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The Effect of Grain Size on Flaw
Visibility Enhancement Using
Split'sp€Gtrum Processing

by N. M. BilgutaY and J. Saniie

Abstract
In this paper, ex,perimental data are presented for heat--

triitii, t[oiitrrt'tirrt samples bv examining the effects of

;;;;lr;;" the perforrnaice of a flaw enhancement algo-

7'itii iiirir:'ra to it split-spectrum pr.oce.ssing' The principle

ii lnit-iichrique is based on partitioning a wide-band re-

,'ririJ tiirtru* to obtain d.ecorrelated grainboundary echoes

tiilii'i t".asequentlv processed' to enhance flow uisibility'- ' 
B"rourc af their praciical importance.in welds,Iarge'grained

toiitit-i" which ihe sound. wauelength is on the order of the

i:ot'" itrc were inuestigated. In such samples, rnultiple sca.t-

irriii inrrt, ,on no longer be ignored and mav reduce-the-rnriiiriirtt 
of ultrasonic inspection'-The experimental re'

i'uit, prrtrnted here indicate that, although the split-spec-

tl ui'p,, ir r t t in g achi e u e s si gni fi c a nt. gr ain noi s e sup p r e s s i o n

foi large-grainid materials, its perfortLance deteriorates as
'grain 

iizi (i.e., scattering) increases
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INTRODUCTION
In many industrial applications, gtain echoes become a cru-

ciJfactor in defect det-ection. Large grain echoes are observed
in ultrasonic examination because of inherent grain charac-
t".i.ti.. of materials, such as titanium, or because of external
ia.tot. that result in grain growth, such as in the heat-affected
zones of welds.r It is i well-known phenomenon that the crys-

talline structure of metals can be altered by heat treatment,
resulting in grain growth'2 The purity of the material and the

method of manufacture determine the heat-treatment tem-
Derature and duration that result-in grain growth' Although'grain 

growth is undesirable in such applications as welds, it-""rtoi 
be avoided because of the temperatures to which the

heat-treated zone is subjected. As a result of the alteration in
grain structure, the ultrasonic examination of the weld region

_ : : r  _ l

exhibits large grain ech&s that can result in "background noise"

that masks crucial weld defects. :-- 
In ,rlt"rottic examination where the grain size is much smail-

*. ti- tit" sound wavelength (Rayleigh scattering)' multiple

.."it"ti* Le"cts can be ilnored- However, for a large grain-

;;;i;;;;;ti" *ni.n the Jouad wavelen4'h i'q on the order of

ift" gt.i" size (Stochastic scattering), multiple scattering can



no longer be neglected. Therefore, multiple echoes will be re-
ceived from dominant reflectors, such as flaws, resulting in the
reduction of the effectiveness of the ultrasonic inspection. It
is thus important to determine the range of grain sizes for
which an inspection system is effective. To accomplish this.

mples were prepared by using type 308 austeniticstainless-
-;eel rods to obtain grain sizes similar to the range exhibited
by heat-affected zones in welds. The basis for choosing stainless
steel for these experiments is its wide use in industrial appli-
cations that involve critical welds, such as in nuclear coni"irr-
ment vessels, pipings, etc.l

EXPERIMENTAL METHODS
A flaw enhancement technique called split-spectrum pro-

cessing has previously been shownl s to improve flaw visibility
in large-grained materials by suppressing grain echoes with
respect to the flaw echo. This signal-processing technique was
used in conjunction with a random signal flaw detectioniystem
that achieves high signal-to-noise ratios by using a conelation
type of receiver.6,7 Thus, the random signal svstem and the
spiit-spectrum processing aigorithm act ai two complementary
techniques that aiiow the enhanced detection of flaws in larse-
grained materials by reducing thermal receiver noise and griin
noise, respectively. These properties are especially desirable in
the detection and imaging of flaws in large-grained materials
with high attenuation, as in welds and titanium samples.

