenuation Functions 

1)  v^.ial Sipnal Evaluation 

Section will establish the differences. 

*. .„„tlet Tlitnde ^Z^^^^^^ 
are shown ^ Fig. 7. These ^urv ^   litude curVe 

f "^feiral V' ihic; hfs an attenu^^on peak at 2 MHz. shows 
for material | wnicn addition to the increase of 
a corresponding dip ^ 2 f'.  spectral depression location, a 
fie amplitude occurring a^e !P^"depre88ion Can be observed. 
more noticable ^^^^21-3^2 the frequency range 
Tt was shown earlier that h1^ a,:tei1    increase in the Fourier 
„f the ^'«"i/^'-f ""^^ ^nt type rttenuation fnnctions 
amplitude st disjoint. »^»MM«W. ^ ^^^^    on 

S^^rSSw'SÄ- - JA attennstion function 
and the thickness of the bondline. 

X.e inflection in the P^ ^ofile i^^^^^g ^i- 
tude with increased attenuation. No other cna 
changes were noticed in the inflection. 

2)  P^prncessiru ron>Horations of the Results 

The peak-to-peak amplitude of the time ^^f^JiSm^ 
indicates that the two sinusoidal type «ttenuati ^^ 

range so this should be expected. 

The spectral depression ^^T^ISSr^JS^i^ 
given in Tables 3 and 4 could be ^T™^"^ attenuation should 
other data. The spectral ^Pression shift due to        thicVliesa. 
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^^rr-t^sr^Ä^ s a
t

bs h"vin8 a dl££erent 
thickness, the ratio might not be changed at all. 

r.nn.pariaon of |^1|| flg a Hl.h Atrentrntion Interface 
With an Attenuation Gradient 

This comparison demonstrates that the reflection ******** ^ 

be expected ^ca ^^ cases even though th 

diÄ ion'^ ^ondline is the same for both cases e   though 
the distribution of the attenuation parameters is different. 

Concluding Remarks 

Results of this work indicates that attenuation ^cts in ultrasonic 

bond inspection may be quite 8"b8ta,;^^ti" ^^"^^Fourier Transform such 
shape and amplitude and also characteristics °^e ;°"^g  ^ demonstrates 

and signal processing equipment. 

a resource base la now available which la "P"" 0 * j  „j patteri> 

reflection data seta "^X ™ ^Ud ^a^tämW'! mtrodnced 
recognition theories. One rav-h tecnnxque ^ h b d evaiUation 
by Rose. Mast and Niklas (10) could fam »^ff *,£!-!!! interface 
program possibly through the elimination of adhesive 8U^^a;    Jl« the 

effects/once the interfaces have ^^SS^*U *«lS«h magnifica- 
adhesive properties to b%f "-^^le possible^hrougj the incorporation 

KuaS^f^^^^ — — 
bond evaluation could become a more quantitative science. 
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NONDESTRUCTIVE TEST FOR STRENGTH DEGRADATION 
IN COMPOSITES 

D. H. Kaelble 
Science Center, Rockwell International 

ABSTRACT 

Hydrothermal (separate or ^^^^^^^^^ 

o£ granite ^^^22L•SSr
,lXS^^C^ a .nge of temperatures 

deterioration in interlaminar shear f r^n^" b        employed to produce 

from - 150OC < T < 1200C. "Jf ^S^TSSS^ in the laminated . controlled rates and extents of hydrothermal degr iflcaliy detecting 

composite. A study was ^^LwS^l^Sln-l aging, ^is study 
and identifying the extent and mech^^ °Ide;rades the  bonded fiber-matrix 
shows that hydrothermal aging «J^SSl S^rt structure of the epoxy 
interface, produces changes in ^^^^üZm  imposed by fiber 
matrix. and modifies the ^««!-rtST The degradation state of the 
constraints upon the eP^/°nt

r^h^'correlation of surface energetics 
fiber-matrix interface is detef ^.^3 Mature take up. The state of 
analysis, ultrasonic ^araf "^.^^'^^canning calorimetry (DSC) and 
the bulk epoxy is evaluated by ^""^f m^anicll Spectroscopy. and 
specific heat -asurements IR^and g^^S« stress state is delineated 
thermo-mechanical analysis ^- PV"? spectroscopy. and ultrasonic 
by thermal expansivity, dynamic mechanica\ SP^"°„ue^for hydrothermal aging 

response and composite performance and reliability. 

) 
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PROJECT II. UN" II» TASK 1 

NONDESTRUCTIVE TEST FOP STRENGTH DEGRADATION 
IN COMPOSITES 

D. H. Kaelble 
Science Center, Rockwell International 

Introduction 
^^^^ ,  Qhow that exposure of laminated graphite- 

A number of published "P0"8.^,^,^Version or water vapor at 
epoxy or graphite-polyester -^^/^^^radation of interlaminar 
elevated temperatures leads/0/rr^"8";ßhnesS(l-6).  m this study several 
shear strength and changes in fra^;"°n composite materials (3-6) were 
recent theories of ~£™^£?S  ^destructive tests on the composite 

r/teTal To  SÄT^^S three phases of this program. 

prepare and degrade reinforced composite specimens with varied moisture 
1. 

susceptibility. 

Characterize composites by NDE and correlate with mechanical strength 

Develop a mathematical model to relate physical property measurements 

„Uh molecular mechanisms of moisture degradation. 

2. 

J Conclusions 

response parts of accelerated moisture degradation. 

Part 1:  Interface 

.  Surface energy analysU of borh fiber end netrlx cnrrectly predict 

moisture degradation. 
^ f2 25 MHz) sound velocity and absorption measures 

•  franslaminar ultrasonic (2.25 vmz)  sounu v     j 
prior tnoisture exposure and strength degradation. 

Part 2:  Bulk Matrix 

• Changes in 
matrix dyni 
absorption absorption. 

, /moor <„ v O^  attina induces a temporary rubbery response 

matrix phase. 

Part 3:  Pomposite System Response 
ee n    »,^«h H^oree of locked in strain along fiber 

•  Unaged composites display a high degree or IOC« 
axis due to fiber-matrix constraints. 
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.  The fiber-matrix strain relaxation during aging produces major 
temperature shifts in the glass transition. 

Experimental 

described in Table 1.  Composite SC-2-^ was ae818 designed to 
"rterface of high moisture sensitivity ^7t

0
u^

e
of
SC

th
2

e ^1" an. 
display a moisture resistant ^erf*"-  ^ 'he interface, bulk matrix, 
„echanisms for hydrothermal aging ^^^«^^f^^ized in Table 2. 
and composite system response are respeccivexy 

- 

Results 

1.   Interfacial Aspects 

The measurement of interl^inar shear ^^^J^T^^^ 
uptake (Wt.% H20) served as direct ****fi^^j£££^ 
moisture degradation.  The upper curves of Figure 1 plot ^^ 
values of ^  as a function of ^^J^^^l  degradation, 
the lower curves display Wt-* H2 J^in Table 1 provide widely different kinetics 
The fiber surface treatments described in Table IP       8trength in these 
S extent of fractional degradation in i^"^^"^^these Lta is 
two composites as shown by upper Figure 1    Analys- 
made in terms of the following expression:^/ 

xb(t) bo [• JL   r + (1-r) exp (-t/r) -] (1) 

where ^(t) and X  denote interlaminar shear strength - hydrothermal 

aging tifee t and b? = o respectively, r - S «Ag J«     ^ moi8ture 
degradation ratio and 7 the taxation t me for W^J«^ of    0,37± 
sensitivity of composite SC-2-2 is "tiecte =      0 09 
and T = 3.15 + 1.67 hr as compared to higher values oi        _ 
and T - 52.5 ± 8.9 hr for moisture resistant composite SC 2 3. 

i  o ^ MM*} measurement of longitudinal sound velocity C Ultrasonic (2.25 MHz) ^suremen       ted on the aged and dried 
and acoustic adsorption «at f-^" f Fi    2 show that 
interlaminar shear specimens. ^R^f' Systematic manner with hydro- translaminar sound velocity diminishes in a systema ^  2 
thermal degradation of she« "»^V **,££< X,. Similar results 
show that aL increases JJ^Jj^J ^50-2-3 indicating that a single 

sensitivity. 

