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1.0 Summary sample and within-sample variations likely to result in unac-
ceptable property (e.g., strength, thermal conductivity, or

An ultrasonic scan procedure using the pulse-echo contacpXidation _resista}nce) vgriatioqs. Variability must be precisely
configuration was employed to obtain maps of pore fractioncharacterized either directly in terms of property measure-
variations in sintered silicon nitride samples in terms of ultra- MeNt or indirectly through microstructural characterization
sonic material properties. Ultrasonic velocity, attenuation coeffi- Where microstructure-property relations have been previously
cient, and reflection coefficient images were obtained established. In supporF of the latter, quan.tltauve NDE meth-
simultaneously over a broad band of frequencies (e.g., 30 t§ds for the dete.rmmatlon of the gIoba_ll mlcrostru.ctural state
110 MHz) by using spectroscopic analysis. Liquid and mem-2'€ cu_rrently being developed and refined to aid in advanced
brane (dry) coupling techniques and longitudinal and shear-wav&"terials development efforts (refs. 4 to 7).
energies were used. The major results include the following: R€P€ated, uniformly spaced ultrasonic contact measure-
Ultrasonic velocity (longitudinal and shear wave) imagesated ments haye bgen successful in previous stud|e_s for quanufylng
and correlated with the extent of average through-thicknes@nd mapping inhomogeneity in various ceramics (SigO4)
pore fraction variations in the silicon nitride disks. Attenuation YB&CusO7) and metalsn terms of ultrasonic material prop-
coefficientimages revealed pore fraction nonuniformity due to ©ti€s(refs. 6 and 8 to 12). Such ultrasonic material properties
the scattering that occurred at boundaries between regions df¢lude velocity, reflection coefficient, and attenuation coeffi-
high and low pore fraction. Velocity and attenuation coeffi- Ci€nt. In most cases, velocity mapping has been the preferred
cient images were each nearly identical for machined andltrasonic property map due to its repeatable nature, relatively
polished disks, making the method readily applicable to IOW sensitivity to r_naterlal surface (;on_dlt|orj and edge effects
machined materials. Velocity images were similar for wet and(Téf- 13), andrelative ease of quantitatively interpreting results
membrane coupling. Maps of apparent Poisson’s ratio coni" terms of mlcrostructural features (ref.. 14): Spatial micro-
structed from longitudinal and shear-wave velocities quanti-Structural variations previously characterized in terms of ultra-
fied Poisson’s ratio variations across a silicon nitride disk. SONic velocity include variations in pore fraction, granular
Thermal wave images of a disk indicated transient thermalf€Xture, and residual stress (refs. 9, 10, and 12). Reflection
behavior variations that correlated with observed variations inc€fficient and attenuation coefficient maps derived from
pore fraction and velocity and attenuation coefficients. contact scanning have been used to a lesser extent for charac-

terizing spatial variations in polycrystalline materials (ref. 6)
because of an expected sensitivity to surface condition (ref. 15)
. and edge effects (ref. 13) and more difficulty in quantitatively
2.0 Introduction interpreting results in terms of microstructrual features (ref. 6).
In this study, the ultrasonic contact pulse-echo method was

Traditional nondestructive evaluation (NDE) imaging meth- used in an automated scanning configuration in an attempt to
ods applicable to the characterization of high-performancequantify and map nonuniformity in polished and machined
materials, such as vehicular engine ceramics and compositesjntered silicon nitride (gN,4) disks containing distinct re-
include x-radiography, ultrasonic imaging, and thermal in- gions of high pore fraction formed during sintering. Here, the
spection (ref. 1). In their standard configurations, these meth€onfiguration was significantly (hardware and software) modi-
ods measure an amplitude of transmission of the respectivéied from that of previous approaches (refs. 9, 10, and 16).
energy used. These methods provide an efficient, quasiModification allowed the examination of any two-dimen-
quantitative measure of material homogeneity but may lacksional, complex-shaped (e.qg., circular, tensile shaped) sample
the precision necessary for microstructure evaluation for high-y using small-diameter probes. The modification also al-
performance materials (refs. 2 and 3). The use of materials ifowed the use of dry as well as wet coupling and thus shear as
demanding high-performance applications will require detailedwell as longitudinal wave energies. Reflection coefficient,
quantitative knowledge of microstructural and compositional attenuation coefficient, and velocity maps of theNgidisks
variability for defining acceptable levels of variability and for were formed over a wide frequency range (e.g., 30t0 110 MHz)
rejecting those materials and processes that yield sample-tddy using spectral analysis after acquisition of ultrasonic



waveform data. These three types of ultrasonic property maps Back surface N
were examined to determine which ultrasonic property map is
most effective in characterizing nonununiformity and the Specimen /\/\

nature of the correlation, if any, between different ultrasonic : Ly :
property maps. Spectral analysis was employed to determine Front /// \
ifinhomogeneity was a function of frequency and to character- Surface

ize elastic (dispersion) behavior fogSj. Additionally, maps

of Poisson’s ratio for a disk were constructed from longitudinal
and shear-wave velocity images. Thermal wave imaging and Buffer

Vickers microhardness measurements were used to determine rod B,
if physical behavior variations correlated with pore fraction B,
variations that had been characterized metallographically and
in ultrasonic images. A positive correlation would indicate the FS
usefulness of the ultrasonic measurement as an aid for predict-
ing physical behavior. [ I

fa o

- Couplant
(membrane
or liquid)

The authors wish to thank the Metallographic Support Staft Piezo- s ?
for their help in sample preparation and analysis, James F. electric _
crystal To pulser-receiver

Bodis for his help in obtaining ultrasonic C-scan and microfocus _
. . . . e (a) Diagram of buffer rod-couplant-sample pulse-echo contact
radiography images, and Maurice Bales of Bales Scientific configuration.
Inc., and Elliot Cramer of NASA Langley Research Center for
their help in obtaining thermal wave images. = By B,

3.0 Background
3.1 Importance of SgN4 _\4 V'J)H ﬁA/\%_‘W\—V
The past 20 years have seen significant interest in ceramic
materials for high-temperature structural applications, such as
vehicular engines (refs. 17 and 18)3MN§j is a candidate
material for such applications because of its low density, high Time
melting point, high strength, and resistance to wear, thermel  (b) Resulting waveforms for pulse-echo contact technique.
shock, and creep (refs. 17 and 18}Ngihas application as a
monolithic material, a toughened monolithic material, and the
matrix material in ceramic matrix composites (refs. 17 to 19).
The SiN4 used in this study can also be considered a model
material for demonstrating the capabilities of the modified
ultrasonic contact scan technique.

Voltage

/— Sample top
surface

3.2 Relationships Between Ultrasonic Properties and
Experimental Variables

i
‘=s=='==¢’@ooooooooommoo))
SR

The significant material-behavior-related variables in this
study were ultrasonic frequency and pore fraction. A detailec
discussion follows concerning expected relationships between
these _varlables _and the ultras_omc reflection coefficient, at- (c) Schematic (top view) of ultrasonic contact scan procedure
tenuation coefficient, and velocity forg8i; when the contact showing examples of successive transducer positions along
pulse-echo experimental technique (refs. 20 and 21) is used. In  X- and Y-dimensions of sample.
this technique, an ultrasonic pulse generated by a piezoelectric Figure 1.—Ultrasonic measurement method (FS = front-surface

. . reflection; B4 = first back-surface reflection; B, = second

c_rystal_ is pr_opagated into a buffer_ro_d-couplar_]t-sample CON-  pack-surface reflection).
figuration (figs. 1(a) and (b)). In this investigation, the buffer
rod, the couplant, and the sample are fused silicayjSiO sections show the expected frequency and pore fraction depen-
diffusion pump fluid, and SNy, respectively. The ultrasound dence of velocity, reflection coefficient, and attenuation coef-
reflects off the front and back surfaces of the sample and travelcient for the following conditions: contact pulse-echo
back to the crystal. Figures in the immediate upcomingconfiguration, frequency range of 30to 110 MHz, pore fraction



ITPinging Figures 2(a) and (c) show the expected theoretical dependence
ultrasonic . . . . . .