Unlike the random thermal receiver noise, the grain noise is
coherent because it results from stationary scatterers within
the sample that produce similar echoes for each transmitted
pulse. Although these grain echoes resemble noise in the system
output, they are actually unwanted signals related to the mi-
crostructure and as such cannot be eliminated either by time
averaging the received echoes or by using a correlation type of
receiver. The split-spectrum technique obtains a decorrelated
set of grain boundary echo signals by using a concept similar

the frequency diversity principle used in radar.Llo Each grain
ooundary echo signal in this set corresponds to a different
range of transmitted ultrasonic frequencies. Because the grains
are small and closely spaced, their echoes result in a compli-
cated interference pattern produced by the scatterers. Because
the transmitted frequency is varied, there will be significant
changes in the interference pattern produced by the grains,
whereas the echo from the larger isolated defect present in the
sample will remain virtually unchanged. Thus, by processing

signais, the effect of grain echoes can be suppressed with re_
spect to the flaw echo, resulting in flaw-to-grain echo enhance_
ment.45 There are other examples in the ultrasonics literature
where this concept has been used.n.r2 However, in the split-
spectrum technique, a novel approach was introduced thafob_
tains the frequency diverse signal set from a single wide-band
echo signal by digitai filtering, thus eliminating the need for
individual transmission of each frequency band. the block dia-
gram of-this technique is shown in Fig. 1, where the experi_
mentai data at the input are obtained using the random signal
correlation system.6.i

The split-spectrum technique obtains the amplitude spec_
trum of the echo signal by a fast Fourier transform (F-FT)
routine, divides the spectrum into the desired number of bands
by means of digital filtering, and finally inverse Fourier trans-
forms each band to obtain the frequency diverse signal set.
Filtering is accomplished by Gaussian-shaped wind6ws that
have a selectable bandwith b and a fixed frequency spacing A/.
The- center frequencies of the resulting signals iange *iihin
the half-power bandwidth of the transducei. These signals are
then normalized with respect to amplitude, giving zelro-rnean
outputs with a maximum magnitude of unity. The resulting
set of decorrelated signals are then processed to enhance flai
visibil i ty.

The split-spectrum technique described above significantly
simplifies the frequency diversity process by eliminating thl
need for high-frequency filters or equivalent modulation lech-
Siqugl_t9 achieve frequency shifts between transmitted signals.
In addition, there is no need to individually sample and-store
the received signals that correspond to each transmitted fre-
quency. Instead, the same information can be obtained in a
single step from the received wide-band signal. Because the
filtering in the split-spectrum technique is achieved digitaly,
processing can be accomplished conveniently for a wide range
of processing parameters. Thus, a simple variation in the filtir
parameters can create a new signal set without requiring ad-
ditional data collection.

Several techniques have been used for processing the de-
correlated signals, including conventional averaging (linear and
nonlinear) algorithms and a novel minimization algorithm, as
indicated in Fig. 1. In the minimization algorithm, processing
involves the selection of the minimum amplitude at each range
(data point) from among the set of rn squared frequency diverie
signals. The mathematical form of both the averaging and the

the decorrelated echoes corresponding to a set of transmitted
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Figure 1 - Split-spectrum processing.
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minimization algorithms is given in Fig. 1.
Previous experimental data on titanium and stainless-steel

samples have ihown that, in general, the-minimization algo-
rithm achieves significant enhancement in flaw visibility in con-
trast to the limited improvement observed for the averaging
algorithms.o'5 Therefore, in the work presented here, the min-
iniization algorithm has been used exclusively for signal pro-

cessing.
ThJpresentation thus far has been introductory in nature

to review techniques not only deveioped earlier but also used
in the acquisition and processing of data that are presented
here. For a -o.e detaiied description and evaluation of these
techniques, the reader shouid refer to the references cited.

In the following sections, the preparation and ultrasonic eval-
uation of heat-treated stainless-steel samples are presented to
determine the effects of grain size on flaw visibility enhance-
ment, in particular, for the minimization aigorithm.