The data of Figure 1 and Figure 2 represent ^«"df J°n •g^jj of 
correlaUons applicable to ambient t-t ^mpera ure J«^^ 
prior moisture aging and drying of composite SC Z J upo    % 
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TABLE 1 

Constituents and Volume Fractions of Components 
in Uniaxially Reinforced Graphite-Epoxy Panels 

Reinforced 
Composite 

Panel 

Fiber plys/cm 

Fiber 

Resin 

Volume Fractions 

Fiber (%) 

Resin (%) 

Voids (%) 

Densities: 

Fiber P-Xgm/cc) 
r 

Matrix P„ (gm/cc) 
n 

Composite P«(gm/cc) 

SC-2-2 
Moisture Sensitive 

52 

HTS with Gantrsz 

(1) 
169 Size 

BP907 

59.7 

38.1 

2.2 

1.74 

1.21 

1.50 

SC-2-3 
Moisture Resista.it 

52 

HTS with Hydrogen 
I 

Surface treatment 

BP907 

57.0 

43.0 

0.1 

1.74 

1 21 

1.51 

(2) 

(1) Gantrez 169 is a high molecular weight copolymer of maleic anhydride 
and methyl vinyl ether applied to the fiber tow from a 1Z (by weight) 
solution in methyl ethyl ketone solvent and dried on the fiber surface. 

(2) Graphite HTS fibers heat treated for 120 min at 1038oC in a 90/10:: 
hydrogen/nitrogen atmosphere. 
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TABLE 2 

Experimental Methods for Study of 
Moisture Degradation 

I 

Part 1:  Interface 

• Surface energy analysis 

• Interlaminar shear strength 

• Moisturo take up 

• Ultrasonics-transverse (2.25 MHz) 

• SEM failure surface 

Part 2:     Bulk Matrix 

• Differe itial scanning calorimetry 

• Specific heat 

• Infrared spectroscopy 

• Dynamic mechanical spectroscopy  (1.1-110 Hz) 

•    Thermomechanical analysis 

•    SEM failure surface 

Part 3:    Composite System Response 

• Thermal expansivity 

• Dynamic mechanical spectroscopy (1.1 - U^ Hz) 

• Ultrasonics - longitudinal (30 KHz) 

• Ultrasonics - transverse (1-10 MHz) 

• SEM failure surface 
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A0 0»,n»n in Fiaure 3.    These data show that the epoxy 
of test temperatures ** f °™ *^f ^ point where \ becomes temperature 
ß  relaxation at Tß  - -A5+ 150C marks tne po ^ x both unaged 

dependent  In bothßaged and ^J^^'J^JpZ tranlition tempera- 
and aged composites ^^^b^^^eTs^ tha^ Xb is importantly 
ZlZlläl^lA* ZlZ and thL analysis ot NDTbdata on the pure 

matrix is required. 

2.  Matrix Aspects 

A combination of chemical ^^^.ySS^Or^^« 
a calorimetry study of curing kine^c8,1^1""e 3  B- f irst rSction 
displays .he curing -chanisms outlined ^JjJ- «^ group8 reacting 
indicated by the upper arrow ^^^^7^3, and'hydrogen bonding cross- 
with one molecule of DICY to form * ^?"^ Fhl hly water susceptible, 
link. This portion of the «W £•"*£ eured epoxy confirmed a second 
Further studies of wet and dry aging 0* ^ ^r** JJ^J, 3 in which one 
chemical reaction indicated ^^^/^"Lnyl urea ring structure, 
portion of the crosslink is modified ^ "^ *  *   for DICY cured epoxy 
These reactions have been reported in the literature 

resins^7'8^. 
...-«,>„ <« RPQ07 which is produced by motion of 

UM ß  viscoelastic transition inK
B^0;n

W^c* ;iink structure of 
the - 0 CH CH(OH) CH - segments ^J^^^Z which leads to 
Table 3 mig*t ^J^^Ä^-SÄS spectroscopy 

^rr^Hr^eo ^^^ 

the hydrothermally aged and dried *J™**'£^£i*l  and sound velocity. 

on composite ultrasonic response shown In Figure 1 

Messure»ent of the 15 second tensile relation -J*-«« ?« was 

log E(t) versus test ^"f?" ^'^aU t^peratures SZv ' ^ 
enhance the * transition •"^J^J^STS*  point that ftydro- 
even when aged and dried. These "8^"  „„dified  The curves of Figure 
thermally aged BP 907 matrix is ^^^^^.t state (12.2X by Wt. 5 also show that ^drothermally aged BP 907 in the        beiow ^ aglng 

H.0) shows a transition *-«*»* '^er is a very effective plasticizer 
tLperature of lOOOC  In other gj^tg* Jj « ^  J Bp907.  Subse- 

^Ä^-S^ÄÄ t^ZX IcO^rsus T curve nearly 

£S rJZXL Z -^s^r^s^f^ar Ä^^rsible 

239 



* 

Science Center 
Rockwell International 

- 

(2uo/6)j) qv   ^öuou^s JPBMS 

240 

--'— 

1 



- 

• 

€* Science Center 
Rockwell International 

Epoxy + Dicyanodiamide (DICY) 

H 
io - CH„ - C - CH- 

L       o 

H 
0 

-0 - CH2 - 'CH - CH2 - N - C - N - C^ 

fH2   fH2 

0  . o 
I      I I 

H 
H 
II 

H.N - C - N - C^ 

2     HH 

0 
I 

N _ CH0 - CH - CH - 0 - 

H 
0 

H 
0 

- CH„ - CH - CH, - 0 - N - v;ii2 - %» - ^"2 

- 0 - CH, - CH - CH2 - j. - C - SN c __ o 
I 1 

c 

CH.    ä'H;, 
I I ' N H 

HO-C-H CH^ 
I I 
0 0 
1 I 

Table 3: Su 
ggested Curing Mechanisms for Epoxy BP 907 Resin 

y 

I 

\ 
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than for ß  transition response. 

