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SUMMARY

Computer implemented phase-slope and cross-correlation methods are in-
troduced for measuring time delays between pairs of broadband ultrasonic
pulse-echo signals for determining velocity in engineering materials. The
phase-slope and cross-correlation methods are compared with the overlap method
which is currently in wide use. Comparison of digital versions of the three
methods shows similar results for most materials having low ultrasonic attenu-
ation. However, the cross-correlation method is preferred for highly attenua-
ting matertals. An analytical basis for the cross-correlation method- is
presented. Examples are given for the three methods investigated to measure
velocity in representative materials in the megahertz range.

INTRODUCT LON

Ultrasonic velocity measurements are widely used to determine properties
and states of materials. 1In the case of engineering solids measurements of
ultrasonic wave propagation velocities are routinely used to determine elastic
constants (refs. 1 to 5). There has becen an increasing use of ultrasonic
velocity measurements for nondestructive characterization of material micro-
structures and mechanical properties (refs. 6 to 10). Therefore, it is impor-
tant to have appropriate practical methods for making velocity measurements on
a variety of material samples. '

A number of approaches .to the measurement of ultrasonic velocity in solids
have been described (refs. 11 and 12). - Included among the approaches there are
those that use single frequency continuous waves, tone-bursts and broadband
pulse.-echo waveforms. [In the latter case, the basic problem is to determine
the time delay between two successive echoes, each of which consists of only a
few oscillations. The pulse-echo approach using a single transducer in contact
with the material sample has many practical uses (refs. 13 and 14). Therefore,
it will be treated exclusively in this report.

In many instances it 1s fairly easy to find some feature in the pulse-echo
waveforms (e.q., the principal osciilation) that can be used as a basis for
measuring the time between echoes. T1he "pulse-echo overlap" method (ref. 11)
is commonly used to make this type of measurement. The method can be imple-
mented by analog or digital instrumentation (ref. 12). 1In either case, the
echoes must have similar.waveforms so that corresponding features can be read-
ily identified and brought into coincidence (i.e., overlapped) either by analog
or digital manipulations. Since this condition is not always met, alternative
methods .are needed. - - : o



The purpose of this report is to deal with those cases where puise-echo
signals are weak or distorted by attenuation and other factors that render them
unsuitable for the overlap approach. This report describes ultrasonic velocity
measurement methods based on computer d1gitizat10n of broadband pulse-echo .
waveforms. Three digital methods are compared: (1) overlap. (2) phase-slope,
~and (3) cross-correlation. The analytical. basis for the cross-correlation
~method is emphasized. Specific examples are given for observed signals in a

frequency range from 5 to 50 MHz for metal and composite samples. :

EQUIPMENT
Transducer

A typical transducer configuration for normal incidence, contact, pulse-
" echo ultrasonics appears in figure 1(a). In the transducer a piezoelectric
crystal is excited by a high voltage drive pulse to produce a broadband longi-
tudinal ultrasonic wave. This wave propagates through the quartz buffer to
the front surface where a portion of the wave's energy is transmitted into the
specimen and a portion is reflected back to the piezoelectric crystal. The
portion of the ultrasonic wave reflected from the front surface is the first
echo, FS (fig. 1(b)). The wave transmitted into the specimen is reflected by
the back surface to the front surface where a portion is reflected back into
the specimen and a portion is transmitted through the quartz buffer to the
piezoelectric crystal. This wave is shown as echo Bl in figure 1(b). Finally
a third ultrasonic wave, echo B2, occurring from a second back surface reflec-
tion is received at the piezoelctric crystal as shown in figure 1(b).

Instrumentat1on

Block diagrams of instrumentation used for this report appears in
figures 2(a) and (b). The major components are: (1) ultrasonic pulser-
- receiver, (2) digitizing oscilloscope, and (3) minicomputer. Auxiliary com-
ponents include a digital CRT monitor, real-time video monitor, digital time
delay, and hard copier. The minicomputer operates under TEK SPS BASIC software
(ref. 15) and various system components are interfaced with the IEEE 488 GPIB
(General Purpose Interface Bus). The ultrasonic pulser-receiver is an analog
device used to excite the transducer and to receive resultant echoes. There-
after, signal acquisition, processing, and analysis are done digitally. Meth-
ods for digital processing described herein depend on use of the discrete
Fourier transform algorithm. It is implemented by an FFT (fast Fourier trans-
form) software package which is part of the system of figure 2.

