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Executive Summary

In this report, research sponsored by the Federal Railroad Administration (FRA) was conducted
and completed in May 2013 by the University of Nebraska-Lincoln, pertaining to the use of
ultrasound scattering from polycrystalline grains to estimate and monitor stress in rail. The report
presents a comprehensive discussion of the theoretical model of the scattering process, including
all measurement parameters, such as the properties of the ultrasonic transducers.

Experiments were used to show that the model could predict the grain scattering for a given grain
size in stress-free polycrystalline samples for different transducer configurations that include one
transducer (pulse-echo) or two transducers (pitch-catch). The connection between the scattering
and an applied stress in the material was then derived and used to show that different
measurement configurations could have different sensitivities to the applied stress. This
information was used to design several prototype devices for stress estimations in rail, which
were tested in the laboratory and in field conditions.

The results showed that the grain scattering was sensitive to changes in applied mechanical or
thermal stresses, and that each transducer configuration had a different sensitivity to the changes
in stress, as expected. This grain scattering approach could be used to quantify the microstructure
of rail in the field as a function of position. However, experimental variations could not be
reduced to the point of stress estimates being made reliably by using the approaches examined
here.



1. Introduction

Over the past several decades, railroads have continued to expand their use of continuously
welded rail (CWR) as part of their major freight and passenger transportation lines. CWR brings
together nominal quarter-mile lengths of rail into sections reaching as far as 6 miles (Szelazek,
1992). The transition from jointed rail to CWR could be attributed to recently improved thermite
and electric welding techniques, along with many cost-saving factors. This transition resulted in
increased efficiency in rail installation and a large decrease in track maintenance costs required
over the service life of rail (Szelazek, 1998).

Previous rail installations utilized expansion joints and fish plates to connect sections of rail. The
elimination of those joints greatly reduces the dynamic loads that result from the interaction of
the wheels of heavy freight trains with the rail. The reduced loads result in decreased
deterioration and wear of both the rail and the train wheels, allowing higher transit speeds with
an increase in track longevity. All these factors contribute to millions of dollars in cost savings
and have played a role in the reemergence of the railroad industry in the second half of the 20th
century. In 2007, the number of installed CWR track mileage used in Class 1 railroads reached
96,500 miles (American Association of Railroads, 2013).

Although CWR has had a positive impact on the railroads, it has also created an additional safety
concern associated with track buckling. Without the ability of the rail to expand freely along its
length, it is forced to expand laterally when compressive stresses exceed the buckling threshold.
The lateral movement is restricted through the use of sleepers and anchors designed to prevent
extreme lateral movement or buckling; however, the design stresses can be difficult to predict. In
addition, during the service life of rail, the stress distribution can change with variable train loads
and environmental conditions. Thus, the ability to monitor and maintain stress in the rail has
been a major research thrust aimed at preventing catastrophic buckling events.

1.1 Background

Structural health monitoring through stress field measurements is a necessity throughout many
different areas in industry. Stress field measurement techniques extend to applications involving
railroad wheels and tracks, civil structures such as dams and bridges, and other applications that
require continual stress monitoring for integral usage. In many instances, the current methods
(such as strain gauges) provide information at only a single location. In addition, the permanent
placement of strain gauges proves to be laborious and costly in dealing with calibration and
general maintenance. X-ray and neutron diffraction techniques are also able to monitor localized
changes in strain. These represent nondestructive methods to measure stress fields, but often are
impractical due to high costs and constraints on portability. Other nondestructive methods, such
as ultrasonic techniques, have been developed and used to supplant the inadequacies of strain
gauges and offer portable systems at lower costs compared to diffraction techniques. This report
discusses the utility of ultrasonic scattering for stress measurement.

Ultrasonic techniques based on the theory of acoustoelasticity have been used in the past to relate
applied stresses to changes in the velocity of elastic waves. Bergman and Shahbender (1958)
were among the first researchers who showed changes in shear and longitudinal wave speed as a
function of load in samples of aluminum columns. Egle and Bray (1976) studied waves
propagating in directions parallel and perpendicular to the loading direction in samples of rail
steel. They found relative changes in wave speed on the order of 10~ as a function of strain for



samples loaded up to 26.7 kilonewtons (kN). The practical applicability of such methods
(involving a pitch-catch configuration) is limited. Generally, the separation distance between
source and receiver must be large enough to allow for sufficient resolution of the received
signals. Also, the surface geometry needs to be uniform to prevent edge reflection effects. These
factors place constraints on the shape and dimensions of a measurable sample. Recently,
researchers have applied diffuse ultrasonic techniques to determine stress fields in a variety of
materials. For example, Larose and Hall (2009) were able to show the linear dependence
between wave speed and uniaxial stress variations in samples of aggregate concrete.