,     r        .u - ^o nv am matrix is temporarily plasticized to display The fact  that the BP  907 matrix i ? 8tudi28  to 8timulate the 

rubbery ;«f^/» ^„^ res^ which suSstantially lower the cohesive 
growth of defects in the *J» "^T effects dlscu8Sed above for the pure 

functions of  thl pure BP  907  shown in Figure 5. 

r^rnjw^-li-P System Response 

Fabrication of polymer composite laminates invariably ^volves tempera- 
ture differ^rai: o\ oZr ^C «^rein significant interne      curig)^^ 

stresses are dcveloped^toA« «JJ^^ ^fed "he^ expansivity/10 14) 

are reported to cause i^"1^1"" ^""^ new and important internal 
In this study we observe what ^^"^"^^"^^orv of hydrothermal 
stress effect evidently P^ /ged at 100oc 

Ä r cu^rff^Fi url I SLTJU the Sri. thieves a rubbery 
in n2u tue b« 0    0 ^„gg SWollen samples are removed to 23 L U tne 
stati where Tg < 100 C.   J^86.^1^?!    J. returned to a glass state where 
swollen state and thus  the swollen matrix UM«»»^    8 x 

Tg > 23°C. Subsequent desiccation removes **^J™**Tt£ volume in 
and evidently this drying process leaves * ;d*^/^^ture uptake 
the matrix phase.    The internal stresses Pr°d""^lnar failure in moisture 

^ J£? ^ursC-Z-^In SÄT^SiTS^^-^ allure 
rrrer/b^^^ysteresis in ^^^^ 

stress in the matrix phase. 

L - 1.000 in, by first cooling to - 95 C then gating to 

matrix phase. 

The second thermal cycle shown ^JJJJ-jMg gf^gg^ in 
still shows evidence of volume collapse ^f^^8^r^8itSn response for . 
s^ope at about 100oC characteristics of n°™ «;*" "* lower ortion of 
the'BF 907 matrix. The third thennal cycle ^own in ^J-ower^p KJJ^ ^ 

srsJ^tÄÄrrs: ss-sriirfisa: a ^^1 change. 
thermal expansivity at TOlOO^C. 
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»ults of dynanic mechanical 

The «1.1,1. curves .. «Jf.^^uS.^ *** ^T.'^^" 
(Rheovlbron) »--"°e"^ ^^1 scan, (respective *«» gf^TS»- 
The first, second snd 'aos^ttl-ll«) show »'■<:«88lve

Tf"
f,"s° thermsl scsn 

bending over to conv«^rf "Ve second fnermal scanf
0ff-2ri

3Jnaf hysteresis. 
cr o  -x at  hiRh temperature.  "•«= =   „„„-ipj-p loss of the original, uy» 

curves of Figure [V^J^^JSM  hy aging history. 
sitions of the composite can D moisture state 

The data of Figure 6 and ^*lZ£Tstltes  provide important 

ESSrS •».'ä«'S ass Sä. .- - 
aging history- 

iry 

This s«ar, report covers the ^^^^XS^'SXp' 

irreversible changes such as inte temporary frozen ^ 
Srsonic response (see Pisnres  ♦> ^^ b  h ^1 J^Jg.'^L 

Iliect's Z one St^lTSjLTtSSS «^ ^^^0™ Fart 1 

Ld Part 2 o£ this ^f^^1 "^the composite part. 
„£ aging and atrength degradati 

rv „£ candidate stsndard and "f ^"'""t™ £or »"ength 

degradation in "'«P0«1"8^ reflects those techniques which *PP^r 
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TABLE 4 

CANDIDATE DIAGNOSTIC NDE TESTS 
FOR STRENGTH DEGRADATION IN COMPOSITES 

r.ANnTDATE STANDARD NDE TESTS 

• Ultrasonics (Frequency Spectra) 

• Acoustic Emission 

• Thermography 

• Penetrants 

rAMnTDATE DEVELOPMENTAL TESTS 

• Strain-density Sensors 

• Dielectrometry 

• Radiofrequency and Microwave Test? 

• Infrared Spectroscopy 

« 
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Gages such as strain-density senses or dielectrometer electrodes can, 
of course, be fabricated into a composi e material and operate as valuable 
new methods for monitoring internal stress and physical response.  Specific 
spectrographic tests that can conduct an analysis of chemical structure state 
of the compsite surface using optical (IR) on microwave response of the 
polYMX matrix phase are also recommended by the very specific information 
deduced from IR spectroscopy in this study.  In conjunction with the methods 
of Table 4 an appropriate selection of laboratory tests for materials and 
subsystem response from Table 2 are, of course, required to isolate the 
physiochemical mechanism of strength degradation. 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Titles to Figures 

moisture content as wt. A.  "O" 
VX 

aging time t at lOQOC in ^O. 

of of subsequently dried composites SC-2 2 and 

Temperature dependence of interlaminar s^ear strength X  fo^^ 

unaged (t - o) and hydrothermally aged (t  100U 

of composite SC-2-3. 

J  o nf  tAnf for cured BP 907 Epoxy Matrix at Temperature dependence of tanfi tor cu-e 

110 Hz. 

Tensile relaxation modulus E (t) versus temperature T for 

cured BP 907 Epoxy at t = 15 sec. 

(initial sample length 1.000 in. at 23 C). 

\ 
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PROJECT III 

FAILURE PREDICTION 

UNIT I - Determination of Residual Stresses in Structural Materials 

Task 1 Harmonic Generation by Ultrasonic Surface 
Waves for Materials Characterization 
0. Buck, Science Center, Rockwell International 

Task 2    Detection of Stress Through Magnetostrictive 
Contribution to Electrodynamic Generation of Ultrasound 
R. B. Thompson, Science Center, Rockwell International 

UNIT II - Acoustic Emission 

Task 1    Effect of Microstructure on The Frequency Content 

of Acoustic Emissions 
L. J. Graham, Science Center, Rockwell International 
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PROJECT III. UNIT I. TASK 1 

HARMONIC GENERATION BY ULTRASONIC WAVES 
^OR INTESAL STRESS DETERMINATION 

0. Buck 
Science Center. Rockwell International ■ 

Summary ry . 

is sensitive to ^ ,  *• «■^""i S !u.tl' distortions In the vicinity 
internal stress)   .hlch Is *- "J f^ dete«lnes the yield stress 
.,  the «^fjSSjJ'S: «it s^he sLte of  tetlgue o£ »etsls and.  thus, 
rs^rgr^terhnr^l.portanoe. 

„ese internal stresses ol ^^^^o^lT^T 
eulshed fron Internsl stresses of the f"" "'. ' f the first kind give 
Presses).     In X-rsy «*«%%*£?* TZSiuSf »'"»«er *-* 

two phases: -unn 

A. Assembly and checkout o. the e.ui^ to .etect --c.nerat 

due to finite -P1^^6^9^^6^ material was used to check ^e 
harmonic generation **»**£%£  those expected from other work and 
equipment and compare the results wie 
from theoretical predictions. 

B.  Selected experiments on ^^^^^^^mtmti^M  to 

SÄS^i SSrÄSTS^: S .eeond kind on nltrasonlo 

harmonic generation. 

The results may be summarized as follows: 

•-o« verv well for bulk wave experi- 
(1) At present, the e<lü Pment°^"sting „lationships between the 

reidVlXer tZSZ^JSSfc  .-stlon. 

all of the causes are understood at tne P 

252 

\ 



* 

Science Center 
Rockwell International 

! 