Schematic of volume of  pulse Thickness of the ultrasonlc_ velocity in 8N4 (Vsin,) on pore _fractlon and
sample ultrasonically AX— frequency by using equation (2). The velodgy,, is expected

interrogated at each

N to linearly decrease with increasing pore fraction (from 1.12 cm/

scan point== = — __ A usec atfull density to about 1.06 gueéc for 0.1 pore fraction) for
A
1.12
1.10
1.08
Frequency, f, 40, 60,,”
80, and 100 MHz —
(d) Schematic (three-dimensional view) showing volume of 1.06 — an z
sample ultrasonically interrogated at each scan point for
velocity and attenuation coefficient measurements.
Figure 1.—Concluded. Loa | | | | |
range of 0 to 0.1, pore radius ofin, and ultrasonic velocity 0 02 04 06 08 10
in fully dense SiN, of 1.12 cmpsec. _ Pore fraction, P _
Velocit Britt] terial h lithi . (a) Theoretical velocity versus pore fraction for various
elocity—Brittle materials, such as monolithic ceramics, frequencies (eq. (2)).
generally exhibit linear elastic behavior at room temperature
(ref. 22), and therefore dispersion (velocity varying with fre- 13—
. ]
quency, ref. 23) and frequency-dependent attenuation are not 2
expected to be present to the extent that they would be for £ 1.1
viscoelastic media, such as polymeric materials, where energy >
absorption is the dominant attenuation mechanism (refs. 24 2 9
and 25). However, the presence of defects in ceramics, such as>>.
pores, grain boundaries, and dislocations, can lead to frequency- § 7
dependent effects because ultrasonic energy is scattered fromg
such defects. For the case of multiple scattering where the 5

scatterers are cavities, a low cavity concentration exists, and
Rayleigh scattering predominates, Sayers has shown the fol-
lowing relationship for velocity (refs. 26 and 29):

0 1 2 3 4
Pore fraction, P

(b) Measured velocity versus pore fraction where VSi3N4 =

-0.014 x Percent porosity + 1.12 was previously
observed empirically (0.98 correlation coefficient; ref. 14).

V= v0{1+ 0.5P[A+ B(ka)Z]} )

Pore
where A and B are constants that depend on the ratio of fraCFt,'O”'
longitudinal to shear-wave velocitya = 2mraf/V, P is pore 112 — 001
fraction,V, is the velocity in a fully dense material containing
no poresy is the velocity in a material containing porass 03
pore radius, antlis frequency. For the §4 in this studyy, / R
Vg = 1.8; thusA =—1.1 andB =-1.8 according to Sayers’ .05
analysis (ref. 26). Equation (1) thus becomes

1.08 [ .07
H
VSigN4 =112 Cm/usecgl+ 0.5P 106 l | | |
30 50 70 90 110

O

0 2ma [F
x@-l.l—l.shlzcm/useﬂ% )

Frequency, f, MHz

(c) Theoretical velocity versus frequency for various pore
fractions (eq. (2)).

Figure 2.—Expected dependence of ultrasonic velocity in Si;N,

on pore fraction and frequency.



all frequencies and to show little dependence on frequencyside of equation (6) into equation (4) 6§ and substituting
over the specified frequency range. Figure 2(b) shows velocitythe valuesdX=1um, Zsjo,= 1.31 g/cm-secZcouplant=
versus pore fraction for @y, where the relationship  0.15 g/cm-seqp sin,= 3.3 glcnd, andVp sin, = 1.12 g/crd
VsinN, = —0.014x Percent porosity+1.12 was previously ob- in equation (4) allows the magnitude of the reflection coeffi-
served empirically (0.98 correlation coefficient) in referencel4. cient Rsj,\, for the buffer (SiQ) - couplant (Dow Corning
Reflection coefficient—The theoretical expression for the 704) - sample (SN,4) configuration used in this study to be
buffer rod-couplant-sample (BCS) pressure reflection coeffi- expressed in terms of frequency and pore fraction. Figures 3(a)

cient is (ref. 28) and (b) show the expected dependence of the theoretical
reflection coefficient RSi3N40n pore fraction and frequency
0 z0O DZm‘( )D 0z Z, 0. E]Zm‘(cSX) for the BCS configuration of this study (couplant thickness,
1 cos D"‘ 2 - “rsing———! : e . ;
El H B? Z, Eﬂ 0 W 1 pm). The reflection coefficierRs;,\,is expected to linearly
3,40 @m(éx)ﬂ 7, B0 fﬂﬂf@x) mors, cteonly af Jower Temuentios ant! & Inoresse wih in-
H_ EcosE,i[ﬁ JE? 5 Esm steeply a _
3 2 creasing frequency for all pore fractions

Changing the pore fraction may also affect the average
?) surface roughness, which may then alter the average couplant
thicknessdX and chang&g;j,y,. Figure 3(c) shows the fre-
wheref is the frequency of the ultrasonic transdutgris the ?hquCy depefndfence as'?N“ 1;or se?:/Oe:al 1d1|ge,\r/le|_r|1t ?:ouplan_t
velocity of sound in the couplant lay&s;, Z,, andZs are the icKNESSEs TOrTequencles rom o z. Tora given
acoustic impedance of the buffer rod,"codplant, and sample];::g:_egg}r/’I:Sgi\‘\;‘eIr:]ifﬁ;;itvﬁ?dggéa:sl\:n?ng:)eufsligtvf,rillr? k
respectively; andX is the couplant thickness. The magnitude jcreasing frequency except for larger couplant thicknesses
of this complex expression is (ref. 15) such as gum, whereRg;,, initially increases slightly with
increasing frequency and then begins to decrease slightly with
IR= increasing frequency at about 75 MHz.
1 Attenuation coefficient—A theory has been developed for
D Z o orf (X)O, Oz, Zl S [an(y)DEb a_ttenuation due to grain scattering from equigxed grains ina
% H V2 EI* 7, 7, H Biﬁﬂ smgl_e-phase, fully dgns_e polycry_stalllne solid. Thls_ th_eory
predicts that attenuation is a function of average grairxsize
02 22 ()0 07, 7 szEan(&()DD sonic wavelength, and frequenciand that this functionality
EE H V2 E|+ Z: 7, H H HH depends on the ratio of sonic wavelength to grain size. Table |
reviews the frequency dependence of the attenuation coeffi-
cient and the scattering mechanisms for polycrystalline mate-
(4) rials (ref. 13). Most materials have a range of grain sizes and
contain additional scatterers besides grain boundaries, such as
pores, second-phase inclusions, and dislocations, that affect
the attenuation coefficient.
23 = P3Vs () The two-phase scattering theory developed by Truell for the
) ) case where scattering from individual scatterers is indepen-
whereps andV3 are the sample density and velocity, reSpec- gen relates the frequency and the size and number of spherical

tively. As the number of scatterers at the material surfacCescaiterers to the attenuation coefficieniccording to (refs. 27
increases, itis expected tipgtandva will be altered, changing 44 29)

Zzand thus alterin@?. The manner in whicR is expected to
change with material change depends on the compositional

The acoustic impedance of the sanfylis given by (ref. 13)

nature of the scatterer (pore, second-phase inclusion, etc.). For a= 1 Noy (7
example, if the scatterers are poi&ss expected to decrease 2
with increasing volume fraction of pores ggandVj are
effectively decreased according to (ref. 14) wheren, is the number of scatterers per unit volume jansl
the scattering cross section, which is a function of frequency
Za = po 3(1—P)Vy 3(1—P) 6) and scatterer radius (refs. 27 and 29). The normalized scatter-

ing cross sectiomy is defined as (refs. 27 and 29)

wherepg 3, Vo 3, andP are the density of a sample with no
pores, the velocity in a sample with no pores, and the pore Vi -y (8
fraction in the sample, respectively. Substituting the right m?



Theoretical reflection coefficient, RSi3N4

1.00 [~
Frequency,
f,
— MHz
.94 100
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26 | | | 40
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Pore fraction, P

(a) Reflection coefficient versus pore fraction for various
frequencies. (Couplant thickness, 1 um.)

1.0
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; 01 | | |
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Frequency, f, MHz

(b) Reflection coefficient versus frequency for various
pore fractions. (Couplant thickness, 1 um.)

1.00 ™ 5 /
.88 [ 2
76—
64—
0.25
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oX,
pm
40 | | | | |
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Frequency, f, MHz
(c) Reflection coefficient versus frequency for various
couplant thicknesses (eq. (4)).

Figure 3.—Expected dependence of theoretical BCS reflection
coefficient on pore fraction, frequency, and couplant thickness
for buffer of SiO,, couplant of Dow Corning 704 oil, and SizN,
sample.

TABLE |.—FREQUENCY DEPENDENCE OF
ATTENUATION COEFFICIENT AND
SCATTERING MECHANISMS FOR
POLYCRYSTALLINE MATERIALS
[Experimental constants; are dependent on
grain, geometric and elastic anisotropy, density,
and longitudinal and shear-wave velocity factors.]

