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Abstract

A convenient non-destructive means of characterizing residual stresses would be highly desirable.
Ultrasonics is one of very few techniques which might succeed at this. However, the effects of residual
stresses on ultrasound propagation are small and can be hidden by other material properties, especially
crystallographic texture. The traditional ultrasonic approach has been to compare the surface before and
after surface processing, assuming that texture remains unchanged. However, surface processing does
affect surface texture and the traditional approach often fails. In this paper, we present a novel method to
measure surface residual stresses with ultrasound when the process also modifies surface texture. Then,
we apply this method to a sample of aluminum 7075-T651 surface treated using low-plasticity
burnishing (LPB). This technique can produce a very smooth surface, a stress gradient that penetrates
relatively deeply into the material, and an anisotropy of the residual stresses. The velocity of surface
acoustic waves {Rayleigh waves and surface skimming longitudinal waves) was measured as a function
of propagation direction and frequency on as-received and LPB-treated surfaces. The observed
differences are used to estimate the magnitudes and directions of the two principal components of the
residual stresses induced by the LPB process, independently of surface texture modifications.

Introduction

Low-plasticity bumishing (LPB) is an emerging surface processing technique used to introduce deep
compressive surface residual stresses that improve the durability of parts. With this technique, a ball or a
roll applies pressure to the surface and compressive surface residual stresses are produced. These
stresses vary in magnitude with depth and they may also be anisotropic. Non-destructive measurements
of residual stresses, their anisotropy, and their distribution as a function of depth, imparted by the LPB
process and other surface processing techniques are being sought by various groups to verify process
quality and residual stress retention over time.

Residual stress measurement techniques such as x-ray diffraction or the hole drilling technique almost
always destroy or damage the part being measured. Non-destructive techniques are essentially limited to
ultrasonic, eddy current, and magnetic techniques. The magnetic technique is applicable only to
ferromagnetic materials and it depends on many microstructural parameters other than residual stresses.
Consequently, its results are difficult to interpret. Eddy current techniques have shown promise for Ni
based alloys, but the technique is under development and may not be applicable to other types of alloys
[1]. However, most non-destructive characterization work has been done with ultrasonics because
ultrasonic characterization is inexpensive and flexible. Moreover, surface acoustic waves have the
potential of providing a depth profile of the residual stresses by varying the ultrasonic frequency. In




addition, recent developments in laser-ultrasonic technology, a technology to generate and detect
ultrasound with laser light, bring additional advantages: non-contact measurement that works on hot or
moving parts, flexibility in source and detection geometry, wide bandwidth.

Ultrasonic methods are based on measuring ultrasound velocity changes caused by internal stresses.
These stresses can be externally applied or intemal to the part. A typical measurement procedure is as
follows: A reference sample is made for calibration purposes. A stress smaller than the yield stress is
applied to the reference sample and one measures the change in ultrasound velocity with applied stress.
This change is usually linear and the slope of the velocity change with applied stress is called the
acoustoelastic constant. The measurement can be repeated with various ultrasonic waves (compression
waves, shear waves, surface waves) in various directions, leadlng to various acoustoelastic constants.
For example, for aluminum, the rclatlve change on comprcssnon wave veloc1ty in the direction of tensile
strength is approximately —5.2 X 10°°/MPa. When the wave 1s travelling in the direction perpendicular to
the applied stress, the acoustoelastic constant is +0.84 x 10->/MPa. For an applied stress of 100 MPa, this
corresponds to a +0.1 to —0.5% change in velocity. This is small but changes of order 0.01% can be
measured routinely when following adequate procedures. To insure that chemistry, microstructure, or
any processing step does not affect the sound velocity also, differential measurements are made. Either
the reference sample is closely matched to the part to be measured or, usually, one measures the change
in ultrasound velocity caused by the process utilized to impart a residual stress.

The main difficulty with ultrasonics is that crystallographic orientation distribution, i.e. texture, affects
the ultrasound velocity considerably more than residual stresses. For example, the compression sound
velocity can vary by up to 3% between the ideal 100 and 111 texture of aluminum, and by 15% in iron.
Processes used to apply compressive surface stresses do affect surface texture somewhat and this is a
major source of difficulty. In this paper, a simplified model of the dependence of ultrasound velocity on
texture and residual stresses will be adopted. This model will allow us to design a measurement
procedure that can decouple the two contributions. Then we will present laser-ultrasonic measurements
on a sample of aluminum alloy 7075-T651. These measurements involve the propagation of two
acoustic modes (surface acoustic waves, and surface skimming compression wave) as a function of
propagation direction and frequency on the as-received and LPB-treated surfaces. These data are utilized
to estimate the principal components and directions of residual stresses induced by the LPB process.