PROCEDURE
General

. In figure 1(b) time, T, between echoes Bl and B2 is that requ1red for
ultrasonic pulses to trave] twice the thickness, s, of the sample. The time
between echoes FS and Bl 1s also T. Here echo FS will be ignored because it
is preferable to use echoes from within the specimen. The procedure for calcu-
lating velocity, v = 2s/T, 1s based on analysis of the two back surface echoes
B1 and B2. A1l examples given are based on longitudinal wave propagation.
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The initial step in the procedure for signal analysis requires digitiza-
tion of echoes B1 and B2. Two typical cases can arise: 1In the first case,
both echoes are displayed -simultaneously on one CRT trace (as in fig. 2(a)).

In the second case, the echoes are individually “windowed” in two separate
traces (as in fig. 2(b)). These "windows" are time gates used to isolate wave-
forms of interest. 1In digitized form they usually consist of 512-element
arrays with 9 bit vertical resolution. The individually "windowed" case 1s
used when there is a long time interval between echoes. Then, any attempt to
compress two echoes into a single CR1 trace can significantly reduce the amount
of usable detail in the individual echoes. The signals could also be rendered
useless due to aliasing, according to the Nyquist criterion for digitization
(ref. 16). .

When both echoes Bl and B2 cannot be simultaneously windowed, a digital

. delay device 1s used. 1t introduces a known time delay between the beginnings
of the two separate windows containing the waveforms for echoes Bl and B2. The
time delay device 1s calibrated to an accuracy of +1 ns and has a precision of
+0.1-ns. As indicated in figure 2(b), this delay is triggered by synchroniza-
tion signals from the pulser-receliver. After Bl is windowed and digitized, a
predetermined delay is generated to put echo B2 into the digitizing window.

The process is shown in figure 3 for a case where the time, T, between
echoes B1 and B2 1s calculated from T =W + (T2 - T1), where, W: is the time
delay between windows and times T1 and 712 are in-window delays measured
with respect to corresponding major oscillations of echoes B1 and B2, respec-
tively. If both echoes can be included in the same window, W = 0 and the
expression reduces to T = (T2 - T1).

.Overlap Method

Figure 4 shows the result of overlapping the echoes B1 and 82 from
figure 3. The process involves a digital search for the peak voltage and the
array. element that contains it for each echo's major oscillation. Since, ex-
cept for amplitude, the echoes have similar waveforms the peak value criterion
is adequate to overlap the echoes.

The overlap method depends on having a pair of echoes, Bl and B2, that
exhibit similar waveforms with corresponding features. But, even for the case
11lustrated in figure 4, it 1s apparent that the overlap is imperfect, e.qg.,
the zero crossings are not all coincident. Effects of wave distortions due to
noise, dispersion, and other factors that -operate on successive .echoes are
present. The ability to deal with these distortion effects is facilitated by
operating in the frequency rather than the time domain. It will be seen that
frequency domain methods (phase-slope and cross-correlation) have advantages
over the time domain method.

Phase-Slope Method

With the phase-slope method time between echoes is found by use of phase
spectra of echo waveforms. After the echoes are digitized, a Fourier transform
of each is obtained by a discrete FFT algorithm. The amplitude and continuous
phase spectra for a pair of typical echoes are illustrated in figure 5.



After Fourier transformation, both the amplitude and phase spectra are
used to define a central zone within the frequency domain. - For example, this
zone may consist of only a narrow range near the center frequency or a fre-
quency range for which the ampiitude exceeds some fraction of the peak value.
And/or, the zone may consist only of the frequency range for which the phase
spectrum is linear. These restrictions eliminate the low and high frequency
extremes where the signal-to-noise ratio is low.