Wavelength Attenuation Attenuation
grain size mechanism coefficient
relation
Independent True absorption | a,=C,f

A>>D Rayleigh scattering ag= CgD3f 4
A~D Phase scattering |ap=CpDf2
A<<D Diffusion scattering ayg=Cy/D

wherea here is the scatterer radius. Reference 27 used the two-
phase scattering theory to show that the attenuation coefficient
due to scattering from cavities and inclusions increases with
increasing frequency.

Reference 30 has calculated relative changes in the normal-
ized scattering cross section due to scattering from pores in
SigNy4 as a function of wavenumber times scatterer radius
as shown in figure 4(a). Sinda = (2maf)/(Vsin,), where
Vsipn,is the velocity of ultrasound in $Ng, relative change in
the normalized scattering cross section is a function of fre-
quency for a given pore radius avign,. Thus, it is possible
to estimate changes in the;Sj attenuation coefficient as a
function of pore concentration (number of pores per cubic
centimeter) and changes in frequency by using the following
methodology and figure 4(a):

(1) Assume a constavig,n, of 1.08cm/usec and an average
pore radiusa of 1 um (or 0.0001 cm). Then, the axis in
figure 4(a) becomes (5810~ 4 sec), wheref is in megahertz.

(2) Select a frequency range over which it is desired to
determine attenuation coefficient changes (e.g., 30to 110 MHz).

(3) From the curve shown in figure 4(a), relative changes in
normalized scattering cross section can be determined for
changes (increases) in frequency, and a relationship can be
derived betweenrd )y andAf. A relationship was derived by
using nonlinear, regression analysis with a power function
model Ay = by Af b2) 4 by, forcing theb, exponent to be 0.5
(the curve shape in fig. 4(a) approximaggs (ka)°-9). For an
f of 40 to 110 MHz (corresponding toMd of 10 to 80 MHz
from a reference frequency of 30 MHz),

_ 05)
By, —0.3396(Af ) 0.6352 9)

where Ay is in nepers (1 neper = 8.686 dB) ailis in
megahertz. This relationship, shown in figure 4(b), has a
coefficient of determination of 0.9996 and a final sum of
squares residuals of 0.0013.



_~ Region of curve corresponding to

Normalized scattering
cross section, v/ a2, dB
N
o
|

= f=30to 110 MHz fora=1 um
—-60 and VSi3N4 =1.08 cm/usec
80 | | | | | |
0 2 4 .6 .8 .10 12
ka

(a) Relative changes in normalized scattering cross section
due to scattering from pores in SigN4 as a function of
wavenumber times scatterer radius ka. From reference 30.
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(b) Expected changes in normalized scattering cross section as

function of change in frequency from 30 MHz (corresponding to
frequency of 40 to 110 MHz for pore radius of 1 pm and velocity

in Si3N4(VSi3N4) of 1.08 cm/psec (derived from fig. 4(a)).

401

30 [ Pore
concentration

20 109/cm3

A"‘Si3N4' nepers/cm
=
(@]
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| ] | 10{/cm3 ,

Change in attenuation coefficient,
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Change in frequency from 30 MHz, Af, MHz

I I | | | | | |
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(c) Expected dependence of changes in QSiaN, (A“Si3N4)
due to scattering from pores on positive changes in
frequency from 30 MHz for several pore concentrations
(eq. (12)).

Figure 4.—Expected changes in normalized scattering cross
section and attenuation coefficient for SigN,.

From equation (7), for constang, changes in attenuation
coefficient as a function of changes in scattering cross section can
be expressed as

Aa = % oAy (10)

Rearranging equation (8) and substitutingforequation (10)
gives

_ 10~ 8cm?
2

Aa TMyAy N 11

Substituting the right side of equation (9) into equation (11)
gives

_[ho 8cm?0

0.5
Aag n, —ngo[(o.ssge)m —06352 (12

whereAas;y, is in nepers per centimeter aflis in mega-
hertz. This relationship ignores the scattering conditions and
frequency relationships shown in table | and just takes into
account the shape of the curve in figure 4(b). From the ratio of
the sonic wavelength (~2Q@fn) to the average scatterer (grain
and pore) size (~Im) observed for the g, used in this study,
one would predict Rayleigh scattering groportional tof4).
Figure 4(c) shows the expected dependencehaingesin
asiN, (Aasin,) on positivechangesn frequencyAf from 30
MHz, assuming that pore scattering is the sole cause of attenu-
ation for several different values of pore concentration (number
of pores per cubic centimeten). The agjn, is expected to
increase with increasing frequency for any pore concentration,
but the change only becomes significantfg 10° pores/cr.

For nonindependent scattering (i.e., multiple scattering con-
ditions where the scatterers become sufficiently dense and
closely spaced and where the wavelength becomes comparable
to the scatterer size), equation (7) cannot be used to predict the
attenuation coefficient (ref. 29).

3.3 Ultrasonic Measurements

Velocity—\Velocity can be determined in several ways by
using the pulse-echo configuration. In this study, cross-
correlation and phase methods were used by applying fre-
guency-domain signal processing techniques. In the
cross-correlation method, the time detgypetween the back-
surface-reflected puls&;(t) andBy(t) (figs. 1(a) and (b)) was
obtained by cross-correlating the pulses with digital signal
processing (ref. 21), and the velocitywas obtained fron,
and the sample thickneXsaccording to (ref. 21)



veoX 3 4.0 Experiment
To
4.1 SgN4 Samples
Velocity determined from cross-correlation is essentially a
pulse velocity because the entire wave train (containing a In this investigation, sevefi-SizN4 disk-shaped samples
broad band of frequencies) is considered in the calculation(labeled SN1 to SN7) approximately 3.5 cm in diameter and
Cross-correlation is a preferred method for determining veloc-0-3 ¢m thick were manufactured. Details of the fabrication
ity, since it produces accurate velocities even with noisyProcess are given in appendix B. ThgNgi disks were
signals (ref. 21). If pulse smearing occurs owing to dispersion-3-24+ 0.03 g/cn? (> 98 percent theoretical density) as deter-
and/or frequency-dependent attenuation, phase method/ined from immersion density measurements. From quantita-
(ref. 31) where the velocity is determined for a particular tive image analysis at 460and 80, pore dimensions were
frequency may yield more accurate results. The frequencyfound to range frons1 um (~90 percent of the pores) to as

dependent phase velocity is given by (ref. 13) large as 1Qum with an average of approximatelyfh. Grain
dimensions for representative plasma-etched (ref. 32) sections

of samples ranged from approximately 0.5 tquir@ with an

V(f) = (2x)2rt , A8 =6,—-06, (14) average grain dimension of approximatelyrifrom scanning
A6 electron microscopy (SEM) analysis at 260t 10 000X.
At the locations where disk separators (setters) had touched
where the disks during sintering, visibly lighter colored regions
(relative to the surrounding regions on the disks) were noted.
_,Am Bl(f) = In some cases, three such regions were apparent on each side
91(f) =tan cd (f) U 15 of the disk (fig. 5). For one of the disks, no such regions were
EALIIE visible. It was deter-mined that these lighter areas contained a
significantly higher volume fraction of pores than did the
surrounding regions (fig. 6). Also, the central sections of the
_,Hm Bz(f) = disks were generally more porous than the edge regions.
6,(f) =tan %@ B (1) E (16)  Figures 7(a) and (b) show the percent of porosity on the surface

and the average percent of porosity for lines through a section

wheref is frequency and(f) and By(f) are the Fourier
transformations of the time-domain puld€Bgt) and By(t),
respectively.

Attenuation coefficient—The frequency-dependent attenu-
ation coefficient for the pulse-echo configuration is given by
(refs. 6 and 13)

o(1) = L inBBU RIS )

2X"g [B(f) 7

where[R(f)Ois the frequency-dependent reflection coefficient

)= 20

Fs(f) 4o

fis frequencylIFS(f)DandOFSy(f)Oare the Fourier magni-
tude spectra of the time-domain puldeS(t) and FSy(t)
without and with the sample present on the buffer rod, respec
tively, and[0B4(f)O and OB,(f)C! are the Fourier magnitude
spectra of the time-domain puld®gt) andBy(t), respectively.