Ultrasonic scattering techniques based on diffuse backscatter can be used to garner information
about the microstructure of a material, because they exploit the scattering of ultrasonic waves
from the heterogeneous composition. They are often used to determine the presence of cracks,
voids, and inclusions, and to characterize microstructure. For a pulse-echo configuration, the
statistical analysis usually is developed from the spatial statistics of the acquired signals
(Margetan et al., 1991; Ghoshal et al., 2007; Ghoshal and Turner, 2010). Recently, a statistical
model was used to quantify the spatial variance of such signals, thus allowing quantitative
measurements to be made (Ghoshal et al., 2007; Ghoshal and Turner, 2010). Because the applied
stress affects the material at the grain level, the scattered ultrasonic field is also expected to
change with stress. A model that predicts the change in scattering due to an applied stress was
subsequently developed by Turner and Ghoshal (2010). The relationship between stress and
ultrasonic scattering forms the basis for this project.

1.2 Objectives

The primary objective of this research project was to develop a stress monitoring method based
on diffuse ultrasonic backscatter (DUB). In order for this objective to be achieved the following
tasks were identified:

e Develop comprehensive theoretical models of the diffuse ultrasonic backscatter for pulse-
echo and pitch-catch transducer configurations, and confirm the models with
experimental measurements.

e Develop experimental devices that can be used to measure diffuse ultrasonic signals on
railroad rail, both for use in the lab and for ficld measurements.

e Develop appropriate signal processing schemes to analyze measured signals and interpret
the signals with respect to the applied stresses.

e Develop a test site with several stress modules that can be used as a test bed for the
measurements.

e Test the ability of the devices developed to monitor stress in rail, using field tests at test
sites with stress modules for comparison.

1.3 Overall Approach

The approach used for this project was focused on the scattering of ultrasound from the grains
within the rail and the resulting changes that occurred when the rail was subjected to an applied
stress. Although some research in the past has observed changes in scattering due to changes in
stress, a thorough and robust quantitative analysis of the scattering process has not been
completed previously. In addition, a quantitative approach for this project required that the



complete measurement system be included in the analysis, so that all factors could be considered
with respect to their influence on the measured signals.

1.4 Organization of the Report

This report is organized to clarify the model and the corresponding analysis, to detail the
experiments pursued, and to highlight the conclusions reached. In Section 2, the basic concepts
of diffuse ultrasonic backscatter are described, and a theoretical description is given as the
scattering is defined within the context of the complete measurement system, and the model is
compared with experimental results. In addition, analysis and experiments are described for both
a pulse-echo measurement configuration (with the transducer oriented normal to the sample
surface) and a pitch-catch measurement configuration (with one transducer oriented obliquely to
the sample surface). In Section 3, the fundamentals of acoustoelasticity and its effect on
ultrasonic scattering are described, the importance of the different measurement configurations
with respect to the applied stress is demonstrated, and sample results are presented. In Section 4,
the application of the ultrasonic scattering methods for stress monitoring is presented, and
several laboratory and field experiments are reported. In Section 5, a summary of this report is
given, several conclusions are stated, and prospects for future research are presented.



2. Diffuse Ultrasonic Backscatter

In this section, the theoretical model for the diffuse predictions, also described in Section 3,
provides the impetus for associated experiments to examine the dependence of diffuse ultrasonic
backscatter on applied stress. Those results show that the changes predicted with stress are
dependent on the particular measurement mode—a pulse-echo backscatter measurement
corresponds with a longitudinal-to-longitudinal (LL) form of scattering, while a pitch-catch
measurement is necessary for the mode conversion, or longitudinal-to-transverse (LT),
scattering. In this section, and in Section 3, the theoretical foundations for these measurements
are presented with respect to the stress measurements described in Section 4.