Ultrasound velocity theory

In this paper, a simplified yet practical and reasonably accurate model for the acoustoelastic response of
weakly-textured polycrystalline aggregates is used to describe the dependence of ultrasound on texture
and residual stresses. This simplified model is a special case of a more general model based on Hartig’s
law [2] and linear elasticity with initial stress [3], where the incremental (second Piola-Kirchhoff) stress
is taken as the sum of two terms, one being the image of the fourth order elasticity tensor C, and the
other that of the sixth order acoustoelastic tensor D. Here it will be assumed that the anisotropic part of
C is linear in the texture coefficients and D is an isotropic tensor function bilinear in the initial stress and
the infinitesimal strain with respect to the initial configuration (i.e., the effect of crystallographic texture
on D is ignored). It follows that D is defined by four material parameters £, 5, 55, f4, and C generally
carries five elastic constants. For aggregates of cubic crystallites, however, the number of elastic
constants that appear in C reduces to three, which we denote by 4,4, and . In what follows, for the
aluminum sample in question, we use the HM-V. model {4} and the Man-Paroni model [5,6] to compute
the values of the aforementioned material parameters from single-crystal second-order [7] and third-
order [8] elastic constants for C and D, respectively. The results are: A =58.43GPa, 4 =26.15GPa,
a=-16.83GPa, £, =0.89, B, =0.96, B =-2.63,and £, = 4.54.

Under this setting, the shift of velocity from its value pertaining to isotropic texture and no initial stress
can de decomposed into two parts: one caused by crystallographic texture (the ODF) and one caused by



initial or residual stresses. Interaction between these two terms is neglected. In this paper we further
assume that the texture of the sample in question has orthorhombic symmetry. The simplified model can
be used to calculate the velocity of any ultrasonic wave but this paper makes use only of the surface
skimming compressional waves, also called P waves, and of Rayleigh surface waves. These waves
propagate on or just below the surface and their velocities depend on the propagation direction @ with
respect to some reference direction. Let the normal direction to the free surface be the 3-axis, and the
reference direction in the plane of the surface (this might be the rolling direction) be the 1-axis. Let the
symmetry axes of the orthorhombic texture be labeled by 1°, 2°, and 3’. We assume that the 3’-axis is
normal to the free surface of the sample. Within these specifications, the model predictions of the
Rayleigh wave velocity, Vg, and of the P wave velocity, Vp, are:

V.-V,
2R = 0610W,, —1.143W,,c0s2(8 -6, ) - 0.17TW,,,cos4(6 - 6,,) )
RO ?
-0.44x107T, +2.26X107°T,c082(0 ~ O, )
V.-V
% = —0.228W,, +0.481W ,c0s2(8 — 6,,) — 0.636 W, ,cosd(@ - 6,,) @
PO ’

—4.35x107°T, +6.02x107°T,c052(6 — Gy )

where the subscripts RO and PO refer to the velocities in a material with isotropic texture and no residual
stresses, & is the angle between the propagation direction and the 1-axis, 6y is the angle between the
I’-axis and the l-axis, 0, and ¢, are the principal stresses in the (principal) a- and b-direction,
respectively, ks is the angle between the g-direction and the l-axis, T, =(0, +0,)/2,
T, =(6,—0,)/2, and the stresses are in units of MPa. The Wy coefficients are the fourth-order
crystallographic orientation distribution coefficients (ODCs) that are obtained from the ODF when it is
expressed as a series expansion in Roe’s notation [9]. Roe’s notation is used because it is the usual
choice in non-destructive evaluation. However, Bunge’s notation could also have been used [10]. Except
for the numerical constants, the equations would have been the same but Wy, Wiz, and Wy would
have been replaced by C,', C}*, and C}’, respectively. One advantage of using the Wy texture
coefficients is that the m index describes the in-plane anisotropy (0, 2 or 4-fold symmetry) and helps
give a meaning to the coefficients. This is readily observable from the angular dependence of the
velocities in Egs. (1) and (2).