The errors_assomat_e_d with veIOCIty, reflectlon_ coefﬂuen_t, Figure 5.—Disk SN6 showing three visibly lighter colored regions
and attenuation coefficient measurements obtained by using (relative to surrounding regions). The other side of this disk
the contact pulse-echo method are discussed in appendix A. showed the same pattern but offset 60°.
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Figure 6.—Photomicrographs of disk SN2. Figure 7.—Pore fraction profiles from quantitative image
analysis at 800x of disk SN2 for various locations.

thickness, respectively, from quantitative image analysis atfraction glass-rich phase) thaninthe surrounding region (~0.12
800x of disk SN2 for various locations. Figures 8(a) and (b) volume fraction glass-rich phase). For the same area, an approx-
show representative profiles of percent of porosity versusimately 5< difference in pore fraction was noted between the
depth through the thickness for the lighter colored and darkekhigh-pore-fraction region (~0.05 pore fraction) and the surround-
colored surrounding regions, respectively. ing region (~0.01 pore fraction). kome cases, a glass-like
Energy-dispersive and wavelength-dispersive x-ray scansnaterial was observed at the bottom of and lining the pores.
showed no chemical (silicon, nitrogen, oxygen, yttrium, or This material was not identified by using x-ray diffraction and
boron) differences between the high-pore-fraction region andenergy-dispersive spectroscopy. Ace amount of an iron
the surrounding regions. SEM analysis revealed no obvioussilicide phase was also identified at the grain boundaries. Figure 9
grain size distribution differences between the high-pore frac-shows typical surface profiles for machined and polished surfaces
tion region and the surrounding regions. For one sample areaf the SN, disks. Machined disk surfaces were characterized by
examined in disk SN2, an yttria-rich glass phase was identifiedess than J:m peak-to-peak roughness. No diéfeces in sur-
at grain boundaries that was approximtely 30 percent les$ace condition were observed between polished regions at a
prevalent in the high-pore-fraction region (~0.09 volume disk center and at a high-pore-fraction area.
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4 — Figure 9.—Typical surface profiles for surfaces of SizN, disks.
€
g 2= 0.25 in. (0.6 cm) in diameter, and the use of membrane (dry)
= coupled (allowing shear-wave scans) as well as liquid (wet)
£ coupled measurements.
§ 0 | | | The sample disks were mounted in a Lucite holder in
(a) Lighter colored, more porous region. preparation for scanning. Each scan consisted of a 47- by 41-

grid of measurements with each measurement separated from

the next by 1 mm. Scans were run twice in most cases to verify

reproducibility. Scanning was accomplished through the use

of computer-controlleck-, y-, and z-micropositioner tables

2~ that were used (1) to position the sample and holder under the
transducer probe, (2) to raise the sample and holder so that the
probe was in contact with the sample (the contact force on the

| | | | | probe for each measurement in a scan was01R Ib for

0 5 1.0 15 2.0 25 wet-coupled scans and 20.1 Ib for dry-coupled scans; the
Distance from top surface, mm couplant layer thus should be approximately uniform for all
(b) Darker colored, less porous surrounding region. measurements in the scan), (3) to bring the sample away from

Figure 8. —Pore fraction profiles from quantitative image analysis at the probe after the measurement was made, and (4) to reposi-
800x of pore fraction versus depth through thickness for disk SN2 tion the sample in the or y-direction (1-mm increment) for
the next measurement. Echo waveforms from the sample front
and back surfaces were digitized (512-point horizontal and
512-point vertical resolution), averaged over 64 waveforms,
4.2 Ultrasonic Contact Scanning and stored. Each waveform was digitized at the voltage gain
setting that allowed use of the full vertical resolution capability
Ultrasonic measurements using the pulse-echo contact tectof the digitizer.
niqgue were obtained over an ordered array of points across the Digitized waveforms were Fourier transformed and subse-
entire surface of each g8l sample disk by means of an quently processed to yield ultrasonic properties. Beam-
automated scanning technique (fig. 1). A single transducer irspreading diffraction corrections were made to the amplitude
combination with spectral analysis allowed complete materialspectra of each echo according to the method of Papadakis
characterization over a wide band of frequencies. This methodref. 33). (The effect of diffraction on the phase of the ultra-
results in considerable time savings over scanning using dissonic waveforms is small, and no corrections to phase were
crete frequency techniques. The scan technique was hardwaraade (ref. 24). Ultrasonic images were constructed over a
and software modified from that of previous approaches (refs. 9wide band of frequencies (e.g., 30 to 110 MHz, at 10-MHz
10, and 16) to allow the scanning of entire samples withoutintervals) from reflection coefficent, attenuation coefficient,
probe damage due to movement over sample edges (ref. 16and phase velocity values obtained at each scan point. One
the use of transducer probes having buffer rod faces as small @asoss-correlation velocity image for each scan was also



constructed. The velocity and attenuation coefficient images X-ray radiography—Microfocus radiography was used to
can be thought of as two-dimensional projections representingjualitatively examine the uniformity of the disk samples and to
averaged microstructural information for the volume of samplecompare them with contact scanimages of the samples. Radio-
scanned (fig. 1(d)). A computer program was written to allow graphs were made through the thickness of the disks with
continuous image formation at discrete frequencies and subsesonventional contact methods under conditions optimized to
quent storage on an optical disk. A continuous scale consistingield high accuracy and contrast. The source-to-disk distance
of 256 shades of gray (or color) and linear interpolation was approximately 18in., and the exposure conditions were 35
between points allowed the display of spatial variations inkV, 10 mA, and 4 min. The print images show x-ray attenua-
these ultrasonic properties. A data clipping or filtering schemetion in terms of gray scale, with lighter gray scale correspond-
was performed to remove faulty property values resulting froming to lower attenuation (greater porosity).
incorrect digitization and edge effects. Failure to apply the Thermal wave imaging-Thermal wave imaging was used
filtering resulted in misleading images and poor contrastto determine if thermal behavior variations correlated with
between non-uniformities and surrounding regions in the disk pore fraction variations that had been characterized metallo-
Transducers used were broadband 10-MHz longitudinalgraphically and in ultrasonic images of disk SN6. The polished
wave, 5-MHz shear wave, 50-MHz longitudinal wave, and surface of disk SN6 was coated with a high-emissivity material
125-MHz longitudinal wave with the megahertz value denot- to allow maximum absorption of thermal radiation into the
ing the nominal center frequency. The 10-MHz longitudinal sample. Four flashlamps were located &t dbgles to, and
and 5-MHz shear- wave transducers consisted of a criticallyl8 in. away from, the polished surface. The lamps were used
damped lead metaniobate crystal with an active diameter ofo externally heat SN6. Each flashlamp’s power was 1.5 kJ. A
0.6 cm bonded to a polystyrene buffer rod 0.6 cm in diametetigh-resolution infrared camera was located in front of the disk
and 0.8 cmin length. A thin (0.04 cm) pliable polymer material on the same side as the flash lamps, and data were obtained at
attached to the buffer rod allowed ultrasound to be transmitteda rate of 20 frames per second. The images show thermal
into the sample without the need for liquid coupling (Ultran, energy density (temperature) in terms of gray scale, with
Boalsburg, PA). The 50- and 125-MHz longitudinal wave lighter gray scale corresponding to higher thermal energy
transducers consisted of a lead metaniobate crystal with adensity (temperature).
active diameter of 0.3 cm bonded to a silica glass buffer rod Microhardness measurementsVickers microhardness
0.6 cmindiameterand 0.8 cminlength (Panametrics, Walthammeasurements were used to determine if hardness variations
MA). Liquid couplant (diffusion pump fluid, 704 type, Dow correlated with pore fraction variations that had been charac-
Corning, Midland, MI) was necessary between the transduceterized metallographically and in ultrasonic images of disk
probe and the sample to allow ultrasonic transmission. ConSN3. Microhardness measurements were performed at the
tamination from the couplant was assumed to be minimalregions of high pore fraction and at surrounding regions of
because of the high average density (>98 percent) of thewverage pore fraction in a polished cross section of SN3.
samples. Pulserreceivers of 0.01to 10 MHz and 1- to 150-MH2Measurements were made at a 500-g load for 15-sec duration.
bandwidth were used with the 5- and 10-MHz and 50- andTwenty measurements were made at the high-pore-fraction
125-MHz transducers, respectively. Signal-to-noise ratios wereand surrounding regions. The error in the microhardness
high (~250) for the wet-coupled configuration and moderate tomeasurement was estimated at 10percent from repeated trials.
low (~10 to 50) for the dry-coupled configuration.