2.1 Longitudinal-to-Longitudinal Backscatter

A singly-scattered response (SSR) has been derived for LL scattering at normal incidence, based
on the more general SSR formulation developed by Ghoshal et al. (2007). The assumption was
made that the incident wave scatters only once in the time between excitation and detection. The
general expression of the SSR, not limited to LL scattering, was given as:

o) =7 (j;‘;

where the parameter y is now included to provide a conversion between the displacement field

Wy (xt=1's,0) K AW (x,1,p, ) (1)

and the transducer voltage. The y parameter is necessary for calibration of experiments.
Equation (1) is a double convolution of the Wigner distribution tensors of the source field and

the receiver field (W*, W*), with an entity that quantifies the microstructure of the material (K
). At the simplest level, one can consider Equation (1) as representing an integral of all possible
energy states that travel from the source transducer (represented by W*); scatter once from the
microstructure (through K ); and are received by the receiving transducer (represented by W*).
Specifically, the intensity operator K is an eighth-rank tensor that quantifies the second-order

spatial statistics of the fluctuations of the elastic moduli (Weaver, 1990), which can be written
as:

:'JBK b~ ( p)sapéslpm:lg:ziy =s'p U(SS—PP)S PsS lﬁm:zzi;/ (2)

The intensity operator is written assuming the spatial and tensorial components are independent
of each other (Weaver, 1990). The function 7 (s —p) is the spatial Fourier transform of the two-
point spatial correlation function. Here, an exponential spatial correlation function is assumed,
such that 77(r) = exp(—7/L), where L is a spatial correlation length.

The correlation function is the probability that any two points separated by a distance L lie in the
same crystal. The tensorial component is the covariance of the elastic moduli given by

:f,’f]? = <C i Ca 5ﬁ7> <C i ><Ca5/;y> . This quantity, specified later for a cubic polycrystalline
medium, represents the statistics of the spatial distribution of crystal orientations that is
responsible for the scattering. The interface of two crystals will have an impedance mismatch
due to the grain misalignment. Furthermore, ﬁ K > denotes a wave propagating in the p

direction that scatters in the § direction. The 1nd1ces 7, k and B, j are the components of the



displacement vectors associated with the Wigner distribution tensors Wﬂf and Wﬂf .

Wﬂf (x,t',p, w) represents the signal in the space-time domain (represented by displacement
vector x and time ¢') and the wave vector-frequency domain (represented by wave vector p and
) simultaneously.

For a pulse-echo measurement, the forms for the Wigner distribution tensors of the receiver and
source fields (assuming longitudinal propagation only) are given by:

2

2 2 2
WER(x,s,1,0) = A2T> (27 ) — 20 _L_L_z(ij
s t) = AT (o) w1<z>w2<z>e"p{ e

2.2
oc;

X exp —M—Zazés—s 5(w—w, )5 ,5.(8-0),
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1 2z\z —2c,t P
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oc;

with 4, = —exp(— a,z, )/ 47wy p ¢ ok V7 and the phase terms deduced accordingly. Here the

phase is not given explicitly, although it is relevant in the later approximations. The complex
Gaussian beam parameters are defined by:

_ 1 _; 2
q(z) R(z) kow'(2)
B q(0)+zf [
ql(z)_1+Kl(l—cf/cLXq(0)+zf)+cf - ®
_ q(0)+z, cp
CIZ(Z)_ 1+K2(1—cf/cLXq(0)+zf)+cf -

where «, and «, are the curvatures of the sample surface. The axial distance z is along the
propagation axis of the propagating wave. The Gaussian beam widths can be written as:

) ) ) )
M@F@mmw@y %@:@mm%@y ®)

and the radii of curvature of the wavefront are:

1 1
Rl(z)=m» RZ(Z)ZW' (6)




The initial beam width is the transducer radius w(O) =w,, and the initial radius of curvature of

the wavefront is the focal length in fluid R(0)=—F . When &, = x, , the beam spot at the surface
of the solid is circular; otherwise it is an elliptical spot.