In most cases, the orthorhombic texture symmetry of the material will align with preferred directions of
the manufacturing process. For example, the 1°, 2°, and 3’-axis directions of the orthorhombic texture
symmetry will align with the rolling, transverse, and normal direction of sheet or plate metal. In such
cases, it is possible to set &y = 0 by choosing the 1, 2, and 3-axis directions to coincide with the
appropriate preferred directions of the manufacturing process. However, surface processes such as LPB
or shot peening typically produce residual stresses with principal stresses that do not necessarily align
with preferred directions of the manufacturing process. Therefore, ks is unknown.

The velocities in an ideal isotropic material may be calculated from micromechanical models and the
experimental values of pure aluminum, single crystal elastic constants. However, for a number of
reasons that are outside the scope of this paper, the calculation often lacks the required accuracy. So in
this paper, the isotropic velocities will be treated as unknown values that are nevertheless close to the
measured velocities because the right sides of Eqs. (1) and (2) are quantities much smaller than 1.

The model Egs. (1) and (2) relate the ultrasound velocity to the material’s texture and residual stress
parameters. The non-destructive evaluation problem is: How can one infer the metallurgical parameters
Waioo, Wazo, Waso, 8w, T, T4, and s from measurements of ultrasound velocity, Vg and Vp as a function
of propagation direction #? In the context of this paper, we are mostly interested in the last three



parameters describing residual stresses. But, as we shall see shortly, their evaluation requires the
evaluation of some of the texture coefficients as well.

Designing an ultrasonic measurement of residual stresses

Egs. (1) and (2) are recast now by replacing the numerical parameters by Greek letters, with subscripts R
and P for the Rayleigh and P waves, respectively. Also, let the surface prior to LPB processing be
denoted by a prime, and the same surface after LPB processing be denoted by a double prime. Then:
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Without loss of generality, the angles &'w, 8w, &gs and & gs are chosen to fall in the range (-7/2,7/2).
Because the isotropic velocities are not known precisely enough to permit an accurate estimate of the
left sides of the above equations, we will calculate and measure the difference between the processed
and un-processed surfaces. These differences are:

V"R_VRO - Ve Ve - V' _V.R = AV, )
Vo Vo Vo Vo

V'V - Ve Ve — V-V - AV, ) (8)
Veo Veo Vo Veo

A small error on the isotropic velocities has little impact on AVg/Vge and AVp/Vpy. Each of these

quantities is a fractional velocity change as a function of ultrasound propagation angle & caused by

surface processing. Because the measured angle is £, and not its difference with some yet unknown
reference angle 8w or Ggs, it is useful to isolate the & dependence. To do this, Egs. (7-8) are rewritten as:
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The parameters Ag to Er and Ap to Ep can be measured by fitting the ultrasound velocities to the
appropriate angular dependence. Eqs. (11-12) are a set of 10 equations with the 14 unknowns: W4,
W’ 120, Waso, W00, Wa20, Was0, @w, @'wo T Tty Ty T7 4, @ rs and & gs. Of course, not all of these
unknowns can be resolved in terms of the 10 measurable parameters. In fact, the last two of Egs. (11)
and the last two of Egs. (12) are degenerate and lead to the equalities:

Dpyr =Dpyg s (13)

E vy, =Epy,. (14)

These equalities can, in principle, be used to verify the validity of the 48 dependence of the experimental
data but do not provide additional information about the material. However, because &’y — &w can be
close to zero or /4, some of these four fitted parameters may be close to zero and Eq. (13) or (14) may
be difficult to verify. A better consistency check is obtained by computing

JD2 +E:

TR e (s)
JD,E +E. Ve

which states that the measured magnitude of the 48 dependence (left side of Eq. (15)} goes as the

predicted ratio (right side of Eq. (15)). We are now left with 8 equations in 14 unknowns. Proceeding
through the inversion procedure as best as possible, we find:
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Eqgs. (16) and (19) state that the change in the mean residuals stress, AT, and in the Wi texture
coefficient, AWy, can be obtained from a combination of measurable and known parameters. Eqgs. (17-
18) describe the change in residual stresses anisotropy. Eqs. (20-23) describe changes in in-plane texture
anisotropy. In many cases, one is interested in processing a surface that has no residual stress prior to
processing. In this case, 7’4 = 0 and Eqgs. (17-18) reduce to:

n - l ﬁRcP _ﬁPCR
9 o zarCtan(ﬂRBP_ﬁPBRJ’ (24)
" ﬂRBP - ﬂPBR
T, = , 25
T (BaEp — Bpy)c0s20" s @
Tu - ﬂRCP _ﬂPCR (26)
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Eqgs. (25) and (26) yield identical results. However, one or the other equation is ill-defined when &5 is
a multiple of z/4, in which case the other equation must be used. These equations state that the
magnitude and direction of the residual stress anisotropy can be measured. Together Eq. (16) and Egs.
(24-26) describe entirely the residual stresses of the processed surface in terms of measurable parameters
in the case where the initial residual stresses are zero. These equations are completely decoupled from
texture modification that could arise at the surface from the LPB process. Note that only the 28
dependence of the ultrasound velocity is required to characterize the residual stress anisotropy.
However, the B and C parameters cannot be evaluated simultaneously without evaluating A and at least
one of D, E, or some combination of D and E. Therefore, measurements at four different angles are
necessary and sufficient to evaluate 7", T”4, and & gs. One such set of four measurements would be in
the directions of =0, #/4, #/2, and 37 /4.

As stated earlier, the texture symmetry direction of the surface before surface treatment is often known.
For example, the rolling direction of rolled product is usually one such symmetry direction. In such
cases, the reference angle for the ultrasonic and texture measurements can be taken as the rolling
direction and &w = 0. This simplifies Eqs. (20-23) somewhat but still leaves 4 equations in 5 unknowns.
However, if for metallurgical reasons it could be shown that the LPB process modifies surface texture in
such a manner as to not affect the symmetry direction, then we would also have &y = 0. Possibly this
could occur if the LPB process were applied in a specific direction. For example, the symmetry might
not change if the rolling direction of the LPB process were the same as the rolling direction of a sheet
product. If metallurgists could show this, then Egs. (20-23) would reduce to two equations describing
the texture changes W40 — W a0 and Wagg — W ag0.

Test sample
A square sample of 10.1 cm (4 inches) to a side was cut from a 22.2 mm (0.875 inch) thick commercial

plate of aluminum alloy 7075-T651. This designation indicates that after being rolled, the plate was
solution heat treated and artificially aged 10 improve mechanical properties and dimensional stability



[11]. The designation also indicates that following the heat treatment, the plate was stress-relieved by
stretching, i.e. stretched a small amount, of order 1.5 to 3%, to flatten the plate and relieve residual
stresses. Such stress relief procedures do not leave the plate residual stress free, but greatly reduce the
magnitude of bulk residual stresses. Furthermore, the two faces of the plate were ground away using a
low-stress grinding process. This process is known to leave anisotropic residual stresses of its own.
These stresses are compressive and can be of fairly high magnitude with respect to the compressive
yield stress of the alloy. However, they are typically only about 25 um deep. Because ultrasonics probes
depths of order 50 um to a few mm, and because the penetration depth of the LPB process is of order
1 mm, the residual stresses induced by the low-stress grinding process will be assumed negligible. The
final sample thickness was 20 mm and the surfaces were quite smooth.

The LPB process was applied to one half of one of the two surfaces. The exact process parameters are
proprietary, but for the purpose of this paper, it is sufficient to know that the process produced a mirror-
like surface quality. Also, x-ray measurements indicate that the surface residual stresses were
respectively —187 + 4 MPa and —423 + 6 MPa in the direction of the LPB process and perpendicularly.

Ultrasonic Measurements and Data Analysis

Rayleigh and P waves, were measured using laser-ultrasonics. Laser-ultrasonics is a technology that
generates and detects ultrasound using lasers. A general description of the technology and specific
details regarding the measurement of Rayleigh and P waves can be found elsewhere [12,13]. The
following operating parameters were utilized. The ultrasound source was a mode-locked laser, focused
to a thin line 2 to 5 microns wide and approximately 5 mm long. The generation laser emitted ultraviolet
(355 nm) pulses, 35 ps duration, and energy less than | ml/pulse. Detection involved an infrared
{1.06 pm) long-pulse laser of 50 us pulse duration and an InPFe photorefractive interferometer [14].
Shutters limited the generation and detection repetition rates on the sample to 1 Hz to avoid heating the
sample by the laser radiations and so obtain a velocity change caused by elastic constant variations with
temperature. The detection radiation was also focused to a thin line approximately 2 mm long and
approximately 20 um thin. Adjustments were available to help make the source and detection lines
parallel to each other, to control their separation, and to move and rotate the sample.