The group velocity is given by U(f) = 2w(2s)/((de/df) - W) where f
is frequency, © 1is phase angle in radians and W 1s the time delay between
echo windows (ref. 17). 1In window time delays for each echo can be calculated
by setting W = 0 and solving for T(f) = (de/df)/(2%). In the present
case the phase spectra are linear functions of frequency in the central zone,
their slopes are constants, M = do/df, and the in-window time delays are
Tl = M1/(27) for echo Bl and T2 = M2/(2%) for echo B2. The total time delay
T =W+ (T2 - TY).

' Cross-Correlation Method

The digital cross-correlation method eliminates the need for the somewhat
arbitrary criteria, e.g., peak value and zone for phase slope, applied in the
two previously described methods. Unlike the overlap or phase-slope methods,
cross-correlation does not require explicit criteria for accepting or rejecting
specific features in echoes affected by distortion or low signal-to-noise
ratios. ' :

The method 1s illustrated in figure 6 which shows the normalized cross-
correlation function for three cases of echo positions. The cross-correlation
function of two time domain signals is obtained by conjugate multiplication
using their Fourier transforms in the frequency domain and retransformation
back to the time domain (ref. 16). The cross-correlation function possesses a
maximum in the time domain. The displacement of this maximum relative to a
zero reference-gives the time interval C, which for the 1deal case should
equal T2 - T1 as measured by the digital overlap method. Cross-correlation
gives this quantity whether the echoes appear in the same or separate windows.
If the echoes B1 and B2 are separated windowed, then T =W + C.

For the relatively simple and undistorted echoes of figure 6 cross-
correlation gives results similar to those obtained by the two previous meth-
ods. The validity of the cross-correlation method depends on the fact that
the displacement of the maximum of the cross-correlation function equals the
time delay between the two successive echoes. This is supported by the previ-
ous examples and the theory and results presented hereinafter.

THEORY

The theoretical analysis proceeds according to the following logic.
First, it is noted that the center value of an auto-correlation function is
aiways a maximum. Then, i1t is shown that the cross-correlation function can be
rewritten as an auto-correlation function, this rewritten form has a maximum
displaced from its center and that the displacement corresponds to the time
delay sought ' '



The cross-correlation function ny(x) 1s defined in reference 18 as,

T
Rey(x) = 1im (m)/ X(t)Y(t + 1)dt - Q)

T
0

where, X(t) and Y(t) are arbitrary waveforms, where t 1is time and <« s
a delay interval. If Y(t) 1s replaced by X(t), we have the auto-correlation
function, . .

I
Rxx(r) = 1im (I/T)/ X(EIX(t + <)dt (2)
T 0

It is assumed that the data of interest are stationary, 1.e., that the
time averages of equations (1) and (2) exist. It is shown in reference 18
that Ryx(0) > R(t)yx for all <. "That is, the center value of the auto-
correlation function at t = 0 1s always a maximum.

In an analysis of propagation paths (refs. 16 and 18) (as those associated
with echoes B1 and B2) a function Hy can be defined. This function operates
along the kth propagation path on the input signal X(t).. The resultant output
signal Y(t) s,

Y(t) = S H X(t) + A(t)
= "k (3)

‘where A(t) represents accumulated random noise. Equation (3) applies to
- pulse echoes (as in fig. 1(b)) if the input function X(t) 1s taken. as the
first echo B1. Subsequent echoes such as B2 are functions of the propagation
function Hy. By excluding higher order echoes, equation (3) reduces to,

Y(t) = HX(t) + A(t) (4)

In the case 11lustrated in figqure 1(b) the function H operates on the
input signal X(t), or echo Bl, in the following ways before i1t yields Y(t),
or echo B2. First, it attenuates echo B2 relative to echo B1. Second, it may
invert echo B2 relative to echo Bl (e.g., reflection at a free back surface,
j.e., multiplication by -1) followed by a second inversion at the buffer-sample
interface, reinverting B2 to give results as in figure 1(b)). Third, 1t delays
echo B2 relative to echo B1 by the round trip delay time in the sample. The
delay time, T, 1s related to the propagation velocity, v, and sample thickness,
s, by T =2s/v. The effect of H operating on X(t) can be expressed as:

HX(t) = +DB(f)X(t) ' (5)

The + sign on the right side of equation (5) corresponds to inversions
of echo B2 relative to echo Bl and depends on reflection coefficients at the
buffer/sample interface. The time delay D 1is an operator changing t to
t - 2s/v. B 1is the attenuation operator which is, in general a functien of
frequency f. B must operate in the frequency domain as shown:



BX(t) = F~' [BF(X(t))] h (5a)

Here F 1s the Fourier transform and F-! 4s the inverse Fourier transform,
defined so that: : ‘

VIROE)T = X(b) | ~(5b)

1f, however, B does not distort the shape of X(t) too much, then we can
approximate it by a constant b and write;

Y(t) = HX(t) = xbDX(t)
*bX(t - 2s/v) : (6)

']

According to reference 15, the discrete cross-correlation function for a digi-
tized finite waveform can be written as,

"~ N-n-1 o
R (P) = (1/N) 20 X(t)¥(n + t) (7
vy t=0

where N equals the number of data sampling intervals corresponding to the
delay time T. The quantity n ranges from -(N - 1) to +(N - 1). Cembining
equations (6) and (7) for the cross-correlation of echoes Bj and B2 gives,

Rey(M) = (£)B/N Y R(E)X[n + t - (25/V)) (8)

In reference 16 it i1s shown that equation (8) is equivalent to the auto-
correlation of X(t) with the correlation array points shifted to the right a
distance 2s/v. Thus the central maximum, or minimum, is shifted to the point
a distance 2s/v right of center, in the case of a time lag (delay) from the
first to second echo (as in figqg. 6(b))

EXAMPLE

The previous examples of digital methodology (figs. 3 to 6) were based on
a metal sample (250-grade maraging steel). The velocities, measured with a 50
MHz transducer, are compared in table I for each of the three digital methods
used. As expected, the results agree quite closely for the relatively clean,
uncomplicated waveforms involved.

A further experimental example .involving noisy, complicated waveforms is
illustrated in figure 7.  In this case both echoes, Bl and B2, occur in the
same window. The signals were obtained from a graphite/epoxy composite lami-
nate using a 5 MHz transducer. Due to the nature of the material, there is
considerable attenuation, distortion, and noise. 1In addition, echo B2 is in-
verted relative to echo Bl because of the sign of the ref]ection coeff1c1ept
at the buffer/sample interface.

The example in figure 7 demonstrates the facility of the cross-correlation
method. Figure 7(a) shows echoes B1 and B2 and figqure 7(b) shows the corre-
sponding cross-correlation function. 1In figure 7(b) the maximum is displaced
from 0 by 0.750 + 0.002 us. It is negative due to the inversion of echo B2.



figure 7(c) exhibits highly distorted and noisy echoes obtained by
windowing the third and fourth back surface echoes, B3 and B4, without removing
the specimen from the transducer. The time between this pair should be identi-
cal to that between echoes B1 and B82. .Therefore, the result of applying the
cross-correlation method in figure 7(d) can be compared directly with the pre-
viously determined value for time 1. For figure 7(d) T = 0.752 + 0.002 us
with the difference between the two within the timing error corresponding to
the data sampling interval. However, the digital overlap method gave
T =0.748 + 0.002 us for echoes Bl and B2 and T = 0.766 + 0.002 us for echoes
B3 and B4. The computer program used to the results in figure 7 is listed in
the appendix. -

Even in the case of clean, uncomplicated echoes, all three methods are
subject to a "data sampling" error peculiar to the digitization process. This
is due to the finite number of discrete data points that the digitization proc-
ess assigns to the waveforms collected. A random error tends to arise from a
variety of sources, e.g., small jittering effects in the oscilloscope sweeps.
To estimate this inherent, random error, a series of 30 waveform pairs were
digitized, in sequence, at the same location on a material sample. The results
appear in table I which compares the three digital methods for a metal sample
and a composite sample. Typical errors in the time delay are given in table I
for the particular material samples, frequencies, and signal processing methods
used in this study. Note that the time delay errors are compared for a fixed
thickness of each material. It is seen in table I that the cross-correlation
method gives the lowest random time delay errors for both samples. The phase-
slope method on the composite sample produced the highest random time delay
error due to the low signal-to-noise ratio of the echoes.