4.3 Further Ch terizati i i
urther -haracterization 5.0 Results and Discussion
Ultrasonic immersion C-scans—Immersion (water) . . .
C-scans were obtained by using 10- and 35-MHz focused The following sections show representative images from the
transducers to qualitatively examine the uniformity of the contact-scanned i, disks. Reflection coefficient, attenua-

SisN, disk samples and to compare them with contact scarfion coeﬁicie_nt, phase velocity, and gross-corre_lation velocity
images of the samples. Data were acquired every0h images obtained from _contact scanning are designald ps
both thex- andy-directions. Transmission amplitude images (). Vp(f), andVpuiseimages, respectively.

were obtained by gating front and back surface reflections, and

transmitted pulses were obtained by using pulse-echo an#.1 Ultrasonic Contact Scan Images and Properties
through-transmission techniques, respectively. Scans wer&/ersus Frequency

run with the polished faces facing the sending transducer. The

images show the amplitude of ultrasonic transmission interms Figures 10 to 13 sho®(f), a(f), Vp(f), andVpyseimages

of gray scale with lighter gray scale corresponding to higherand mean values at 30 to 110 MHz in 10-MHz increments for
ultrasonic transmission. Images were contrast expanded fodisk SN2 containing six distinct regions of high pore fraction.
optimum viewing of nonuniformity. (Nominal center frequency was 50 MHz for the transducer

10



Figure 10.—Frequency-dependent reflection coefficient images and mean values at 30 to 110 MHz in increments of 10 MHz for disk SN2
containing six distinct regions of high pore fraction. (Nominal center frequency was 50 MHz for the transducer used to scan SN2.)
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Figure 11.—Frequency-dependent attenuation coefficient images and mean values at 30 to 110 MHz in increments of 10 MHz for disk

SN2 containing six distinct regions of high pore fraction. (Nominal center frequency was 50 MHz for the transducer used to scan SN2.)
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Figure 12.—Frequency-dependent phase velocity images and mean values at 30 to 110 MHz in increments of 10 MHz for disk SN2
containing six distinct regions of high pore fraction. (Nominal center frequency was 50 MHz for the transducer used to scan SN2).
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Figure 12.—Concluded.
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Figure 13.—Cross-correlation pulse velocity image for disk SN2
containing six distinct regions of high pore fraction. (Nominal
center frequency was 50 MHz for the transducer used to scan
SN2))

used to scan SN2.) At most frequencigs), Vi(f), andVpyise

This result is consistent with the fact that as the frequency
approaches (from the peak frequency)-tttedB frequencies

(50 percent bandwidth) of the front-surface, pulse-echo mag-
nitude spectrum (~40 and 90 MHz), the signal-to-noise ratio
becomes low enough to make the results of questionable
validity and is responsible for the erratic behavior of the
ultrasonic properties at the frequency extremes (e.g., the
decrease in meaRg;j,y, above 90 MHz). Between 50 and
80 MHz, the spatial patterns of the images did not change
significantly. TheR(f) images did not reveal the six distinct
regions at any frequency. Mean values R§f) showed an
approximately linear increase with increasing frequency (from
30 to 90 MHz) and ranged from 0.65 to 0.83 (fig. 10(j)). Mean
values fora(f) increased with increasing frequency and
ranged from about 0.2to 1.2 nepers/cm (fig. 11(j)). Figure 11(Kk)
shows changes in meargin, (Aasi,N,) versus changes in
frequencyAf from 30 MHz as a means for comparison with
figure 4 and will be discussed in section 5.8. Mean values for

images clearly revealed all six regions of high pore fraction.Vy(f) decreased slightly (0.3 percent) with increasing fre-
Additionally, VpyiseandVp( f) images revealed pore fraction quency (fig. 12(j)) indicating this 4 to be slightly dispersive.
variation between the disk central section and edge regions. All

image types were more “focused” toward the middle of the5.2. Comparison of Contact Scan Results With Those
frequency band (50 to 80 MHz) and less focused at the freFrom Other Techniques

quency band extremes50 MHz and>80 MHz). (The latter
statement is not applicable¥g,seimages, which are formed

Figure 14 compares imaging results from ultrasonic C-scans

using the whole pulse containing the broad band of frequenciesand microfocus radiography of disk SN6 wattf = 70 MHz),

16
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(f) Through-transmission C-scan (10 MHz focused).
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(9) Through-transmission
microfocus radiograph.

Figure 14.—Comparison of conventional imaging methods with ultrasonic contact scan results.
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Vp(f =70 MHz), and/pseimages. First, consider the conven-
tional NDE imaging methods. C-scan back-surface echo
reflection images at 10 MHz (fig. 14(d)) revealed all six
distinct regions as dark (low ultrasonic transmission) areas,
C-scan through-transmission images at 10 MHz (fig. 14(f)) did
not reveal the regions. C-scan surface-wave images at 35 MH
(fig.14(e)) clearly revealed the three front-surface-connected
regions of high pore fraction as dark (low ultrasonic trans-
mission) areas. Microfocus x-radiography (fig. 14(g)) clearly
showed all six distinct regions. Additionally, dark rings appeared
to surround and highlight the porous regions in the microfocus
x-ray image. Neither C-scan nor microfocus x-ray images
discriminated the more porous central section from the highly (a) SN2.
dense edge region.

Consider the images obtained from contact scans/Jiwe
images (fig. 14(c)) quantified variation from edge to center
including the variation between the distinct regions of high
pore fraction and the surrounding central region (~1-percent
velocity difference), the variation between the distinct regions
of high pore fraction and the dense edge region (~4-percen
difference), and the variation between the more porous centra
section and the dense edge region (~3-percent difference
(The percentage change was obtained by dividing the velocit
values by the velocity expected for a fully dens@gsample
(i.e., the theoretical velocity of 1.12 gusec) (ref. 14))The
magnitude and direction of these variations in thadédimage
are similar to those seen for volumetric pore fraction varia- (b) SN3.
tions in disk SN2 (fig. 7(h)JThe V,(f) images quantified
variation over a broad band of frequencies in a similar manneg
to that observed in the cross-correlation velocity images.
However, in some instance¥y(f) images showed more
“scatter” (fig. 14(b)) (note darker-colored dots randomly
located), and the variation was not quite as obvious asitwas i
the Vpyiseimages. The scatter could not be filtered without
losing essential image features. The magnitude of velocity|
variation was usually similar iVpyse and Vp(f) images; :
however, minimum, maximum, and mean values varied slightly &

depending on the frequency of thig(f) images and were
slightly different from those observed g5, seimages (e.g., \ »
meanV(f =70 MHz) for SN6 was 1.065 cpgec as compared

with a mearVpseof 1.077 cnylsec).

In thea(f) images obtained over a broad band of frequen-
cies, larger attenuation coefficients were observed at the edges ~ Figure 15.—a (f = 60 MHz) images of SN2, SN3, and SN5.
of the distinct regions of high pore fraction than in the sur-
rounding regions (e.g., at 70 MHz for SN6 an attenuation5.3 Comparison of SiN4 Disks
coefficient of ~4.5 nepers/cm was observed at the edges of the
distinct regions whereas the mean attenuation coefficient was Figures 15 to 19 show(f = 60 MHz andf = 80 MHz),
1.04 nepers/cm). The central section appeared to have ¥(f =60 MHz and = 80 MHz), and/piseimages of the SN2,
uniformly lower attenuation coefficient at 70 MHz than the SN3, and SN5 disks. Disk SN2 contained six distinct regions
surrounding edge area (~0.1 neper/cm as compared with 0.4 tof high pore fraction, disk SN3 contained one such distinct

(nepers/cm)

(nepers/cm)

1‘ |

(c) SN5.

1.0 neper/cm). region, and disk SN5 contained no such regionsiaiife,
TheR(f)images did not discriminate the high-pore-fraction Vy(f), andVpyseimages clearly represent the differences in
regions from the surrounding regions in disk SN6. the disks. The more such distinct regions, the higher the mean
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(a) SN2.
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(b) SN3.
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Figure 16.—a (f = 80 MHz) images of SN2, SN3, and SN5.

(cm/usec)

(a) SN2.

(cm/usec)

(b) SN3.

MHz (cm/usec)

(c) SN5.

Figure 17.—Vp (f = 60 MHz) images of SN2, SN3, and SN5.
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Figure 19.—Vp e images of SN2, SN3, and SN5.
Figure 18.—Vp (f = 80 MHz) images of SN2, SN3, and SN5.
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1.090 5.4 Correlation of Ultrasonic Properties With Each
Other and With Microstructure
g 1.085
%]
§ 1.080 Figures 20(a) to (c) show ultrasonic properties versus posi-
: ' tion for a section intercepting two of the high-pore-fraction
5 1075 regions in the SN2 disk. From first glancendf = 60 MHz),
§ Vp(f = 60 MHz), an_d\/pmse_images of SN2 (fig_s. _15(a), 17(a),_
o 1.070 and 19(a), respectively), it appears that variations in velocity
Z 1065 and attenuation coefficient correspond with each other and
' with the pore fraction profile shown in figure7(b). In reality,
1.06 disk positions wherehangesn velocity with positiordV/dP

o 1.085 o
®Q Error bands
24
‘0= 1.080

N
o T 1.075
:= 3
<o
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(b) Phase velocity at 60 MHz.
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(d) Reflection coefficient.