A schematics of the measurement geometry is shown in Fig. 1. The standard separation distance
between the two lines was 4 mm. This distance was chosen because it was large enough to separate the
Rayleigh and P waves and short enough to retain enough amplitude to measure the P wave with a good
signal-to-noise ratio. Measurements were made as a function of angle with respect to the LPB
processing direction, in steps of 15°, from 0 to 195°. In the 180° direction, measurements were also
made in 1 mm increments, from 3 to 8 mm separation, to obtain the absolute sound velocity in that
direction. The same procedure was applied on both an LPB-treated surface and on a non-treated surface
of the same sample, approximately 5 cm away. It was assumed that the as-received surface texture and
residual stresses did not vary significantly over such a short distance.

A typical ultrasonic signal displaying the time of arrival of the P pulse (near 0.6 us) and Rayleigh pulse
(near 1.2 us) is shown in Fig. 2. The P-wave frequency content extends from 2 to about 15 MHz, while
the Rayleigh wave frequency content extends from 2 to more that 60 MHz. The penetration depth of
Rayleigh surface waves depends on wavelength or inverse frequency: the longer wavelengths (lower
frequencies) penetrate deeper into the material [15]. Thus, the frequency information may provide
information about depth dependence of stress and texture and it is of high interest. The relation between
frequency and the penetration depth of P waves is currently an open question. Unfortunately, the
frequency dependence is also affected by ultrasonic diffraction. In this paper, we shall compute this
frequency dependence and use the information to insure that diffraction does not adversely affect the
results. Further use of the frequency information is still under investigation.
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Figure 1: Schematics of the measurement setup.
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Figure 2: Ultrasonic signal amplitude as a function of time. The P pulse arrives near 0.6 us. The
Rayleigh pulse arrives near 1.2 ps.

To obtain AV(E, )V, from the data, the following analysis is made. First, the isotropic velocity is
estimated from the propagation delay as a function of distance from the measurements taken in the 180°
direction. For two propagation distances, x) and x;, the Rayleigh or the P ultrasonic pulse is windowed
and Fourier transformed, thus yielding an amplitude and phase for each frequency component. The
phase difference between the two propagation distances is computed and converted to a propagation
delay, At(f). From this we estimate Vo(f} = (xz — x1)/ As(f). The result is shown in Fig. 3. The frequency
dependence of the velocity is in large part due to ultrasonic diffraction. This is especially true at the low
frequency end of the spectrum. Although this velocity spectrum depends on frequency and although it is
obtained for a specific direction, V, will be chosen as some mean value of the frequency spectrum above
10 MHz where diffraction effects are less important. An error of a few percent on Vj yields a systematic
error of a few percent on the magnitude of the velocity variations, AV(8, f)/Vy. This error is negligible.

The quantity AV(8, f)/V} is obtained using a similar procedure. For each propagation direction &, and for
the two surfaces, the Rayleigh or the P ultrasonic pulse are windowed and Fourier transformed, thus
yielding an amplitude and phase for each frequency component. The phase difference between the two
surfaces is computed and converted to a propagation delay difference, Az. In this case, diffraction effects
largely cancel because the measurements are taken in the exact same geometry. The relative velocity
variations are obtained by calculating

, 27



where the prime and double prime refer to the as-received and LPB-treated surfaces, respectively, x is
the 4 mm propagation distance, and Az = 7"~ 1", The results are shown in Figs. 4 and 5.

2 T ———
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Figure 3: Ultrasound velocity in the rolling direction as a function of frequency. LPB-processed surface.

Figure 4: Relative change in Rayleigh wave velocity as a function of frequency and propagation angle.
Each contour line represents a relative change of 0.1%.

The results show the following. Both the Rayleigh and P wave dependence show a relative velocity
increase AV/Vj in the 90° direction (direction transverse to the LPB process). A detailed analysis shows
that the frequency dependence of the P waves is not significant, i.e. it is due to measurement noise.
However, the frequency dependence of the Rayleigh waves is significant. As mentioned earlier, the full
analysis of the frequency dependence and its possible relationship to the depth dependence of the
residual stresses is outside the scope of this paper. However, above approximately 20 MHz, the Rayleigh
data is seen to be essentially independent of frequency. There are two reasons to expect this. First,
diffraction effects are most important below 10 MHz and negligible at high frequencies. Second, at high
enough frequencies, the waves are contained within the strained layer and do not penetrate into the bulk
of the material. As an order of magnitude estimate, the wavelength and penetration depth of Rayleigh
surface waves is approximately 100 um at 30 MHz. As mentioned earlier, the penetration depth of P
waves is an open problem. Here we will assume that P waves have the acoustic properties of the surface.