DISCUSSI10N

The digital overlap method is an effective way to automate the analog
overlap method. The overlap method requires input of information concerning
echo inversions, peak selection, etc. Once overlap criteria are established,
the digital time domain method simulates a manual overlap based on visual in-
spection of analog waveforms. However, even digital signal manipulation of
time domain signals can be problematic if the waveforms are subject to noise,
attenuation, and similar factors.

The frequency domain phase-slope method eliminates problems encountered
in the time domain, e.g., the need to account for echo inversions. In addi-
tion, it provides convenient criteria for selecting an appropriate frequency
range in cases where the major portion of the phase spectra of the echoes are
mutually 1inear. Generally, for nonlinear dispersive cases, the phase-slope
method can determine group velocities as functions of frequency (ref. 17).
However, if signal-to-noise ratio is low, as was the case for the composite
sample in table 1, poor results are obtained.

The advantages of the cross-correlation method are apparent when the
signal-to-noise ratio is low and/or random noise is superimposed on the echoes.
One of the demonstrated properties of the cross-correlation function is that it
is (statistically) weighted by dominant frequencies common to the waveforms
being correlated (refs. 16 and 18). Therefore, the cross-correlation function
returns a group velocity within the frequency bandwidth of the signals ana-
lyzed. With the cross-correlation method, effects of random noise, extraneous
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signals, etc. are minimized.” The example of f1ghres 7(c) and (d) i1llustrates
the utility of the cross- correlation method for h1ghly attenuat1ng and noisy
materials. _ _ o

CONCLUSION

Three computer implemented digital methods for measuring ultrasonic veloc-
ity in solids are described: the overlap, phase-slope, and cross-correlation
methods. It is evident from the examples given -that the cross-correlation
method is the most versatile of the three digital methods for measuring time
de]ays between broadband ultrasonic pulse-echo signals. A1l three methods
produce comparable results when applied to pairs of clean, undistorted echoes.
The cross-correlation method yields the most reliable and reproducible results
in the case of highly attenuating materials that return very noisy, d1storted
echoes. A discussion of theory and relevant properties of the cross-
correlation function 1nd1cates the basis for the versatility and utility of
the cross-correlation method.



APPENDIX
PROGRAM LISTING

The program 1isting given here is written in TEK SPS BASIC for implementa-
tion with a Tektronix 7854 digital oscilloscope and 4052 minicomputer (ref. 7).
The instrument configuration is that shown in figure 2(a) using a Panametrics
5052PR pulser-receiver and 5 MHz transducer. This information is given only
for illustrative purposes and does not represent an endorsement of the commer-
cial equipment or software named.

;gg sg: CALCULATION OF VELOCITY BY USE OF CROSS-CORRELATION

110 REM [IHSTRUMENTATION: TEKTROMIX 7834 DIGITAL OSCILLOSCOPE

113 REM 40832 COMPUTER

120 REM ROM PACKS RO? SIGNAL PROCESSING HNo.1

125 RENM 8 SIGNAL PROCESSING Mo.2 <(FFT)
130 REN PQHRHEIRICS 5052PR PULSER RECEIVER

135 REM QUARTZ BUFFERED TRANSDUCER

140 REM

145 REM --------mmmmcc e e e e e
150 REN INITIAL INPUTS |
155 REM  ~-----cemccccrcr s e nc e e r e s a e
160 PRIHT "LEHTER DATE [DD-MMM-YY] : "}

165 IHPUT D$

178 PRINT "ENTER TRANSODUCER FREQUENCY @ "}
175 IHPUT T8
180 PRINT ;ENTER SPECIMEW ID. : "3

190 PRINT ;ENTER THICKHESS IN cm = "3

2195 ON SRQ THEM 905 ]

220 PRIHT "LPOSITION ULTRASONIC WAVEFORM ON 7854 WITH"
223 PRINT "Bi left OF CENTER AND B2 right OF CENTER.®
230 PRINT "PRESS (RETURHY TO COLLECT WAVEFORM !!”