SAMPLE PREPARATION
To examine the performance of split-spectrum processing

under various grain size conditions, stainless-steei samples that
consist of large grains were prepared and tested. The desired
range of grain sizes was obtained by heat treating 2 in' (59'8

.n*] diu-"ter, type 303 austenitic stainless-steel rods' The
chemical contents and impurities in the metal, as well as the
mode of manufacture (i.e., extent of hot or cold working due
to forging, rolling, or extruding) determine the rate of grain
growt[.: Ho*euei, because the material properties of the 303
it"itrl".. steel that was used were unavailable, several samples
were initially heat-treated at temperatures ranging from 80p'
to 1300"C to determine the grain growth characteristics' The
micrographic examination of these samples revealed that no-

ticeabie grain growth starts beyond temperatures of 1250'C'
On the basis of these results, samples were heat-treated for

approximatelyl hour (h) at temperaturesof 1325o, 1350', 1375o,
*i t38Z"C to achieve a range of grain sizes' In each case, the
heat-treated samples were quenched rapidly in water.

The final phase of sample preparation involved the selection
and preparalion of suitably sized flat-bottom holes in the sam-
ples.'Beiause heat treatment resulted in hardening of the metal,
ih. holes had to be made initially by an electrodischarge ma'
chine and later enlarged by drilling. The hole dimensions were
selected so that the ultrasonic echo from both the grains and
the hole would be approximately the same' Hole dimensions
of 3.18, 3.74,4.06, ana a.OO mm were obtained for the 1325',
1350". 1375", and 1387"C samples, respectively.

The radial and axial surfaces of the heat-treated samples
were examined micrographically to determine the average grain

size. The micrographic examination consists of polishing and
etching the sample sections and photographically recording-
their g:rain structure through a microscope. A licrograph of
the stainless-.t."1 sa-ple, heat-treated at 1387'C, is shown in
Fig. 2 as an examPle.

the grain size of the heat-treated samples was analyzed by
the intJrcept method.r3 In this tpchnique, the number of grain

boundarieiintersected by a fix6d point is counted by using a
microscope "t 6hs gample is moved by a rticrometer. The av-
erage intercept length ii then determined by dividingthe total
..ai dist*c. by the number of grain boundaries. The result
of this analysis gives the average spacing between the grain

boundaries, which can also be used to calculate the equivalent
ASTM grain size number.

The intercept method analysis ofthe sections from the heat-
treated so-plls resulted in grain size estimates of 75, 86, 106,
and 160 pm for the 1325", 1350', 1375o, and 1387'C samples,
respectively. The grain size estimates correspond to the average
of ihe total data obtained from both the radial and axial sur-
faces. In addition, to increase tbe-accuracy of the estimates, a
grain count was obtained for two perpendicular line segments
for each surface.

The grain size estimates given here correspond to the average
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Figure 2-Mitograph of stainless-sfeel sample heat-treated
at 1387'C, rnagnification at x128.

grain boundary spacing. However, in the literature, calculations
ielated to scattering are often based on the average grain di-
ameter. A linear relationship exists between the two defini-
tions,ts given by

(1t D:nL,

where D is the average grain diameter, Z is th" average grain

boundary spacing (intercept method), and,h is a constant mul-
tiplier wittr-approximate values between 1.5 and 2.25, depend-
ing on the grain shape. This clearly shows that the average
grain diameter is an ambiguous term unless the grain shape is
Ltto*n, which is rarely the case. Therefore, it is preferable to
define the grain size in terms of the average grain boundary
spacing Z. 

-Ho*"uer, 
based on Equation 1, the average grain

diameier in the heat-treated samples may be approximated as
twice the average grain boundary spacing for comparison.

The average grain size is often classified in terms of the
ASTM grain size number. !!re following definitionr3 relates the
average intercept distance I to a grain size number 9", which
is appioximately equal to that obtained by the ASTM analysis:
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(21 g": - 10.0*6.64lol 'r1/L),

where the unit of Z is in centimeters (cm). The grain size
.s[imates for the heat-treated samples in terms of the linear
.rtercept values and the corresponding approximation for the

ASTM grain size numbers are given in Table 1.

TABLE 1 Grain Size Estimates in Terms of ASTM Grain
Size Number.