Experiment-« anJ Discussion 
 " " 2 

1   -~A tm March    1975. aid is described In a paper , Phase A was completed In Maren, i.?/?,  <ii-" ■•■        C„HH0 " 

sibmltted to J. Acoi-st. Soc. Am. ^**r~±dJL  finite amplitude acoust: 
of a fused quartz transducer ^o exf ^«^^^^^er to Ltect the 

aves and a -P-J-ty f ^ ^s ^\Mrmldcrphrare that the output voltage 
harmonics.  The cnaracteti»i.^o       „„._„,. nf «-he soecimen surface, 
is  directly proportional "^^^^f^erody^e receiver serves as a 
independent of frequency t10"2^ j^* /,*" of the equipment Is In excess 
frequency spectrum -^^ »J*^ reared to ReLrence 2. 
of 60 dB.  For more details the reader is reiert 

During the checkout period experiments on f^^ff^S^iM 
fused silica was extensively studied  A room temperature u^^^^ 

a very brittle material so ^Sl^ST^^S silica an ideal 

We succeeded in showing that: 

ing that the equipment works satisfactorily. 

(2) The dependence of harmonic generation on specimen length and 
fundamental amplitude is as predicted theoretically. 

(3) Fourth and (higher) order elastic ^^^JSMITM  aspect 

■ 

U 21 
„22 
U.  (^ x [f(C 

ij* W^ 
2i(^t-kx) 

(1) 

in which the indices 2 and t are -d to^ndiate tha    ejn^        escribes 

the lattice contribution to tt> »*** ^«^AilJ'lSle.    x the 
the first harmonic, the circular g^Ä «-thS «*« ela8tiC 

specimen length,  and C      and C    k "•^JJVT L ca8e8 where contributions 
constants.    The third JAin. ^^^0""^ ^third  (or higher) 

S^iS^Ä ÄSÄTS to^rttia ;    ects.    U.  - interested 
read" L referred to Reference 2 for »ore details. 

in Phase B the effects of -pressive l.ads ^^tfj"* 
exceeding the yield stress, as well as annealing and fatigue 
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\ 

nf these effects had been 
second hareonlc generation «t. studied.  ^   d „ dul<)Mtlon motion 

"udled Prevlonsl, by ^"'^AtU.    Such dislocation «.tlon 

J2d 
U,2a>2xlf(t.A)le 

2i(u)t-kx) (2) 

J «train as the dislocation vibrates, 

due to the nonllnearlty of ^^J^Xo^  length and density 

s^ss ra™« "e^ÄU r-rc^-rcrs tr^ 
"second kind." /"f/"^""^ reflection.  They are »•>«•»£. 

dislocation density by 

(3) 

eternal stresses J.  - -^ÄV'a HAAS 

sss^iSars ^fe^ t.TSta'^g *£ *. 
stresses occurs during tfrea-polot ^»^»«^j      the experiments sre r^tlc ll.lt is -t axcee«o '„ the teU-M    ^ lntettial .„esses 
rrarit-^ratlonirrcoustlc ^ waves. 

M 2219 in the solid solution """^Juld »tress (^xlrnu. 

rs^sÄ Sbr^trsii^ 5r *-o£ the 
-t^ri'.treres-ar'etpSlro.^ns. (1) and (»• 

j^lfl ■■■■■■■ tftWf^^ ^    , _„ .n4 _ te.er.- 
(a) Compressive stresses f^^^^hird harmonic generation was 

Ä dislocation ^f^^^/esses of the second kind increase) 
contvibution diminishes (internal 
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and the second harmonic approaches a value expected from the lattice con- 

tribution 02t (E<ln- (1))- A8 observed by Elbaum et al ' 

U2(total)= U2t+ U2d (4) 

from which the internal stress could be calculated if the exact relations 

in Eqns. (l)-(3) were known. 

During long-time room temperature anneal (see right-hand side of 
FiE 2) the second harmonic increases again. For a deformed Al single 
crystal this result is not surprising since the stacking fault energy is 
so high that dislocation cross-slip and dislocation anrihilation can easily 

occur, reducing the internal stress of the second kind. 

(b) Fatigue softening experiments. After application of a compressive 

stress («15a) B. as well as the Knoop hardness were f terf °efamin -Tl 
after the specimen was fatigued in compression-compression at R ~^-   U-1 

with (T  -5a. After several fatigue periods, both U2 and     ™** 
Knoop ?fl?dnessywere measured again. As shown in Fig. 3, U2 increases and 
the Knoop hardness decreases as a function of fatigue. Again this result 
is expected qualitatively since it is clear from the ^ness measurements 
that Ltigue softening occurs leading to an increasing U2. Microscopically 
this effect is caused by a typical fatigue induced dislocation cell structure 
with !ong dislocation loops oscillating back and forth in areas of relatively 
low dislocation density. These long loops lead to extrusion-intrusions at 
the specimen's surface and eventually to microcracks (see Grosskreutz,^e.g.). 

(c) Othe. structural changes affecting second harmonic generation. The 
aluminum alloy Al 2219 was exposed to the solid solution treatment (T3) and 
to en aging treatment at 190OC for various amounts of time  Knoop hardness 
and U, are shown in Fig. 4. The increase of the Knoop hardness in these 
experiments is due to the formation of precipitate particles,  ^e corj- 
comitant increase of the second harmonic, however, cannot be explained at 
the present time. As evidenced by transmission electron microscopy  
(Dr. N. F. Paton, Science Center) interface dislocations have £»'«"■* 
during precipitation. These interface dislocations may be responsible for 

the increase in U2 during aging. 
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PROJECT III, UNIT I, TASK 2 

RESIDUAL STRESS DETECTION BY MEASUREMENT OF 
EFFICIENCY OF ELECTROMAGNETIC GENERATION OF ULTRASOUND 

R. B. Thompson 
Science Center, Rockwell International 

Introduction 

The presence of residual stresses in metals can ha\»?. varied deleterious 
consequences, including a reduction in the resistance of a part to corrosion 
and fatigue, and warping of a part during machining when a heavily stressed 
region is removed.  X-ray techniques for stress detections are available, 
but they suffer from a number of limitations.  The apparatus is bulky and 
often time-consuming to use, surfaces must have a certain amount of prepara- 
tion, and the measurement is made only in a layer of thickness less than a 
mill (25 m). 

Alternate procedures have been found based on a variety of physical prin- 
ciples, and each has its own advantages and limitations.  In ferrous materials 
deduction of stress from magnetic properties has received considerable atten- 
tion.  Eddy current measurements and Barkhausen measurements have each been 
shown to be sensitive to stress, but do not provide enough information to 
distinguish the presence of stress from other material properties such as 
cold working and compositional changes.  This work demonstrates a third 
magnetic measurement important in deducing the stress of the material.  It 
is experimentally shown that the efficiency of an electromagnetic transducer 
for generating ultrasonic waves is strongly influenced by the presence of 
stress.  An NDE technique based on such measurements is believed to be 
advantageous because it is based on magnetostrlctlve properties which are 
shown to be more sensitive to stress than, for example, t-he total magnetization. 