It also should be noted that 7;, =T, (2 PiCy )/ (pc, ), in which T, is the transmission coefficient
of the longitudinal wave from the fluid to the sample, and 7, is the transmission coefficient of
the longitudinal wave from the sample back to the fluid. The subscripts f and L are used for
fluid and sample properties, respectively. ¢, is the speed of sound of the fluid; k, =@, /¢, is
the wave number; &, and ¢, are the attenuation coefficients of the fluid and sample; p, is the

fluid density; @, is the center frequency of the input wave; and o is the width of the input wave

in the time domain. Equation (3) indicates that the Wigner transform of the Gaussian beam is a
Gaussian function in both space and time (and likely wave vector and frequency, if less
restrictive assumptions were invoked). Physically, it is assumed that the majority of the energy of
the wave is in the primary propagation direction, which is invoked by using o (s - so) and

5(p —p,) for both the receiver and the source.

In order to examine the impact of sample curvature on the Wigner transform, the portion of
Equation (3) that contains the space and time dependence can be identified. It is given by:

W, 2x’ 2y? t\ 2z2(z-2c,t
AW(X,y,Z,t):W\i}z(z)exp{—z——z—)—Z[—j —¥_2QLZ:| . (7)

o'c;

Along the propagation axis (x = y = 0), this expression becomes:

2

4,(0,0,2,1)= L()exp[— 2(% - M - 205;} , ®)
Z

w, (z)w, o oc;

which describes the amplitude of the Wigner transform of the source along the z axis.

The influence of sample curvature on Equation (8) is examined as follows:

A schematic of a transducer beam propagating through different types of curved interfaces for a

given water path is shown in Figure 1. When viewed from the point of view of the transducer,

& < 0 corresponds to a concave surface, while k¥ > 0 represents a convex surface. Note that the

in-plane curvature ( «, ) and the out-of-plane curvature ( «, ) can be different. A spherical surface
has x, = k, (concave or convex), and a cylindrical surface has one of x, or x, equal to zero. A

planar surface implies x;, =k, =0.



Solid

Figure 1. Schematic Showing the Impact of Interface Curvature on Focal Length in the
Solid for Identical Water Paths
Assumes concave (x > 0 ), convex (& < 0), and planar interfaces.

Examples are now shown with respect to their impacts on Equation (8). The contour of the field
from Equation (8) is shown in Figure 2 for aluminum (¢, =5973m/s and o, =4.05 Np/m for a
15-MHz input wave) with different curvatures. The speed of sound in water and the water path
are 1489 m/s and 50 mm, respectively. The assumed focal length and element diameter of the
transducer are 76.2 mm (3 inches) and 12.7 mm (0.5 inches), respectively. The shaded bar
indicates the amplitude value of the contour. (Note the difference in the amplitude scale for each
plot.)
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Figure 2. Contour Plot of the Wigner Transform of a Gaussian Beam
for Different Curvatures

(@) x, =k, =25 m’' (concave; spherical). (b) K, =k, =-25 m™ (convex; spherical).

(c) Kk, =25m™, k, = 0 (concave; cylindrical). (d) x, = &, = 0 (planar).



Note that, in some cases, the subplots have very different scales. As expected, the amplitude for
all cases is maximum at the focal region and approaches zero away from it. Figures 2(a) and 2(b)

represent the Wigner transform amplitude inside a concave (x, = k, =25m™") and convex

(x, =k, =—-25m") spherical interface of identical curvature. The impact of the sign of the
curvature on the focal depth, focal amplitude, and beam width is clear and highlights the need to
consider such effects carefully for comparison with experiments. Figure 2(c) is the Wigner
transform amplitude for a cylindrical interface (x, =25m™, x, = 0), which when compared with
Figure 2(a) shows the impact of the additional curvature out-of-plane. The spherical interface has
a narrower beam width, a deeper focus, and a moderately higher amplitude. Finally, Figure 2(d)
shows the result for a planar surface, providing another interesting comparison for Figures 2(a)-
2(c). In the following section, the LL SSR is derived, using the Wigner transforms defined in
Equation (3). The influence of interface curvature on the LL SSR is also illustrated.
Subsequently, comparisons are made with experimental results.