ATTENUATION OF SOUND WAVES IN
MATERIALS

When sound waves are transmitted through a material, the
losses in acoustical power result in the attenuation of the initial
signal amplitude. The acoustical attenuation is the result of
numerous factors, such as absorption, scattering, viscous-
damping, and relaxation losses. The acoustical losses are de-
pendent on both material properties (i.e., grain size, crystalline
structure, hardness, etc.) and the transmitted frequencies. In
general, the amplitude of a plane wave will decay exponentially
because of the attenuation in the material and mav be written
as

(3)  A(x) :  l " r - " ' ,

where ,4,(r) is the received echo amplitude, A, is the initial
amplitude in the medium, x is the distance traveled by sound,
.nd a is the attenuation coefficient.

The scattering formulas have been studied and classified ac-
cording to the ratio of the sound wavelength to the average
grain size.ra-2o In the Rayleigh region where the sound wave-
length is large compared to the mean grain diameter (i.e., \>>D),
the scattering coefficient varies with the average volume of the
grain, fourth power of the wave frequency, and square of the
elastic anisotropy. The absorption coefficient, on the other hand,
increases linearly with frequency.ra Therefore, the total atten-
uation coefficient of ultrasound in the Rayleigh region is ex-
pressed as

(4) o:arf + orD'fn )t>ZrD,

where o, and o2 are constants, D is the average grain diameter,
and / is the transmitted frequency. In the Stochastic region
where the wavelength is approximately equal to the mean grain
diameter, the scattering coefficient varies linearly with the mean
grain diameter and with the square of the frequency and elastic
anisotropy:

(s) a:brf *b"Df2 D<)t<2zrD,

where b, and bg are constants. When the wavelength is smaller
than the average grain diameter, the scattering coeficient is
independent of the frequency, varies inversely with the average
grain diameter, and is proportional to the elastic anisotropy.
The attenuation coefficient in this case is given by

(6) a:c,f *c2/D tr<D,

where c, and c, are constants. In the Diffusion region, the av-
erage grain size is large compared to the wavelength, and the

itenuation coefficient is given by

(7) a: (df+dzf'�) * d,/D I<<D,

where d,, d", and d3 are constants and the terms in the bracket
correspond to the absorption coefficient. In this region, the
absorption losses are much greater, especially because of the
thermal losses.

For the experimental applications, the Rayleigh and Sto-
chastic regions defined by Equations 4 and 5 are of primary
concern. For these two regions, Papadakist; presents scattering
coefficient formulas for both cubic and hexagonal crystals, re-
Iating the scattering coeffrcients to the material properties. These
formulas are not repeated here but may be referred to for fur-
ther consideration.

EXPERIMENTAL RESULTS
The heat-treated samples were examined by using the ul-

trasonic random signal correiation system,6,? and the resulting
data were processed by the minimization aigorithm.'5 Prior to
applying the minimization algorithm, correlator outputs that
correspond to each frequency band (i.e., frequency diverse sig-
nals) are squared to remove the negative values.

Figures 3 to 6 show the unprocessed wide-band correlation
signals in the squared form, along with the corresponding pro-
cessed data for the 1325', 1350", 1375' and 1387'C samples,
respectively. The presentation of the wide-band correlation sig-
nals in the squared form is an arbitrary choice that allows a
more realistic comparison between the raw and processed data.
These resuits correspond to processing paiameters of A/:100
kHz (i.e., frequency spacing between windows), window band-
widths of b:300 kHz (i.e., half-pover bandwidth) for the 1375'C,
and b: 350 kHz for the remaining samples. The window band-
widths used here were experimentally determined to be the
optimal choice for the frequency spacing of 4/:100 kHz. It
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Figure 3-(a) Squared wide-band correlation signal for stain-
less-steel sample heat-treated at 1325"C. (b) Minimization
algorithm output.
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Figure 4-(a) Squared wide-band correlation signal for stain-
less-steel sample heat-treated at 1350"C. (b) Minimization
algorithm output.

should be noted that the performance of the minimization al-
gorithm improves with decreasing A/, while the flaw enhance-
ment values peak for window bandwidths in the range of 300
to 400 kHz.ai Although additional flaw enhancement can be
obtained for smaller values of A/ (i.e., A/<100 kHz), it is not
significant enough to warrant increased computation time. Thus,
the parameters (i.e., A/ and b) used in Figs. 3 to 6 approximate
those that optimize enhancement obtained by the minimiza-
tion algorithm.