235 INPUT 29

240 U$="EXEC OFF | © 2 4 >P/H STORED 1 @ AUG 8 WFM MEAN - @ WFM SENDX"
249 PRINT @1:Vs

250 IHPUT @1:R1,A2,A3,R4,AS

253 DELETE A

260 01N acAt)

263 IHPUT @1:A

270 A=AXAT

273 A=A+A4

280 Ug="y*

285 H$="yS"

298¢ PRINT €t:"SCOPE"

3a0 REH { GO PLOT UL TRASONIC WAVEFORM |
305 REM -=--emecer e e e dmm e cmc s e s sa sc e e s e s e s ma e
318 PAGE

319 VIEWPORT €0,120,689,95

320 ggSUB 9380

330 REM i BREAK ARRAY 1M HALF TO PREFARE FOR CROSS-CORRELATION )
335 REN -~-~v--emccccm e a e e s et e c e a e e e e
340 ptL=Al-s2

345 DELETE X,Y

358 DIN Xca1),Y(AL)

353 FOR J=1 70O At

360 X<(J)=ACY)

363 YdJIr=A(I+ral)

370 HEXT J ‘ )

375 REN — ——— - e e e 02 e = 2 e e o o
380 REM | FIND HMAX AND HIN OF TIME DOHAIN )
385 REM  ~meme o m e m e e mem e e m—e— e ——————
390 CALL "MAX",¥,N1,Ct

393 CALL "HAX",Y,M2,C2

4380 CnNLL “"MIN",Y,M3,C3

495 C2=C2+pi

410 C3=C3+A) 9



pr ...............................................................
REH I PERFORM FOURLIER TRANSFORHM UN ERCH HALF FOR PHASE SLOPE 1

P —————————————————————————————————————————————————————————————
DELETE B1,02,P1,P2,H

DIN B1¢A13,BE(RID,FIcaL 2012, P2CA1 201 WAL 201>
B1=

B2nY

CLL 1FET7,81

CALL *FFT*,B

CALL “POLRkoZ T/81,M,P1,0

CALL *POLAR™,B2,M P28

CALL *DIF3*,P1,P1

CaLL "DIF3",P2.p2

cAaLL “MAX",M,P4,P3

Pa=1/¢A3¥n})>

IF P1(P3)¢® THEN 508

P1=P1-23P1 .

IF P2(P3)>(0 THEN 525

P2=P2-21P1 :

REM  ——~ oo e e e e e e
sE: 1 PERFORM CROSS-CORRELATION, FIHD MAX & MINM ) |
caLl 'CORR',X YA

DELETE X

caLL 'HQX',Q,MB,CB

CALL "MIN®",A,M9,C9

IF ~M9<{H8 THEN 555

H8=-49

A=A/H8

U’S--

CALL "MAX",R,M4,C4

?ﬁLE.'HlN',R,NS.CS

REM e m e e e e e e e e e e e
gga | MAKE DECISION OH IMVERSION ¢ SET APPROPRIATE VARIABLES |