Figure 20.—Ultrasonic velocity versus position for section inter-
cepting two high-pore-fraction regions in SN2 disk.

attenuation coefficient, and the lower the mean phase and

cross-correlation velocities. Théyse images consistently Frequency, f, MHz

were the most revealing of disk nonuniformity and differences (b) Away from sharp boundary.
between disks. Th&(f) images did not differentiate the Figure 21.—a (f) £ & error properties versus
microstructual differences between the disks. frequency for SN2.
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were most severe corresponded to areas of higifst
(fig. 20(c)), and velocity variations corresponded exactly with
pore fraction variations (compare fig. 7(b) with fig. 20(a)).
Note the points on the curves in figure 20(c) at the 6- and
31-mm positions; the attenuation coefficient achieved maxi-
mums wheredV/dP was most negative (&~ 6 mm) and
most positive (alX ~ 31 mm). These results are consistent
with those from a previous study (ref. 16) of ultrasonic imag-
ing of sintereda-SiC disks. In that study, it was found that
regions ina (f) images showing high attenuation coeffi-
cients generally overlapped boundaries seen in the corre
spondingVpyiseimage (i.e., a high attenuation coefficient was

observed where large spatial gradients in velocity and density

existed). A plausible explanation for these results follows: It
is believed that refractive scattering of waves occurs at im-
pedance-mismatched material boundaries (see the distinctio
between the high-pore-fraction and surrounding regions in
fig. 8). This results in an apparent attenuation coefficient

being measured as ultrasonic energy is redirected. The effeg

on the measured attenuation coefficient is difficult to predict,
since it is difficult to know exactly how the ultrasound is

redirected. Thus, such refractive scattering effects may lead
to both high and low values for the measured attenuation

(nepers/cm)

(a) Machined surface.

(nepers/cm)

(b) Polished surface.

Figure 22.—a (f = 60 MHz) images for SN6 with transducer on
machined and polished surfaces.
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(b) Polished surface.

Figure 23.—Percent error in a (f = 60 MHz) images for SN6 with
transducer on machined and polished surfaces.

coefficient. In this study, high attenuation coefficients were
observed at relatively sharp pore fraction boundaries.

Itis also interesting to note that the dependencd bf on
frequency was quite different at a relatively sharp pore fraction
boundary thanin a surrounding region in the SN2 disk (fig. 21).
Therefore, the slope af(f) (da(f)/df) may also provide
information on spatial differences in microstructure (refs. 34
and 35).

The curves of pulse velocity and phase velocity are similarly
shaped, but the reflection coefficient variations (fig. 20(d)) do
not correspond with variations in the other curves of ultrasonic
property versus position.

5.5 Comparison of Ultrasonic Contact Scan Images for
Scans on Machined and Polished Disk Faces

Figures 22 to 26 show(f = 60 MHz) and the percent error
in a(f = 60 MHz),V(f = 70 MHZ),Vpy1s¢ andR(f = 60 MHz)
images for the experimental configuration where the ultra-
sonic transducer was scanned first on the machined face and
then on the polished face (opposite surface) for disks SN6,
SN3, SN4, and SN5. In most cases, no significant differences
in feature differentiation were noted between the same image
types for machined and polished face scans (note that each disk



(cm/usec)

(a) Machined surface.

(cm/usec)

(a) Machined surface.

(b) Polished surface.

Figure 24—V, (f = 70 MHz) images for SN3 with transducer on
machined and polished surfaces.

(cm/usec)
1.099

(a) Machined surface.

(cm/usec)
1.098

(b) Polished surface.

Figure 25.—V e images for SN4 with transducer on machined
and polished surfaces. Nominal center frequency, 125 MHz.

(b) Polished surface.

Figure 26.—R (f = 60 MHz) images for SN5 with transducer on
machined and polished surfaces.

(cm/usec)
1.096

(a) Wet coupled (nominal transducer center frequency, 50 MHz;

transducer diameter, 0.125 in.).

(cm/usec)
1.111

D |-

(b) Dry coupled (nominal transducer center frequency, 10 MHz;
transducer diameter, 0.25 in.).

Figure 27.—V|se images of disk SN2.
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was flipped over for the polished scan after scanning on the| (cm/psec)
machined surface). Mean valuesxfi= 60 MHz) for SN6 from 1111
machined and polished face scans differed by about 25 percen
butthis is within the mean experimental error (~30 percent) for the
a(f = 60 MHz) image (fig. 23). The minimum, maximum, and
mean values fol(f =70 MHz) images of SN3 were nearly
identical for machined and polished face images. More scatte
dots (discussed previously) were apparent in the machined fac
image than in the polished face imageMg(f = 70 MHz), and it
appears that slightly more detail was differentiated in the polished
face image. However, the latter two results were not always

(@) Vpu|Se image from dry-coupled, longitudinal wave scan

observed for machined versus polishggf) images and are (nominal transducer center frequency, 10 MHz).
probably caused lymall scan-to-scan and within-scan couplant
variations. Minimum, maximum, and mean values\gyjse (cm/pisec)

images of SN4 were essentially identical for the machined andielChll 0.614
polished face images. Mean and maximum value&(fbe
60 MHz) images of SN5 were each very similar for machined
and polished face images. A low reflection coefficient strip

was apparentinthe polished face image but notin the machine
face image. The latter result was not always observed for
machined versus polishé&{ f) images and probably results

from couplant thickness variations (fig. 3(c)). The results of
the machined versus polished face scans were surprising
considering the expected sensitivity of frequency-dependent
properties on surface condition and allow the reliable applica-
tion of the contact scan method to materials with machined as
well as polished surfaces.

(b) Vpulse image from dry-coupled, shear-wave scan (nominal
transducer center frequency, 5 MHz).

5.6 Dry- Versus Wet-coupledVpise Images

In figure 27, a wet-coupléd,seimage of disk SN2 (obtained
at a nominal transducer center frequency of 50 MHz and a
transducer diameter of 0.125in. (0.3 cm)) is compared with a dry-|
coupledVpiseimage (obtained at a nominal transducer center
frequency of 10 MHz and a transducer diameter of 0.25 in.
(0.6 cm)). Both images clearly reveal and similarly quantify the
six distinct regions of high pore fraction. This result is important
for materials that cannot be ultrasonically examined with wet
coupling. The high-pore-fraction regions are most clearly revealed
in the wet-coupled image, as is consistent with the facts that the
beam diameter for the wet-coupled configuration was approxi- (C) "Apparent” Poisson’s ratio images of same disk constructed
mately half that for the dry-coupled configuation and thatthe wet- o™ longitudinal and shear-wave velocity images.
coupled configuration had approximately an order of magnitude  Figure 28.—V,5¢ and Poisson's ratio images of disk SN2.
higher signal-to-noise ratio than the dry-coupled configuration.
The minimum, maximum, and mean values were uniformly about
1 percent higherin the dry-coupled image than in the wet-coupled

image.
5.7 Longitudinal Versus Shear-Wave/pse Images and signal-to-noise ratio for the shear-wave, dry-coupled
Poisson’s Ratio Maps configuration resulted in data not being acquired at some scan

points near the left edge of the disk during the shear-wave
Figures 28(a) and (b) show ultrasonic longitudinal (nominal scan.) Bothimages clearly reveal and similarly quantify the six
transducer center frequency, 10 MHz) and shear-wave (nominatlistinct regions of high pore fraction. Velocity variation was
transducer center frequency, 5 MNg)seimages, respectively,  about 4 percent over the longitudinal-waxg,seimage and
of SN2 obtained from dry-coupled scans. (The relatively low about 2 percent over the shear-w&jgseimage.
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Poisson’s ratio can be computed directly from longitudinal
and shear-wave velocities according to (ref. 13)

W

- 2
V S
V-8

V2
19)

whereV| andVgare the longitudinal and shear-wave veloci-
ties, respectively. Predictions of mechanical and thermal
behavior of components (by finite element analysis, e.g.)
traditionally assume a constant value for Poisson’s ratio. This
assumption can lead to reduced accuracy of the analysis if in
fact “apparent” Poisson’s ratio (ref. 14) varies within a compo-
nent because of microstructural variation. The use of materials
in demanding high-performance applications where subtle
within-sample mechanical property aberrations are intoler-
able may require characterization of such aberrations (refs. 2
and 3). Figure 28(c) shows the apparent Poisson’s ratio image
of the SN2 disk constructed from the longitudinal and shear-
wave velocity images through the use of equation (7). The
Poisson’s ratio image indicates similar variations to those
shown in the velocity images and quantifies variations in
Poisson’s ratio across the disk. Apparent Poisson’s ratio varied
across the disk from ~0.26 to 0.29 (~10-percent variation) with
a mean value of ~0.27. The relative error in the Poisson's ratio
image was=1 percent as the longitudinal and shear-wave
Vpulse images used to form the Poisson's ratio image were
reproducible to 0.1 percent. The Poisson’s ratio image can in
concept be used in a NASTRAN finite element analysis
(ref. 36) by dividing the disk into a finite element grid, using
different material cards for finite elements having different

Poisson’s ratios, and inputting the appropriate value of appar-

ent Poisson’s ratio on each material card.