The hole echoes shown in the correlator outputs of Figs. 3
to 6 have ampiitudes similar in size to the grain echoes. The
processed signals in each case exhibit enhancement in the vis-
ibility of the targets. In addition, for the 1325"C sample, the
processing recovered the back surface echo, which originally
appeared smaller than the neighboring grain echoes seen in
Fig. 3. A similar situation is seen for the 13?5'C sa-ple in Fig.
5, where the hole echo is smaller than the largest grain echo
and is yet easily recovered. These results indicate the capability
of the minimization algorithm to distinguish the echo that cor-
responds to a larger target reflector from grain echoes, even
when the target echo appears at or slightly below the grain
noise level in the original data.

The enhancement measurement (i.e., F/G | "oo) used through-
out this study was based on the improvement in the ratio of
the actual flaw to the largest grain echo, which is defined as

(8)  F/Gi , "n:U9)- t ,
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Figure 5-(a) Squared wide-band cotelation signal for stain'
less-steel sample heat-treated at 1375"C. (b) Minimization
algorithm output.

where the denominator F/GI i^ is determined from the squared
wide-band conelation signal and F/Gl,", is based on the pro-
cessed output. In some cases, this criterion may result in rel-
atively lower enhancement values compared to criteria based
on a reduction in grain variance or mean value. However, be-
cause the echo amplitude contains the most significant infor-
mation in ultrasonic evaluation, this is an appropriate concept
for enhancement measurements.

The F/G l"nn plots for the heat-treated samples are shown in
Fig. 7 in terms of window bandwidth b for fixed frequency
spacing A/:100 kHz. The peak enhancement occurs at rela-
tively low b values (i.e., b:300 to 350 kHz) for each sample.
The lower heat-treatment sample (1325"C) shows steady decay
beyond the maximum value as b is increased. The higher heat-
treatment samples (1350", 13?5", and 1387'C) show some fluc-
tuation in F/G l"nn as b is increased beyond the maximum
F/Gl"^h value, which may be a result of increased multiple
scattering. However, there seems to be no detectable correla-
tion between grain size and the value of window bandwidth b,
where the enhancement reaches maximum, as can be seen from
the plots in Fig. 7.

As discussed earlier, the average grain size ofthe heat-treated
samples was determined by using the linear intercept method,
which corresponds to the average grain boundary spacing ̂ L.
This grain size estimate is linearly related to the grain diameter
(D), with the constant of proportionality determined by the
grain shape. For example, this factor is given by 1.5 and 2.25
for spherical and cubic grains, respectively.ls Because the grain
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Figure 6-(a) Squared wide-band correlation signal for stain-
less-steel sample heat-treated at 1387"C. (b) Minimization
algorithm output.

shape of the stainless-steel samples cannot be determined ex-
actly, it will be assumed that the grain diameter corresponds
to approximately twice the grain size obtained by the linear
intercept method (i.e., D:zL).

The ultrasonic wavelength is defined as

(9) t:c/f,

where c is the velocity of sound in the medium and / is the
transmitted frequency. The velocity of sound in the stainless-
steel samples showed no detectable variation with grain size
and was experimentally determined as 5.6x103 m/s. Because
the system uses a wide range of frequencies, the ultrasound
wavelength will be approximated by basing it on the center
frequency of the transducer, which is 5 MHz. Therefore, from
Equation 9, the ultrasound wavelength can be approximated
as tr:1.12 mm. The parameters listed in Table 2, in conjunction
with Equations 4 to 7, allow the formulation of scattering pres-
ent in the samples for the ultrasonic frequencies that were used.
An examination of Thble 2 and Equations 4 to 5 show that the
1325"C_sample falls in the upper Rayleigh scattering region
(tr>ZrD), 1350' and 1375'C samples fall in the transition re-
gion, and the 1381"C sample is in the Stochastic scattering
region (D<tr<%rD). Therefore, on the basis of the experi-
mental parameters and theoretical definitions, the semples are
seen to approximately fall in the gmeral region between the
upper bounds of Rayleigh scattering and the lower bounds of
Stochastic scattering regions.

An increase in attenuation with grain size was observed in

Figure 7-F/G1"nn plots for the heat-treated stainless-steel
samples using the minimization algorithm.