A s s ey S Y W T e - W oy W T . - - " W= A G WS - D W - - - -

IF H4)ABS(HS) THEN 620
9= CITHUERSIONY

H4aM3

€4=C3

C2=C3

HOUVE Ci,M1

DRAW C1,M13%.18

MOVE C2,M2

DRQH C2,M2%1.19

. - - " " - e - . - - A " . S Sy P A L S  w an

:Ea i GO PLOT CROSS-CORRELATION WAVEFORM & DRANW DELAY MARK |
ARi=A1%2
VIEWPORT 60,120,10,48
GOSuUB 930
Al=Al/2
HOUE C4,M4¢1.1
DRAN C4,M431.5
PRINT USING "1A4,10.4D,30":"(",C42A3510008000, " uS
T1=(C2-C1>%A3%1000000
T2=CA13A3+(PL1(PI)-P2(P3>>/P4/(2¢tP]1)>%x1000000
T3=C43A331006000
Ui=2%T/T1
U2=24T/12
gg=2!1173 Co
M emmmmm e e e e e e e m e e cemcmem e e——————————————
RENM | RESET UVIEWPORT & WINHDOMW, PRINT OUT RESULIS }
REM ~~r-crerrccccrmeccmrcrm e e et e e e a e m e o m o e~
VIEWPORT 9,130,0,100
HINDOM 0.130;0;100 :
HOVE 73,98
PRINT 'ULIRQSDN!C HAVEFDRNM"
MOVE 70,43
PRIHT ’CROSS CORRELATION "31$
MOVE 0,98
PRINWT ‘DﬁTE' "sDs
PRINT *JISPECIMEN: 'lS’
PRIHT "THI1CKNESS= “lT!' cm”
PRINT " JTRAMSOUCER: “iTS$
PRINT " JHETHOD - VELOCITY, DELAY,"
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PRINT * . cny8 usJ®
PRINT G5 Ry.2AY10D. 5D, 2A, 1D.3D": "OVERLAP",* *,V1,"
PRINY TR0 2A s 1D. 3D, 2A, 1D. 3D : "PHASE '.' ",V2,

PRINY USiNG “2Ay.20y 1D, 3D, 2R, 1D. 50" "CORR "s® %,U3,"
PRINT *JJ"3A11" POINTS ~ WAVEFORN"

PRIMT USING "16A,1D0.4D,3A":"TIMING ERROR +H4_",A2%1000000," uS"

PRINT USING "6R,1D. 20.2““‘”0R +H_",1/C4%1008,* %"

REM —ocrrmccc e cccccmrc e cm e —— e —————————————————————
ggn ! SHOH OPTIONS ¢ MRKE DECISION ABOUT PROGRAM FLOMW
t ----------------------------------------------------------

PRINT “JJJJJJJIHPUV CHOICE SHOWH BELCMW: J*
PRINT - T0.REPEAT Sﬁﬂk SANPLE"

PRINT "N' 10 START A HEW SAHPLE"

PRINT "’3” QR. {ENTER} TO STOP!"

PRIHT ’JLHOTCE : 66"

IHFUT 2%

1 28="R" THEH 2135

IF 28="NH" !HE“ 180

RETURH

FEH e e et e e e 2 2 e o e 2 e a2 e e e e . e o o

CaLL “MIKH",a,NH1,L1
CHLl "HAK",a, NZ.LZ
lelNT(lGl<n3tﬂl)‘
H2=a1

If ABS(M1)Y<M2 THEH 9€5

NI=LGT(M2-M1)

H3=INT(ND)

HAmINTC(M2-H1)7101UH3) 4}

Hin-HAr2

HINDOH Q,H2,H3X10TU3, (H4+MIOEIOIUT

AX1S W2/10,H4%101H3-0,8,M3%101K3
ZS-STR(lorHB)

MOVE 1, (Ha+NI>£101H2

PRINT 'KHHHHHHUHUHHN'IZti' "jus

FOR ]=8 TO0 8

MOVE 1, u4t101u3/etl+n3tleru3

ag§¥tlUSlHG " * *HYHEHHHHH" * s 4D. 20" 1 H4/8K 1 N3
Z$=STR(181141%1000000)

MOVE Q141 35,MIBTOtHIRL. 1

PRINY 'JJ'I? LI

FOR 1=0 10 10 'STEP 2

HUYVE Ituz/lo.ﬂJthfN31l 05

5?;?TIUSIHG *ERHHI ", 2D, 1D, S 1FH2/188A3/ 19 1H]
CALL "DiSP",n

RETURYH
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TABLE 1. - COMPARISON

OF DIGITAL METHODS FOR ULTRASONIC VELOCITY MEASUREMENT

Metal sample?