The Transducer 
• 

Figure 1 shows the experimental situation under consideration.  The 
electromagivtic transducer consists of a serpentine coil of wire carrying 
current at the ultrasonic frequency w, and a magnet producing a static field 
H .  When the transducer is placed on a metal., ultrasonic waves are radiated 
along the surface, with greatest efficiency occurring when the surface 
wavelength is equal to the period of the coil.  If the waves are detected 
by a receiving transducer (of any type) and the static field is varied, 
the signal changes are shown in the bottom of the fiture.  In a non-ferrous 
metal, the signal strength increases linearly with the static magnetic 
field (dotted curve).   The generation of ultrasound occurs as a 
result of the reaction of the induced eddy currents and the static 
magnetic field, i.e., the Lorentz force on the eddy currents.  In ferrous 
metals, this same process is observed at high fields for which the material 
is magnetically saturated. At lower fields, however, there is a considerable 
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x.^  arpel 2 distinct peaks 

HaSEetostrlctlonjailaHa tM1T ln Ungth 

oE ferrous -«"^^* ^f^^ static dat. «MB««^^ 
This Is illustrated In F«. ^ ?      changed »arUdly, and in       lve 

LLurements. In P^äS'jVe total .agnetization. ««* ^STS^i^ 
somewhat greater than that ^ th  uCture which can be used to gain 
materials ^s considerable fin 
information about the state or 

Stressjteasurements Pfficiency, the 

alter  propagating a 8;°^   tally increased, and at «en s r       ed. 
bend of the ^»«"^^"uh static magnetic "*" 8"e^ the tension 
of transducer efficiency ««" *  h transducer coil on botl; "e -  genera- 
Measurements were Perfo^ ^nd also on the compression side. JfJ 
side of the sample, as 8ho^;i^ electromagnetic skin 

d^^'t* Response 

^he bending was Primarilynfthe sUle surface. Some 7^ldJ^ "^ c{mplr 
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..    A fnr- no a-plied stress,  and for 

and moved the side of P^/^Houblet and moves the »Jf * jj^? 
load causes peak B to split into ^ °0        or0portional to the differentiae 
Mgher fields.    These -^^f CS^SS with the static data in 
magnetostriction,  are qualitatively 

Fi,?'  2* , .nBit vity of transducer efficiency to 
«- — iU--ed r -J -ide^re additional ^~£_ 

residual stress.     It is cxeai   u structure can be ruJ-xy Tefote the lnf»™.tlon contalnea ^the Hne^^ ^ been Identified 
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parameter with stress. 
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Conclusions 

Tltese exploratory experiments have established, for the first time, 
that the efficiency of electromagnetic transduction of ultrasound is quite 
sensitive to stress. Much additional study is needed and it would certainly 
be hazardous to proclaim a new NDE technique based upon this limited set of 
measurements.  Nevertheless, it is important to ask what characteristics such 
a technique might have if continued studies are equally promising.  First, 
it should be noted tkat a devlca would be quite simple and would have the 
advantage of noncontact operation.  Secondly, painted or moderately rough 
surfaces should pose no problem.  The technique would thus appear to be 
ideally suited to maintenance use.  It should be finally noted that the 
depth of measurement is comparable to that in eddy current measurements. 
This is typically a few mills, deeper than X-rays, but certainly not a bulk 
measurement. 
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PROJECT III, UNIT II, TASK 1 

SOURCES OF ACOUSTIC EMISSION IN ALUMINUM ALLOYS 

L. J. Graham and W. L. Morris 
Science Center, Rockwell International 

Introduction 

T.e revival, recent ^^^XS^^Z!^»^^. 
of growing tU» in structnres would M J/^'S^SS AE Slgnnl5 are 
were known about the sources of M. It is ^1±fL , iocall^ed 
generated by ^e sudden^elease o e.a t c J.-J-JT « '       ^ 

region in a material,  mis suaaea x    +T.nnnformations, and twinning, 
crack growth, plastic defomation ^•^^SfSoaSli emissions, however. 
These processes do not always produce ^^^^sses that occur is 
and a greater -derst^ding o^ flaw 

required to increase the reliability ^ ^e        of ^ generation would 
growth. Two goals of ^^^^^^ISlSr of'materials to new 
be for extrapolation of present knowieage 01 . tudies aimed at 

conditions, and predicting n^ the basic AE 
attaining these goals have been in ^ ^eas 01       fracture mechanics 
generation P—ssejr  n corre at^^^^^^       J- 

ITZTol S fet^rionic^ ^--.c^tals Pha- 
steels3 and ^n intemetallic com^d^; *i^dnistributions5.6. **  m 
growth processes in ^eel through ^^^f^^tin,; the'AE generation 
ceramics by frequency analysis of ^t^ "^        JJ both metals

8 and 
rate to stress intensity factors ^^at?^^ to determine the effects 
ceramics9. m the present study we have ^tempt^d to ^ ^ to 
of microstructure on the ^f^^^^f^whtch are related to these ejects. 

K-icperimental Method 

geometry is shown ^J1«' ^^/^rof the specimens could be aligned 
plate material so that the tensile a*18 0^/'  3 ..  rolled plate as shown 
along each of the three principal °T^f J^^^^f t^Ihe 20U8 aluminum 
at the right of Fig. I. Two exceptions to this ^ ^  aluminuffi alloy was 
.lloy was an experimental cast and J^J^^f^T«. shown in Table I 
a 1/8" thick sheet. The aluminum «"«J! J***» jf^SS« to these six 
along with their nominal chemical compositions. In addition 
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aluminum alloys,  some work was also done on A533-Grade B-Class 2 steel and 
STeel.    All the tensile specimens were of the same geometry so that  com- 
parison of the AE behavior could be made directly between specimens under 
diffe'nt conditions.    The  experimental variables used to ^^JT^lTon^ 
siructure and fracture behavior c* the materials are shown in Table II, along 
vithlheAE parameters which were measured.     Also indicated are parameters 
which are planned for use in a continaat:.on of this study. 

The AE monitoring system which wa.  ased has been described in Retail 
els^wh-re10.    The bandwidth selected for this study was from pO kHz to 3 MHz- 
Slo; frequency limit was determined for rejection of the ^tron ten-le 
nac hine noise and the high frequency limit was determined by the ^d^ 
of the modified video tape recorder which was used to record all of the analog 
V  sign's      A special digger level circuit was used to maintain a constan^ 
triller level of 50 ♦  .05 mV for all tests.     Acoustic  emission event counting 
wa    done rltierthan-the usual ring-down counting since a correlation between 
the number of events and features on the fracture surface of the specimen 
Ts d'ired.     During the tensile tests strip ^J^S^JJAS 
the cumulative event count,  the event count rate, the AE rms voltage level 
Hewl't-Packard Model StOM rms voltmeter),  and the load on ^T^^^ 

The AE signals recorded on the broadband video tape rec°rder/er^f"^^ 
back for observation of the appearance of the bursts,  their ^tion, relative 
amplitudes,  rise times, time of occurrence,  and general appearance      Also 
Sqiency analyses of individual AE bur.ts were obtained using a Hewlet.- 
Sard Model •fe52A/8553B swept frequency spectrum analyze^    ^veral^undred 
AE bursts were analyzed for each specimen at different times  J*«1? »T»" 
history co get an indication of changes in the processes involved in the AE 
generation. 

Bo.h optical and scanning .lectron microscope observations »«MM*» 
of th.   fracture surface and of the lateral surfaces in the gage length ot 
?he Lclmenr ^ 'si observations were used to identify the effects of the 
ZtTrZters on the deformation and fracture behavior ^ the specimen^ 
for correlation with changes in the AE behavior, so that the sources of AE 
could oe identified. 