Elastic properties such as Poisson’s ratio are most accurately
calculated from phase velocities, since the elasticity of a
material may depend on the loading rate (ref. 23). As previ-

ously mentioned, velocity determined from cross-correlation

1.10 Disk center
High-porosity region

Disk edge

1.08

Phase velocity, Vo, cm/usec

1.06

o

Reflection
coefficient, R

Attenuation coefficient, «,
nepers/cm

60

90
Frequency, f, MHz
(c) Attenuation coefficient.

120

Figure 29.—Experimental relations for ultrasonic properties
versus frequency obtained for SN2 directly at disk center
(~0.03 pore fraction averaged through thickness), disk edge
(~0.01 pore fraction averaged through thickness), and high-
pore-fraction regions (~0.04 pore fraction averaged through
thickness).

is essentially a pulse velocity, as the entire wave train (containfraction averaged through the thickness), at the disk edge
ing a broad band of frequencies) is considered in the calcula¢~0.01 pore fraction averaged through the thickness), and in
tion. Pulse and phase velocity will be essentially equal over thehe high-pore-fraction regions (~0.04 pore fraction averaged

frequency bandwidth investigated if dispersion (velocity vary-
ing with frequency) due to the material itself and sample

through the thickness) (fig. 7(b)). The following comments
pertain to the frequency range of approximately 30to 110 MHz.

geometry are negligible. Since essentially no dispersion wagelow and above this frequency range, the low signal-to-noise

apparent for this gN, material, the Poisson’s ratio values

ratio produced results of questionable validity as previously

obtained from cross-correlation velocity measurements werexplained (section 5.1).
deemed to be sufficiently accurate and are close to values Phase velocitys;n, decreased with increasing pore frac-

obtained in other studies (ref. 37).

5.8 Experimental Versus Expected Results for
Frequency and Pore Fraction Dependence

tion at any frequency and decreased slightly with increasing
frequency (fig. 29(a)). These results agree well with those
predicted (fig. 2(c)). Absolute magnitudes of velocity values
and magnitudes of changes in velocity values with changing
pore fraction correlated with predicted theoretical (fig. 2(a))

Figure 29 shows the experimental relations for ultrasonicand previously observed empirical (fig. 2(b)) results.
properties versus frequency obtained for SN2 with the ultra- The reflection coefficienRs;,y, had no predictable depen-
sonic transducer placed directly at the disk center (~0.03 porelence on pore fraction and increased with increasing frequency
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for all pore fractions (fig. 29(b)). Regarding the latter result, on the order okl neper/cm over the frequency range 30 to
experimental results agreed with those predicted R, 110 MHz. Theasj,, versus frequency behavior at distinctly
was expected to slightly decrease with increasing pore fractiodifferent pore fraction regions was monsistentlgifferent. A
(fig. 3(a)); experimental results showing no pore fraction variation was expected, since grain size distribution did not
dependence forRgj,y,were surprising, since the regions of appear to vary between the high-pore-fraction and surround-
high pore fraction were readily apparent at disk surfacesing regions. However, it is difficult to make conclusive state-
(fig. 5). The behavior oRg;j,n, versus frequency appears to mentsregarding the effects of pore fraction changes on changes
indicate a couplant thickness of ~@i& (fig. 3(c)). Compar-  in asjy, by using the methodology of this study. Apparent
ing the reflection coefficient for i, calculated from veloci-  attenuation coefficient may have been measured and imaged
ties and densitiesRgi,n, = 0.46) (ref. 13) with the larger because of scattering at relatively sharp material boundaries as
frequency-dependeRg;n, observed experimentally revealed discussed previously (the dependences(6f on frequency,
the necessity of using the experimentally observed reflectionand the values foas;j,n, were observed to be significantly
coefficient to determine accurate attenuation coefficients.  different between pore fractiddoundariesand regions away
Attenuation coefficientag;,y, increased with increasing  from such boundaries as shown in fig. 21). Further competing
frequency for all pore fractions (fig. 29(c)). The increases werematerial effects (such as second-phase variations) may have

22.48°c 0.05 ¢/ 1=

»12/04/92 14:56:15

(b) 0.10 sec. (d) 0.20 sec.

Figure 30.—Thermal wave images of disk SN6.
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also been present and affectiag,n,. Expected changes in  assemblies for scanning (ref. 39), and the ever-increasing
asi,N, due to scattering from pores (fig. 4(c)) were comparedpower of computers for data acquisition and analysis, scan and
with observed changes in meesg;,\, with changes in fre-  analysis time can be significantly reduced in the future. Sec-
quency (fig. 11(k)). An average pore concentratignof ond, images of additional ultrasonic properties, such as group
approximately 1&cm? was indicated by the observed magni- velocity, peak frequency of the material-modulated ultrasonic
tude of change<(l nepers/cm from 30 to 110 MHz) (if grain echo, and attenuation coefficient slope, can be constructed by
scattering and other contributionsitg,n, were assumedtobe  using the digitized and stored ultrasonic waveform data. These
negligible and pores were approximatelyrb-radius). properties and images can be used for further analysis and
verification of microstructural condition.

5.9 Correlation of Ultrasonic Contact Scan Results With
Physical Properties

_ , 7.0 Conclusions

Hardness—The average of 20 Vickers microhardness meas-

urements in each region yielded similar apparent Vickers

hardness numbers (mearstandard deviation) of 112656 configuration was employed to obtain maps of pore fraction

for the high-pore-fraction region and 118358 for the variations in polished and machined sintered silicon nitride samples

su_rrOL;]nd&ng less porous regl?ns of d'SktS'\;j' '{'husl, V'lc;kzr_sin terms of ultrasonic material properties. Ultrasonic velocity
microhardness measurements were not able 1o clearly IS(pulse and phase), attenuation coefficient, and reflection coeffi-
criminate the pore fraction variation.

. . . cientimages were obtained simultaneously over a broad band of
Thermal behavior—Thermal behavior variations corre-

frequencies (e.g., 30 to 110 MHz) by using spectroscopic analy-
lated with pore fraction variations in disk SN6 as shown in a (e.g )by gsp P y

sis. Wet and membrane (dry) coupling techniques and longitudi-
four successive time frames separated by 0.05 sec in figure 3 (dry) ping . d

The three f ¢ d : t high ¢ Q1a| and shear-wave energies were used. The essential features of
e three front-surface-connected regions of high pore fracs, . study were as follows:

tion, as well as the generally less dense central section of dis 1. Velocity and attenuation coefficient images represented

SN, Wzre h.lgh"\g/ht?d. by lighter gray scale. (h'gherftherma:llaveragethrough-thickness microstructure for the sample scanned.
engrgy Zns ity). a“?t';ns Welre mpst.prom_ll_?lent In Ir ames . Ultrasonic velocity (longitudinal and shear wave) images revealed
and 2 and began to fade out later in time. The initial magni-, 4 quantified the extent of pore fraction variation in the silicon

tude of variation between highly porous and surroundm_g nitride disks. The magnitude and direction of variations in cross-

regions was on the.order of 2 de_g c. (Nong of th(_a the SXcorrelation velocity images were very similar to those seen for
distinct regions of high pore fraction were differentiated in

A : . pore fraction variations. Velocity images were similar for wet and
thermal diffusivity images when using a similar procedure.