Composite samp]eb

Method
Time RandomC Ultrasonic Time Random¢ Ultrasonic
delay, 7, | time delay | velocity, v, | delay, T, | time delay | velocity, v,
us error, cm/us us error, cm/us
+us tus
Overlap 0.90873 0.00012 0.5500 0.74850 0.00322 0.3006
Phase-~slope .90922 .00005 .5497 .72417 .01963 .3107
.Cross-correlation .90873 do .5500 .14975 .00049 3001

Metal sample: 256-grade maréging steel. Thickness: 2.499 mm. Estimated error in
Measured with a 50 MHz center frequency transducer.

velocity:

+0.2 percent.

bCOmpos1te sample: graphite/epoxy, 8-ply, (0 t 45) symmetrical.

Estimated error in velocity:

transducer.

Thickness:

1.125 mm.

0.2 percent. Measured with a 5 MHz center frequency

CTime delay errors are based on standard deviation of time delay for 30 echo pairs at
fixed location on material sample.
dThe cross-correlation method calculated the time delays to be identical for all 30 pairs

of echoes.
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Figure 2. - Concluded.
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Figure 3. - Representative back echoes Bl and B2 separately windowed shown in digitized form, Time

" delay, W, between windows is a predetermined, knewn quantity. Time delay T, between echoes Bl
and B2 is calculated from 1= W + (T2 = T1) by using one of the methods illustrated in figures 4, 5,
and 6,
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Figure 4 - Result of digital overlap method for determin-
ing delay between echoes B1 (solid) and B2 (dotted) using
echoes shown in figure 3.
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sured by digital averiap within the data sampling interval error of Q, 4 nsec.
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forms.



1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No. )

NASA TM-83794

4. Title and Subtitle ’ ‘| 5. Report Date

Ultrasonic Velocity Measurement Using Phase-Slope and
Cross-Correlation Methods

6. Performing Organization Code

506-53-1A

7. Author(s) i ’ . 8. Performing Organization Report No.

E-2290

David R. Hull, Harold E. Kautz, and Alex Vary

10. Work Unit No.

9. Performing Organlzatlon Name and Address .
National Aeronautics and Space Adm1n1strat10n
Lewis Research Center
Cleveland, Ohio 44135 . 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address ’ ) ) . _ .Tech'ni ca] Memorandum

National Aeronautics and Space Administration
Washington, D.C. 20546 '

11. Contract or Grant No.

14. Sponsoring Agency Code

15. Supplementary ﬁotes
Prepared for the 1984 Spring Conference of the Amer1can Soc1ety for Nondestructive
Testing, Denver, Colorado, May 21-24, 1984,

16. Abstract
Computer lmplemented phase-slope and cross-correlation methods are introduced for
measuring time delays between pairs of broadband ultrasonic pulse-echo signals
for determining velocity in engineering materials. The phase-slope and cross-
correlation methods are compared with the overlap method which is currently in wide
use. Comparison of digital versions of the three methods shows similar results for
most materials having low ultrasonic attenuation. However, the cross-correlation
method is preferred for highly attenuating materials. An analytical basis for the
cross—correlation method is presented Examples are given for the three methods
investigated to measure velocity in representative materials in the megahertz range.

17. Key Words (Suggested by Author(s)) 18. Distribution Statement .
Ultrasonic velocity; Cross-correlation Unclassified - unlimited
function; Phase-slope; Group velocity; STAR Category 38
Nondestructive testing

19. Security Classit. (of this repont) 20. Security Classit. (of this page) 21. No. of pages 22. Price*

Unclassi fied Unclassified

*For sale by the National Technical Information Service, Springfield, Virginia 22161



National Aeronautics and
Space Administration

Washington, D.C.
20546

Officisl Business
Penalty for Private Use, $300

NNASN

SPECIAL FOURTH CLASS MAIL
800K

1l 3

POSTMASTER:

Postage and Fees Paid
National Aeronautics and
Space Administration
NASA-451

If Undeliverahle (Section | 5%
Postal Manual) Do Not Return