Experimental Results and Discussion 

Tensile specimens were tested in batches of 10-20 specimens at a time 
The load behavLr, acoustic  emission behavior    and appearance of    he lateral 
and fracture surfaces of the specimens  ,.ere determined    and then all of this 
data digested.     Certain  inferences could then be -ade about tn    **£* 
the test parameters on the fracture behavio-     nd «-f*2j -f^ ^f^ 
behavior on the AE's which were produced.       o test the val di.y Of tfiese 
inferences! test parameters were changed and a new batch of specimens tested 
nclu'ng ^ome specimens which were tested under the  ^JS^^%^^^ 

previous tests as control specimens.    In this way our knowledge of ^e sourct.s 
of AE and the effect of changing the microstructure on these sources was 
established. 
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t 

f this study will be stated 
.      4.^v      The conclusions of *n".-  ^made showing 

Conclusloj1s_oL_this^L^   Te^erimental results ^ teco^fitionS of 
nov a^^a discus-on f ^^ ^ .icrostru^ai^^^ ^ 

how the various experimen        P        conciuSior.s.    ^he ti oonditions was 
the material affected the^e        ^^^ under the var^ou^ ^ 
the AE behavior of the var nclusion was thatthe ^ ^ used to 

markedly different.    A 3ecol:a ^a this information cu the 
afferent frequency spectral types^an ^^ conclusion deals 

^identify the -or-^^he ^^ P^^/0^^second phase 
identification of ^f S°^C

the kittle fracture of 2^0 u conditions was 
aiuminum alloys tjjt** ^ 8econdary source under some        * ^ sourceS 

intermetallic pMPtjelW.^ re ions of matriy
v

mat^^iais. Other sources 
£. brittle fracture of ^^ g in moSt of ^f ^^t in that they 
were responsible for 99^ o rarelyi but were i^ ^ they 

which were i^tifif "^ afferent ^equency spectr^a ol ^ condition. 

could be ^^^tSe/a different -^^f^/Iepa^ation, delaminat-n 
Produced **±**^X!*» sources are grain «"TSJ source of AE produced 
Specific examples of these cleavage.    ***£*£ a iow amplitude, 
along grain ^^^f^s emission" ^ich was usually of^ stic äefr^ 
what is termed ^f ^Lurce of AE was due to either gr     -^ in tallic 
it is ^^^t^for of the brittle fracture jJ^gJ. conclusions of 
tion of the mat^^v

0^he plastic deformation. ^S^arious materials, the 
particles caused W the pi hehavior of v^0 identification 
?his study    the --ability ot     spectr    of the AE, an^the    » experimental 

classification of the ^ now ^ discussed in terns 
of the sources of the At; 
ohservations. TK, of Fig.  2 are typical 

»« »^^^r^läding behavior •**£££* t ^ <*•    tII | 

event rate, NE.    Tb - curv d tail3 of % telow ^^^ed by a factor of I». 
ordinate mA gives ^re of the ^ be multiplied   y ^ ^ 
other curve, the ^o^ - the ^ughout the loading h^ ^ 8e 

This curve shows the ^ature lo1«1*^111*1^ thryield point while 
Mature of these data is that r horti, 1***£j^{tS**> 

(T) specimen, «E«^^^ specimen, «E cf ^^^ in Fig. 2, «E+ for the short transverse  UO    V       ^ specimen 2SU shown      ^^^ sy8t 

fracture.    It should b« ^^ceeded the capabilities or ^ contraBt, the 
increased to a value which ««Tj*,, which this happened.    In ^ 
S w- the only S^S-JSJIE hehavior as i^/^Lterials.    ^t 
two s^-els had a ^.^TJ^ hoth the A533 am   the H^ o ^ signal8. 

.        ngare 3. ^"'V^ ^cSves for the rms jf^J^ftS C curves. 
Bhown In Figs. 2 anc1 3 ^^ ^„„„aLiy fell right on %0^f ^^.^ t0 either 

^yUmua-- distribution changed during 
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Table II. Parameters of this study on acoustic ^issiü;.SOUrC/+^
nt'^ati0n 

and parameters planned for use in a continuation of this study. 

Experimental Variahlos 

Alloy content 
Impurity content 
Heat treatment 
Surface condition 
Specimen orientation 
Specimen origin 
Strain rate 

Specimen geometry 
Grain size 
Temperature 

Future 

- 
v 

Observations 

vs. time 
Event count 
Event count rate 
rms voltage 
Load 
Signal appearance 
Frequency analysis 
Fractography - SEM and optical 

Amplitude distribution |   Future 
Signal phase        j 

I 
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Table III. Mechanical and acoustic  emission 
all the tensile  specimens tested 

event count  (l_)  data for 

■ 

Specimen 
Number Cond. 

\ 

Special X-Head 
Cond.  in/min 

T851 
T851 
T851 
T853. 
T6 
T6 
ST 
ST 

T851 
T851 
T851 
T851 

T851 
T851 
T851 
T851 
T851 
T851 
T851 
T6 
T6 
ST 

T351 
T351 
T351 
T351 
T351 
T6 
T6 
ST 
ST 

T351 
T351 
T351 
T351 
T351 
T351 
T351 

EP-SS 
SS 

EP 

Er 

SS 
EP-SS 

90° 
EP 
EP 
EP-9O0 

SP 

EP 
SS 
SS 

EP-SS 

EP 

EP 

SS 
EP-SS 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.005 

.05 

.05 

.05 

.05 

.005 

.005 

.05 

.005 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.01 

.005 

.01 

.01 

ksi 

U5.8 
U5.9 
U6.0 
1+9.8 
1+3.9 
3U.5 
17.3 
l6.3 

1+5.2 
1+8.2 
1+T.8 
1+8.2 

1+5. 
1+8. 
1+8. 
1+8. 
1+8, 

1+7 

l+U 
30 

2 
2 
8 
T 

,6 
.7 
.3 
.1+ 
.2 

17.5 

53.2 
55.6 
1+9.1 
50.1 
52.3 
53.'* 
1+1.0 
16.O 
22.1 

1+8.2 
1+8.1' 
1+8.3 
51.5 
50.6 
50.6 
1+8.8 

"UbT 
ksi 

62 
60 
61 
6s 
59 
51.5 
1+1+.2 
1+3.1 

62.6 
63.2 
61+.7 
6»+.o 

60.9 
61.7 
60.3 
58.5 
60.9 
53.0 
51.8 
57.2 
1+8.2 
1+3.2 

71.0 
71.9 
61+.0 
65.0 
68.1+ 
65.1 
51.0 
1+2.7 
50.0 

67. 
66 
65 
67 
68 
66 

9 
0 
1 

.7 

.6 

.2 

T 
% 'E B./e E/fc.p 

66.9 

9.6 
9.2 
9.2 
9.1 

13.1 
10.6 
26.3 
25.0 

6.0 
8.1 
8.8 
7.9 

1+.5 
1+.2 
3.2 
2.5 
3.3 
1.1 
1.3 
1+.6 
6.3 

18.1+ 

8.9 
11.5 
16.7 
16.I+ 
20.5 
6.2 
7.8 

17.8 
l8.2 

9.8 
11.1 
10.1 
8.9 

12.U 
12.9 
13.6 

32292 
21380 

22360 
(60000) 

55300 
78138 

(70000) 

68365 
&l600 
31+510 
21+000 

69601 
61570 
75698 
1+1500 
13660 
ll600 
10520 

(1+0000) 
6250 

56351* 

721+66 
39700 
361+70 

(30000) 
33270 

(70000) 
70U0 

75839 
(1+0000) 

111571t 
121+967 

(110000) 
91+050 

125^88 
50773 
1+8210 

3370 
2330 

21+60 
(1+500) 
5220 
2970 

(3000) 

lll+OO 
10100 

3920 
301+0 

15500 
11+650 
23600 
l6600 

l+ll+O 
10500 

8100 
(9000) 

990 
3060 

8150 
31+50 
2190 

(2000) 
1620 

(10000) 
900 

1+260 
(2000) 

lll+OO 
11300 

(10000) 
lObOO 
10100 

39I+O 
35fcO 

NOTES 

1. 
2. 
3. 
1+. 