TABLE 2 Useful Parameters for Estimation of Scattering
Regions for the Heat-treated Samples.

the experimental examination of the heat-treated samples. The
back surface echoes of the heat-treated samples showed re-
duction in amplitude with increasing grain size, especially for
the 1387'C sample, which has the largest grain size. In addi-
tion, other experimental evidence suggests that strong scat-
tering exists. Pulse-echo examination of the samples shows that
the echoes do not decay rapidly beyond the back surface for
the 1375' and 1387'C samples, indicating sizable multiple scat-
tering. However, this is also evident to a lesser degree in the
1325'C sample, which has the smallest grain size, as shown in
Fig. 3.

These observations support the theoretical calculations that
approximate the samples to.fall between the Rayleigh and Sto-
chastic scattering range, where the intensity of scattered echoes
increases with grain size. However, as the experimental results
of Figs. 3 to 6 indicate, the minimization algorithm is able to
enhance the flaw echo even in this range.

Ideally, to determine the effect of grain size on the perfor-
mance of a given flaw enhancement algorithm, the hole param-
eters should be such that the ultrasonic data result in a similar
flaw-to-grain echo ratio for each sample. However, the practical
difficulties in selecting and controlling all of the variables in-
volved in sample preparation make this an extremely difficult
task. The resulting sample set dimensions, along with the ex-
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perimental parameters, are shown in Table 3. These values
indicate that similar input flaw-to-grain echo ratios resulted
only for the 1350" and 1387'C samples that have average grain
sizes of 86 and 160 pm, respectively.

The processed data for these two samples shown in Figs. 4
and 6 indicate that the 1350"C sample, which has the smaller
grain size, results in higher enhancement. On the other hand,
ihe t3?S"C sample, which has an average grain size of 106 pm,
results in a higher enhancement than the 1350"C sample with
the 86 pm grain size. This result is most likely due to the fact
that the t3?5'C sample has a larger dimension hole that is
closer to the transducer, as seen from Table 3. However, it
should also be noted that because the grain size difference
between the two samples is not iarge, the variation in the ex-
perimental data is not unusual in view of the possible errors
that can result in such experiments. Finally, the examination
of the 1325'C data shows an enhancement factor of 14, which
is significantly higher than the enhancement corresponding to
the other samples. The large disparity in the enhancement
factor for the 1325'C sample can be attributed to the following
parameters in relation to the rest of the samples as shown in
Table 3: (a) The hole in the1325'C sample is significantly closer
to the transducer, which results in less attenuation; (b) the
input flaw-to-grain echo ratio is larger, which results in higher
enhancement{5' and (c) the sample has the smallest average
grain size, which results in the least amount of multiple scat-
tering.

The processed data shown in Fig. ? and the results in Table
3 indicate that samples with holes closer to the transducer and
having a smaller average grain size can be enhanced to a greater
degree. This agrees with theory because the attenuation of
ultiasonic waves increases with the grain size of the medium
and the propagation distance. In addition, scattering effects
depend on the ratio of the grain size to the ultrasonic wave-
length given by Equations 4 and 5, which results in higher
multiple scattering from the grain boundaries as the grain size
increases. Multiple scattering causes echoes from the target to
reach the transducer at different times because of different
paths the beam follows, thus weakening the effect of the re-
ieived signal. These theoretical factors, in general, result in the
deterioration of enhancement as the grain size and the cor-
responding multiple scattering from grain boundaries increase.

TABLE 3 Data Corresponding to Heat-treated Stainless-
steel Samoles.

grained samples, such as titanium and weld components, where
improved flaw detection is highly desirable.
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CONCLUSIONS
The results obtained from the available samples show that

the minimization algorithm can enhance flaws in stainless-steel
samples having a range of different grain sizes (75 to 160 pm)'
whiCh exhibit significant backscattering from the grain bound-
aries. These conditions are similar to the heat-affected zones
in stainless-steel welds. In addition, the experimental results
indicate that the performance of the minimization algorithm
shows some dependence on grain size, which, in general, de-
teriorates as the grain size increases.

These results indicate that such techniques can have poten-
tially useful applications in the industrial examination of large-
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