Figure 5: Relative change in P wave velocity as a function of frequency and propagation direction. Each
contour line represents a relative change of 0.294%.

Taking into account the discussion of the preceding paragraph, and restricting our objective to the
measurement of the residual stresses at the surface, AV/V,, will be taken as the average of the 20 to
60 MHz frequency components for the Rayleigh waves, and the average of the 3 to 12 MHz frequency
components for the P waves. These are plotted and fitted to Egs. (9-10) in Fig. 6. The fitted values are
shown in Table I. The stated measurement errors are obtained from the statistical fitting procedure and
are thus an estimate of reproducibility. For reasons that have to do with the ultrasound generation
process [16] and that may be specific to the particular measurement configuration of this paper, the
value of Ap suffers from an inaccuracy of order 107 that is not accounted for in the stated statistical
errors. The measurement errors are smaller for the Rayleigh waves because these waves are measured
with a better signal-to-noise ratio. However, the velocity variations of the P wave are larger and can
tolerate a larger measurement error. Also, Fig. 6 shows that Rayleigh and P waves velocities have
extrema at different angles. Substituting the fitted values of Table I into Egs. (16) and (24-26) that are
valid when the residual stress of the as-received surface is zero (T, = T"; = 0), we obtain 8”zs = 12.4°,
AT, =T",, =-498 MPa, and T"; = —143 MPa. Substitution into Egs. (19-23) also shows that texture did
change significantly as a result of the LPB process.

Discussion and Conclusion

The ultrasonically measured mean residual stress induced by the LPB process is compressive and equal
to T",, = —498 MPa. X-ray measurements of the surface residual stresses gave 77, = -305 MPa.
Although the agreement may seem poor at first, this is an excellent result. Referring to Eq. (16), we see
that 7", is highly sensitive to errors in Ap, a value that is relatively inaccurate. However, it is quite
possible that future development in laser ultrasonic technology will provide a much more accurate value
of Ap because the source of inaccuracy is now well understood as a result of this research work [16]. The
result is also excellent because measurement involving Rayleigh waves have notoriously failed in the
past. Most likely they have failed because they did not take into account texture changes near the
surface. In contrast, our measurements are texture-independent.

The ultrasonic values of 8”gs = 12.4° and T”; = —143 MPa indicate that the residual stresses are
anisotropic, that the principal axis of o is 12° from the LPB rolling direction, which is also the plate




rolling direction. The measured value (0> — 07)/2 = —118 MPa from x-rays is in general not equal to
I'"4=(0p — 0,)/2. The reason is that 03 and o7 are in the LPB-rolling and transverse direction. The
ultrasonic measurements indicate that the principal stresses are 12° away from those directions. If the
ultrasonic data is to be compared with x-rays, we calculate from the ultrasonic data that (o3 — 07)/2
=Y2(0p — 0,) cos 260"gs = —130 MPa. With this value, x-ray and ultrasonics agree within approximately
10%. This result is independent of texture and of texture modifications that the LPB process would have
caused and that the ultrasound appears to have sensed. This result was obtained within the relatively
general assumption that that the overall texture anisotropy is orthorhombic with one axis of symmetry
being perpendicular to the surface normal. No assumption was made regarding the orientation of the
symmetry axes in the plane of the plate. These measurements of @”gs and T”; represent further
improvements over the usual ultrasonic measurements.

The x-ray results provided here are surface measurements of residual stresses on the treated surface
only. More detailed x-ray measurements of residual stresses and texture as a function of depth are
planned. Also, the frequency information of the ultrasonic measurements has not yet been utilized to
characterize the depth profile. Once both the x-ray and ultrasonic analyses are fully completed, a more
accurate comparison of x-ray and ultrasonic capabilities will be possible.
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Figure 6: Blue square symbols and line: Angular variation of AVg/Vygg in the frequency bandwidth of 20
to 60 MHz. Red circular symbols and line: Angular variation of AVp/Vpy in the frequency bandwidth of
3 to 12 MHz. The symbols are the experimental data and the lines pertain to the fitted model.

Table I. Parameters of Eqgs. (9-10) fitted to the experimental results of Fig. (6). The statistical errors are
approximately + 0.02 % for Rayleigh waves, and + 0.1 % for P waves.

A B C D E
Rayleigh Wave 0.075 % -0.286 % 0.015 % -0.039 % -0.008 %
P wave 22 % —0.78 % -0.42 % —0.11 % 0.17 %
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