5- £ leuers l   T    ^^Z'"^ ^^ "^ ^ along the plate longitudinal,  long 
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Table III.  (continued) 

- 

Specimen 
Number 

1075. 
TL6 
TLT 
TL5 

TS6 

7S5 

1100 
5LI 
8L2 

T351 
T351 
T351 
T351 
T351 
T6 
T6 
ST 
ST 

(T6) 
(T6) 

(T6) 
(T6) 

(T6) 

(T6) 

T6 
T6 
T6 

T6 
T6 

HlU 
0 

0 

T6 
T6 
T6 

T6 
T6 

EP 
KP 

EP 

EP 

EP 
EP 

EP 

EP 

EP 

EP 

EP 
EP 

EP 
EP 

EP 

EP 

AS33 Steel 
3Li; Gr.B-C1.2 
3TU Gr.B-C1.2 
3SU    Gr.B-C1.2 

HY-80 Steel 
ULU     AR 
UXU      AR 
kSk AR 

.05 

.01 

.005 

.005 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

:0ol 
.05 
.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

ÜB 1 
U6.T 
U5.6 
hk.h 
h2.1 
53.6 
U2.8 

15.5 
23.3 

59.5 
61.2 

61. U 
61.8 

57.8 
58.5 

58.3 
59.0 
57.0 
56.9 
55.8 
59-3 
50.5 
Ul.7 
1A.8 

61*.8 
65.8 

66.5 
66.7 

6U.2 
65.O 

75.8 
76> 
68.7 

70.5 
70.8 

15.0 
-1.0 

15.8 
~1.0 

ko.6 
39.2 
U1.2 

U0.3 
38.2 

79.8 
78.9 
72.2 

82.0 
8U.5 
8U.7 

3.U 
3.3 
2.5 
6.8 
U.l 
1.8 
3.8 
10.2 
9.1 

5-9 
5-2 

3.8 
U.l 

U.8 

3.9 

88.0 

87.H 
79.>♦ 

79.0 
78.9 

16.0 

11.7 

16.6 
10.6 

U3.8 
U2.9 
Hlt.U 

UU.6 
Ul.2 

101.5 
99.2 
87.6 

103.1 
105.9 
105.5 

10U116 
5UI+00 
S3000 
';8U00 

~670CJ 
(toooo) 
127 ÖO 
U663^ 

11620 
11580 

11300 
1U200 

11100 
18500 

12.8 

13.3 

23380 
(20000) 
(l6000) 

1.9 
2.2 

15250 
(12000) 

l6.5 
50.0 

298 
21716 

11.7 
50.3 

130 
9U00 

11.1 
lU.O 
15.5 

570 
(6000) 
(5000) 

6.7 
5.7 

6U30 
(6000) 

21.0 

22.5 
7.0 

1139 
3990 

11931* 

21.1 
22.8 
20.6 

50U 
1820 
3^50 

30600 
16500 
21200 

8600 
l6C00 

(1+0 JOG) 
3360 
1+570 

x97C 
2230 

2970 
3^70 

2320 
U750 

1830 
(2100) 
(1200) 

8030 
(5500) 

18 
1+10 

11 
190 

51 
(1+00) 
(300) 

1260 
(1000) 

5U 
177 

1710 

21+ 
30 

l66 
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indicate a change in the dominant AE generation mechanisms, 
needed to clarify this point. 

More work is 

Frequency spectra of AE. Above each of the curves in Figs. 2 and 3, 
the relative numbers and times of occurrence of AE having four distinct 
frequency spectral types are indicated by the relative densities of the lines 
drawn there.  In Fig. 1+ are shown frequency spectra of single AE bursts 
illustrating these four spectral types; (a) white noise (WN), (b) high 
frequency (Type II), (c) low frequency(Type I), and (d) peaked (Type III). 
It can be seen in reference to Figs. 2 and 3 that most of the AE bursts had 
a spectrum which was either very nearly white noise or was shifted to 
higher frequency than WN as illustrated by the Type II frequency spectrum. 
There was some tendency for AE's having these two types of spectra to occur 
at specific times during a given tensile test, but some specimens were 
predominantly either Type II or WN emitters.  In all instances large numbers 
of brittly fractured intermetallic particles were observed on tho main fracture 
surface.  However, tnere was a large variability in the amount of brittle 
matrix fracture with the various test conditions and no correlation could be 
detected between the occurrence of the^e two AE sources and the two principal 
spectral types. Mathematical models of the sources of AE which predict the 
occurrence of both WN and Type II spectra11»12 suggest that a common feature 
of these sources is that the stress release occurs very rapidly (comparable 
to the reciprocal of the highest frequency observed) ov?r a localized region. 
Both the primary and secondary sources of the AE which we believe to be 
operative (the brittle fracture of intermetallic particles and of small 
regions of matrix material observed in these specimen) can be described by 
such a model. An iterative feedback process between the experimental results 
and the mathematical modeling is in progress and may soon provide a better 
description for the subtle source differences that produce WN as opposed to 
Type II spectra. 

A small percentage, perhaps 1/f, of all the AE bursts analyzed did not 
fall into either one of the two spectral classes described above. These are 
illustrated in Fig. 1+ by the Type I low frequency spectrum and the Type III 
peaked spectrum. In addition to these there were a few (less than O.ljf) 
which could not be classified into any of the four types shown on Fig. U. 
Although there were relatively few of the Type I and Type III AE bursts, 
their occurrence is of importance since they tended to occur only at specific 
times during a test or only under certain test parameter conditions. An 
example is for A533 steel where, for the specimens having S-orientation 
(specimen 3SU in Fig. 3), the najority of the AE bursts which occurred during 
the final stages of crack growta had the Type I frequency spectrum. For A533 
specimens in the other two orientations this was not the case. A striking 
difference in the appearance of the fracture surface, observed using Scanning 
Electron Microscopy (SIM), was the occurrence of large regions of low energy 
fracture on the fracture surface of specimen 3SU as illustrated in Fig. 5c. 
The precise nature of these areas is not currently known. Another example 
of the occurrence of the Type I AE bursts was for 20U8 Al specimen 5T5. 
A feature of the fracture surface which was observed for this specimen was 
the delamination of the layered alloy structure along grain boundaries 
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the frequency spectrx«« of ^ ^"f1^ represents the flat frequency 
amplitude to the f"^^^^^^ei of the transducer-preamplifier 
spectra of «-frJrS^S S response of the transducer to 
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which occurred vhen the tensile axis was in the long transverse direction. 
Figure 5b is a micrograph showing the delamination. Quite a few of the 
Type I AE hursts were generated during the test of this specimen, whereas 
there were none observed for the other two orientations of this material 
for which no delamination occurred. A common feature of the sources of 
AE which are believed to result in the Type I frequency spectrum in the 
20hQ  Al and in the A533 steel was that large regions fractured in a low energy 
but not entirely brittle fashion which can be imagined to have occurred over 
a period of several microseconds. Referring again to the mathematical 
models which have been developed, a source which undergoes a stress release 
with a duration of several microseconds would result in the frequency 
spectrum which we have designated as Type I. 