Using the definitions of K, W* and W*, the SSR for the LL scattering model can be
simplified as:

LL o[ w(zy) ’ pCE T/LTLf 2 7ra)3~ —...PoPoSoS
D)=V, et A A A e )

8v2 prc; RﬁD(a)o) 2 ¢ )
2 2
_ UMl — 4, FEE)
xexp(4asz da,z, )exp[ 2 jjo " (z)w2 (z) exp[ 4o,z e }dz,

Equation (9) provides a means of connecting the recent scattering theory with experiments
involving fluid-solid interfaces. The LL SSR can be subdivided into three major parts:

2 ) 2
T,T,,
Experimental parameters are shown in| V> [ || e > LY ; the diffuse
82 w, ) p,c; R;D(,)

backscatter coefficient, which is proportional to the microstructural properties, is shown in
((7[/ 2)((03 /e )17(9 AR (H)); and lastly, the transducer beam characteristics are given by the

—PoPoSoSo
remaining terms. The goal of most experiments is to quantify the transducer properties with
sufficient accuracy so that Equation (9) can be used to determine microstructural information.

The spatial Fourier transform of the correlation function for longitudinal to longitudinal mode
scattering (with scattering angle € = ) is given by Weaver (1990).

~ r
Ak, )=—— (10)
7 (1+k20)
Where £, is the wave number, and L is the spatial correlation length. The covariance of the
elastic moduli for a material with cubic symmetry is given by Weaver (1990), as shown in
Equation 11:
2
Ehbih (9) = V—z{i+icos2 6+—cos* 6’}, (11)
TrReRee p 1525 525 525



where v =¢|, —¢c,, —2¢c,,, and 8 = r, as discussed previously. For a fine-grained steel, the

single-crystal material properties and density are assumed to be: ¢;; = 219.2 GPa ,
¢, =136.8GPa, c,, =109.2GPa, and p = 7700 kg/m”’. To highlight the effects of the interface
curvature on the LL SSR, an amplitude term—denoted by A4, —is defined from Equation (9) as:

t* = wo 4z(z—tc,)
Ay (1) = —— || —da,z————L5dz,
O e e &

where all other parameters in Equation (9) are not related to the curvature. Numerical results of
the amplitude for various interface curvatures are shown in Figure 3 (a 30-mm water path is
assumed; all other parameters are identical to those used for Figure 2).

(12)
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Figure 3. Theoretical Diffuse Backscatter Amplitude as a Function of Time for Different
Interface Curvatures, With All Other Parameters Held Constant

The LL SSR curves display characteristics expected from the convolution of the two Wigner
transforms plotted in Figure 2. A convex curvature diverges the beam such that a deeper focus is
created. Hence, the amplitude with the minimum energy is observed for the curvature with

Kk, =K, =25m" shown. The earliest peak arrival time and the maximum amplitude are observed
for a concave curvature (k, = k£, =-25m’"), due to the enhanced focusing in the material

induced by the curvature. The results for xk, =25m™, x, =0, and x, = x, = 0 represent

cylindrical and planar interfaces, respectively. The cylindrical curvature reduces the peak
amplitude in comparison with the planar interface, but the influence on the focal depth is
minimal for the cases studied here. Thus, it is clear that the expression given by Equation (3)
forms a key component of such diffuse field predictions. In the next section, this importance is
also evident when experimental results are fit using the theoretical model in Equation (9).

Experimental results are now presented and compared with the theoretical model. The quantity
derived above is the spatial variance of the signals acquired from a typical ultrasonic C-scan. A
schematic illustration of such an experiment is shown in Figure 4. A sample of thickness d is

10



assumed, with the circular spots used to indicate the various transducer positions typical of such
an experiment. (Note that positions near edges are avoided.)

D (1) = (V) - (V)®

|

Backwall ‘
l

«— Transducer
Noise |
oML , . U
0 10 20 30 40 50

Time (us)

Figure 4. Example of a Diffuse Ultrasonic Experimental Setup

The transducer pulse-echo signal is collected at several different spatial positions. (¢, and ¢,,,
are the times required to travel twice the depth of the material and the MP, respectively.) The
variance of the signal shows the level of the scattering relative to the front and backwall
reflections.

The material path (MP), also known as the geometrical focus, is defined as the focal depth in the
test material as shown in Figure 4. The MP is calculated by:

c;
MP = (F -wP)—L, (13)
)
where WP is the water path distance from the transducer face to the front surface of the planar
test sample. This expression is valid for weakly scattering materials, since it does not include any
influence due to microstructural scattering.