R ) membrane coupling. Attenuation coefficient images revealed
Average .thermal dlffuswlty was 0'28'0?’. cif/sec for disk pore fraction nonuniformity due to the scattering that occurred at
SN6, which agreed well with those previously reported (0.22

. ) boundaries between regions of high and low pore fraction. The
0 0.26 cr/sec) for sintered g, (ref. 38).) contact scan proceduregJ proved m%re precisepand accurate (i.e.,
more quantitative) than ultrasonic C-scans by characterizing
. . inhomogeneity in terms of ultrasonic material properties.
6.0 Further Discussion Spatial patterns of velocity and attenuation coefficientimages
from a contact scan were nearly identical at frequencies within
The potential of the ultrasonic contact scan technique forthe 50-percent bandwidth (50 to 80 MHz) but became unfo-
materials characterization was demonstrated in this study. Acused at frequency extremes. Mean, minimum, and maximum
single transducer in combination with spectral analysis allowedvalues of reflection coefficient and attenuation coefficient
material characterization in terms of ultrasonic material prop-significantly varied with frequency throughout the entire band-
erties over a wide band of frequencies. This method results iwidth, but values for phase velocity varied only slightly with
time savings over scanning using discrete frequency techfrequency.
niques. The ultrasonic contact scan technique is applicable to 2. Velocity and attenuation coefficient images were nearly
flat machined materials in which access to only one side igdentical for machined and polished disks, making the method
possible and is most useful in a materials development proreadily applicable to flat machined materials.
gram for quantitative characterization of sample homogeneity. 3. Maps of “apparent” Poisson’s ratio constructed from
It is also envisioned that this method would be useful in alongitudinal and shear-wave velocities quantified Poisson ra-
quality assurance laboratory for material coupon analysis. Theio variations across a silicon nitride disk. A direct application
scan system hardware and software can be upgraded fasf engineering ultrasonics is shown, since the Poisson’s ratio
improvements or additions with the following envisioned: map with its grid of values can be input to a finite element
First, with the development of wheel probes and multielementproblem where ideal properties were previously assumed.

An ultrasonic scan procedure using the pulse-echo contact
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4. Experimental velocity results agreed well with those 5. Thermalwave images of adiskindicated transientthermal
predicted as a function of pore fraction and frequency.behavior variations consistent with observed pore fraction and
Experimental reflection coefficient results agreed well with velocity and attenuation coefficient variations.
those predicted as a function of frequency for couplant thick-
ness of approximately 0/m but did not show the expected
dependence on pore fraction. Experimental results of attenua-
tion coefficient changes were similar to those predicted duelLewis Research Center
to pore scattering as a function of change in frequency for aNational Aeronautics and Space Administration
pore concentration of $m?. Cleveland, Ohio, February 3, 1993
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Appendix A

Errors Associated With Pulse-Echo Measurements

The percent error in the pulse-echo velovitpeasurement
was calculated from (ref. 40)

Xt parcfl”

0, = - -
YERRy 100%“)( 0*o; o E (20)

whereX andAX are thickness and error in thickness, respec-
tively, andt andAt are time delay and error in time delay,
respectively. Figure 31 shows the percent error associated with
pulse-echo velocity measurements. (Erroris also dependenton
the error in frequency-domain signal processing methods used

Percent error

100

80+

in the calculation of ultrasonic properties.)
The percent error in the reflection coefficiéhtmeasure-
ment is calculated from

(L+ R2)0'5

(SNR)(R)

%ERRR =100 (21)

where SNR is the signal-to-noise ratio of the first front-surface

Figure 32.—Percent error associated with pulse-echo
reflection coefficient measurements.

echo without the sample present on the buffer rod. It was meas-

ured by comparing the peak amplitude ofSto the peak

measurement. The erroritwas low except at low values of

amplitude of the noise. The SNR was ~250 in this investigationR and SNR.

(wet coupling configuration). Figure 32 shows the percent
error associated with pulse-echo reflection coefficient

20
18
16
5 14
o 12
10

Iro

Percent

oON B~ O ©

Figure 31.—Percent error associated with pulse-echo velocity
measurements.

The percent error in the attenuation coefficigmbeasure-
ment was calculated from

0l1mlao

— EUU % —
WERR, = —% e
#ERRq = a 00 100D2xg [ISNRO

%exp(zw)][%exp@xa)] 0

N

xg%%ﬁ (SNRZ)(402)(0>2<)

(22)

mMOoOoO

wheregy is the error in the attenuation coefficient measure-
ment, X is sample thicknessgiy is the error in the thickness
measurement (X 10— cm in this investigation)R is the
reflection coefficient, and SNR is the signal-to-noise ratio.
Figure 33 shows the percent error associated with pulse-echo
attenuation coefficient measurement. Errorairis low for
intermediate values dR and low values ofr. It increases
greatly forR< 0.1 andR = 0.9 and a® increases.
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Figure 33.—Percent error associated with pulse-echo attenuation coefficient measurements. SNR = 250; X = 0.3 cm; oy = 3x104 cm.



Appendix B
Fabrication of SigN4 Samples

Processing with evacuated thin-wall plastic tubing. Cold isostatic pressing

. . . _ under 414-MPa pressure was performed to increase green
The microstructure and properties of$j-based materials density, P P g

depend on the proces_sing_ methods. In this investigation, seven The disks were placed in a tungsten cup with a loose-fitting
near-theoretical-densif}+SizN,4 disk-shaped samples (Iabele(_j lid and sintered at 214%C for 4 hr under 5-MPa nitrogen
SN1to SN7) were manufacture_d from two batches of Startlngpressure. Disks 1 to 4 were sintered in one run, and disks 5 to
powder according to the_f_ollowmg procedures (ref. 41_)' The7 were sintered in another run. Sintering was done in a
s;agr)tmg_pozvgezr C$”gp°§'“°”.f.wa§ 91.gdgt_KemE|i_nogg\I%H-h tungsten-mesh-element, all-refractory-metal, water-cooled,
(1.9 g SiQ +6.2 g ¥,05) densification additives. Two baiches double-wall furnace. High-purity boron nitride setters sepa-

of powder were milled in ethanol withgBl, media in sintered ;
rated the disks from each other and from the tungsten cup.
reaction-bonded §W, solid mills for 100 hr. The milled g P

slurries were sieved through a fufix sieve and then combined
in alarge plastic bottle. The powders were allowed to settle foMachining and Polishing
about one week. Then, excess ethanol was removed by care-
fully pouring the fluid from the container. The bottle contain- Machining was accomplished in two steps. First, a rough
ing the slurry was shaken and then small samples of the slurrgnachining with coolant was performed in which the thickness
were placed in weighing dishes, weighed, dried, and therof the samples was reduced from approximately 0.5 cm to
weighed again in order to determine the solids loading (in0.3 cm, and the top and bottom surfaces were made flat and
volume percent) of the slurry. A bottle containing slurry was parallel within£25 pym by using a 2Q:m diamond wheel.
then placed in a hot water bath in order to evaporate some of th€hen, the samples were machined by using the same size
excess ethanol. A 15 vol % solids slurry was obtained. Thediamond wheel so that top and bottom surfaces were made flat
bottle containing the slurry was tumbled for 16 hr. Forty piecesand parallel tat2 yum. An average of less than 0.02 cm of
of SikN4 media were added to provide mixing, but no further material was removed from the samples in this step. Five
particle size reduction was expected. The pH of the slurry wasamples then were lapped on one side to obtain a fine polish by
raised to 10 by the addition of ammonium hydroxide 48H). using successively 45-, 30-, 15-, 9-, 6-, andn3-diamond
Slurry pressing was used to consolidate the samples. Diskslurry. Each lapping took approximately 2 hr. The samples
shaped samples were formed under 9-MPa pressure in a digiere cleaned with acetone after polishing. Figure 9 shows
The slurry charge was compacted between filter-paper diskstypical surface profiles for machined and polished surfaces of
which trapped the solids. Porous stainless steel disks weréhe SgN4disks. Machined disk surfaces were characterized by
used above the top filter paper and below the bottom filterless than Jum peak-to-peak roughness. No difference in
paper for uniform pressure application and expulsion of liquid. surface condition between polished regions at a disk center and
After careful drying to avoid cracking, the disks were sealedat a high-pore-fraction area were observed.
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Appendix C

Symbols
pore radius; scatter radius Vg
Fourier transforme®;(t) wherei = 1, 2 Vo
time-domain ultrasonic echo off sample back surface X
wherei =1, 2 7
grain size a
percent error in wherei = velocity, reflection coef- a(f)
ficient, or attenuation coefficient
Fourier transformed K@) wherei = 1, 2 Y
time-domain ultrasonic echo off sample front surface W
wherei = 1, 2 e
frequency A
wavenumber v
number of scatterers per unit volume P
pore fraction; position o

T

reflection coefficient

shear-wave velocity

velocity in fully dense material

sample thickness

acoustic impedance

attenuation coefficient
frequency-dependent attenuation coefficient
scattering cross section

normalized scattering cross section
phase angle

wavelength

Poisson’s ratio

density

error

time delay between two ultrasonic pulses

frequency-dependent reflection coefficient To time delay between two ultrasonic pulses determined
] ] ] from cross-correlation
signal-to-noise ratio
velocity ]
- ) Subscripts:
longitudinal wave velocity
frequency-dependent phase velocity 0 no pores

pulse velocity determined from cross-correlationmethod 1, 2, 3 buffer rod, couplant, and sample, respectively
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mal wave images of a disk indicated transient thermal behavior variations that correlated with observed variation,
in pore fraction and velocity and attenuation coefficients.
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