Acoustic emissions having the Type III frequency spectrum occurred more 
rarely and at more random intervals during specimen *V^J^^JT 
Type I A£ bursts. However, in 5 of the specimens tested l«'» IK. »«. 
2S2 9L2), the Type III burst predominated. Three of these US2, 2L2, ^; 
were in a heat treat condition which was different from all other specimens, 
as will be discussed later. The appearance of the fracture surfaces of these 
three specimens was unique in that there were large regions of brittle 
fracture involving both interme^aUic particles and small regions of matrix 
as shown in Fig. 5a.  It is, therefore, tempting to correlate the Type III 
AE with the occurrence of brittle fracture of large regions of material. 
However, two additional specimens, 185 and 9L2, which had a predominance 
of the Type III AE showed only a small amount of this type of fracture on 
the main fracture surface. This leaves some question as to the source of 

the Type III AE bursts. 

Effect of experimental parar-eters. The mechanical and AE data for all 
the specimens tested are shown in Table III. The last column of this table 
shows the ratio of the total umber of AE events which were counted to the 
total percentage plastic strain in the specimen. This ratio is only a 
convenient way of normaUzing the AE data to some parameter of the widely 
varying mechanical properties of the specimens.  It is not our intent to 
imply that it has any basic physical significance. The entries in the last 
two columns which are in parentheses are data which were obtained during 
testing of a single batch of specimens. The event counter which ^^fn 

used for all of the other specimens was not available for use for this batch 
and another one was substituted. The result was that a larger number of 
events were counted for each of the specimens than was expected. Corrections 
to these data were made using the results of a number of control specimens 
which had experimental parameters identical to previously tested specimens, 
and by observation of the AE signals on the oscill .scope when played back 
from the magnetic tape recording. As a result comparisons between the data 
which are in parentheses can be considered completely valid, while comparisons 
with the rest of the data may include an uncertainty of as much as 50». 

Table IV is a summary of the effect of orientation of the tensile axis on 
emission behavior inciting ^ome comments on the general AE and fracture behavior of 
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to the data of Table I, it ^T^^ ^ore „rone to brittle fracture. 

ln the alumihuB ^^^^Hhich contains only'e^all intemetallics 
So, for instance, for Al ™" """"  cture of mtermetallica vas minunal. 
bnrst emission was i»".!;"4.^""'^^^^Serial compared to that for Al T0T5, 
The appearance of the AE signals »«««"?■££ are 2^, in Fig. 6. The 
an average emitter, at the »^ " ^"^fu high AE material) specimens 

SreTrei: T^  SSTS^^* - «— "^ — 
H »^ 9n?U and 2219 aluminum, load drops were 

In testing of solut^n*rea1:^ticst^in region. The load drops have 
observed during loading ^ ^J^^tyVs Illustrated by the oscilloscope 
been associated with flurries f «^SSM*« AE activity was observed 
trace of Fig. 8c. Similar, but lower ampiituae course, very ductxle 
Tear failure for Al 1100. ^ Jr-ture of M liOO .s,^^^ i. ^ 

(Fig. 8a) and the solution treaty  P000 -        deformation or the frac- 

fractare. It is presently not »JJS« LSt?"^ associated with gross 
ture of sub-micron •*" ^^^ iSTilSS emission. Conflicting pXastic deformation P-ticxpat  - uc^flur^^^ has ^ ^^  by 
evidence supporting the possiou-i^j 

others13'1^- 
*. 4-v,^ onoh.  and 2219 specimens were 

Following solution ^-J^'^^^^tfng in more brittle matrix 
further heat treated to the T6 ^^f.^^^orientation specimens, 
fracture which was ^ticnl^ly o^s^e ^ ^^        specimens which 
These specimens also produced more Ah evenx. ^ a much 
wafpresumably heat treated in this way ^^^ree of these specimens 
lower yield point and f ^^^^^p^ducTrelatively few AE which 

Ter: SÄÄTSS STA« US spectra. 

For aluminum specimens cut from ~ **£&££J£ lT 
(the top 1/8 inch), the ^J~***^S^<* was delayed until 

sr^tä^^ ^^r^?o pre-test fracture of some 
of the intermetallics. 

The electropolishing of selected specimens over -ei^gage^ength was^  ^ 

found to reduce the number of c™* ^^^e ^ound (unpolished)  condition 
Specimens tested with ff^^^^^u "paSicles at the surface of 
had more cracks initiated at ^ ^^fi^n the load was about three- 

bSs tSSÄSTÄ r^Än th/eleetropolished condition 
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+ +hP surface were fractured and a smaller 
a fewer number of the particles at th^u^e

t^e matrix material.    The net 
^/opTrtion of these fractures »"PN^d ^^in the number of AE events 
effect was a reduction by about a ^0^f

s      imens.    ^ opposite effect 
generated in most e^^^P^^^o^i^n^however.    In this material 
*aS observed to occur for ^e ^J^^f below yield crack initiation, 

ZTrLllZ roSer^o^ch hal the low frequency Type I 

spectrmn. „ecu,«, 

?he number of AE's generated. ^^^ ^ fracture 

The strain rate of the ^f+
s^%^f ^f o^Vfl^n^ TpecSens!    This 

behavior or the AE behavior of the ff^^l^^s in Table III.    The 
oan be seen particularly for the T-orien„"  ^„„^em-oducible apparently 
^da^for the B-ri^ti«;^^« ^3 JS orientation to randomly 
because of the greater ^nden^h

f°i0^ seVeral parallel fracture planes, 
develop significant -^ ff^ f^be^seen Jt there is no systematic 

rirt^nTn^e^ Sior with changing strain rate. 1 
iry 

In terms of the immediate aims and ^g^lg^X*** ~ \ m 
we have identified the sources of AE ^ ^ ^      and have qualitatively char- 
function of the various experimental paramete        ^ ^ materials      we 
acterized the quite different AE bf^i.r o freqUency spectra which, 
have identified characteristic features in ^e f ^ £ ^ ^    Compar son 

in some cases, were ^^waifemtfcal models indicates that the white 
of these frequency spectra with g^^St^ by a very rapid stress 
noise or high frequency Type II AE are gene , ^ the low 

release ove? a localized region of
t^f flower stress release mechanism 

frequency Type I spectrum ^e created by a much^^ m ^ AE 

ÄiLr^.^iÄ^rÄ.^iSSS- --Lurrtion 
OT^STS SSyS^-^-ÄSSS. mature of the AE signal 

i  timr AE data from one material 
In terms of the ultimate goal (***rffi^ikl* an understanding 

or pne set of test ^^^^.TS the test and ^ indirect 
of the direct effects of the various P behaVior and associated Ah 
effects of the ^crof ^f ^ °?0re rf^abS extrapolations can be made, 
need to be better understood before r.xiaox 
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In terms of the goal of determining flaw criticality from characteristics 

?er of thlH™ Tf Jfo^tl^to other 6e»etrle8, suoh as for fla. growth 
In altru tirh« not heen shown as yet, hut the posslhlllty 1. an 

""^l^isfurte^-is^r^rerr^r^ere^L. 
in the amplitude distribution of the AE with cnanges in ^      F 
more specifically, with the onset of unstable crack growth. 
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