The variance of all the signals is calculated to obtain the experimental LL SSR. The transducer
noise, frontwall reflection, backwall reflection, and second frontwall reflection can be identified
easily in the LL SSR by examining any particular single signal, and from knowledge of the
sample geometry and longitudinal wave speed. Because the magnitude of the scattered response
is small compared with the frontwall or backwall reflection, the variance curve between the
frontwall and the backwall reflection is shown at higher magnification in the inset of Figure 4.
The LL SSR model developed above is used to fit this curve and extract microstructural
properties of the test sample. Note that the electronic noise from the equipment, which can be
observed distinctly before the frontwall reflection, is small (by several orders of magnitude) in
comparison with the scattered response.

11



Here the main focus is on extraction of the spatial correlation length L of the microstructure
from the experimental results. A rectangular steel block of size 100 mm x 40 mm x 50 mm was
used for these experiments, and a 15-MHz transducer (Panametrics Model V309, from GE
Panametrics, Inc., Waltham, MA) with a 76.2-mm (3-inch) nominal focus and 12.7-mm (0.5-
inch) element diameter. The transducer was operated in pulse-echo mode using a DPR 300
pulser/receiver (Imaginant and JSR Ultrasonics, Pittsford, NY). The echo signals were recorded
and digitized with a 12-bit, 100-MHz analog-to-digital (A/D) card (Physical Acoustics
Corporation, Princeton, NJ) and downloaded to a personal computer (PC) for postprocessing.
The sampling rate used to digitize the received signals was 250 MHz. In these experiments, the
sample was held stationary, and the transducer was moved using a computer-controlled
micropositioning system.

Several experimental parameters required for the model first had to be determined (including the
peak amplitude V_, , the Gaussian beam width in time o, sound speed in water and in the

max 2

sample, and attenuation for the fluid and sample), and they all were found in independent
experiments. A block of fused silica was used as a reference sample for extraction of V. These

measurements resulted in the following values: ¢, =5973.1 m/s, ¢, = 0.0405 Np/cm,
¢, =1476.2 m/s, o, =0.0532 Np/cm. The attenuation coefficients were determined at 15-MHz

input frequency. In addition, the transducer beam pattern was first characterized using a
hydrophone (HNV Series, Onda Corporation, Sunnyvale, CA) to map the pressure profile in
water such that the focal length and beam width were known. In the subsequent subsections,
experimental results for these normal incidence experiments are given for both planar and
cylindrical samples.

The experimental setup (shown in Figure 4) was used with a water path of 25 mm (the sample
depth in the direction of the wave propagation of 40 mm). Signals from 800 transducer positions
were recorded, with at least one wavelength of separation between any two consecutive
transducer positions. Thus, all signals can be assumed to be uncorrelated. From Equation (4),
using x, =k, =0 for a planar interface, the complex Gaussian beam parameters (Schmerr and

Song, 2007) reduce to:

0,(:)=4,()=4(0) + 2, + 4= (14)
;

The calculated spatial variance of the ensemble of signals is shown in Figure 5. The model for
the LL SSR was fitted to experimental results, with the spatial correlation length used as the only
fitting parameter. (All other quantities were known from the other independent experiments.)
The diffuse part of the signal between the frontwall and backwall echoes was used to fit the
theoretical model, because the theoretical model does not account for the frontwall and backwall
echoes. Using the experimentally obtained LL SSR @, () with Equations (9) and (10), the

correlation length was determined by solving:

L —[#Jﬁ + (%)LZ +i4 =0, (15)
kD, (1) k k

where A(f)=®(¢)/7(z,k) and k=, /c, .
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Figure 5. Extraction of Correlation Length from Experimental Data
(a) Experimental result using a 15-MHz focused transducer on a steel sample
(average grain size 15.3 ym ) through a planar surface.

(b) Theoretical A(t). ©)n (7z',k) at respective time points.

Equation (15) has four solutions, but experience with the solution when it is applied to
experimental data shows that only one root is physically meaningful. Thus, that root is chosen as
the estimated correlation length. Following a simple regression scheme, a correlation length of
L =15.54+0.4 um is estimated, where the standard deviation is due to the fluctuations in the
experimental LL scattering results.

For example, experimental LL SSR and theoretical A(t) are shown in Figure 5, (a) and (b),
respectively. The ratio of (a) to (b), shown in Figure 5 (¢), is equal to # (ﬂ,k). Equation (15) is
solved for the time window of 38-40.2 us, which is obtained from the region of the curve
shown in Figure 5 (c), where the slope is within +5° of zero. The theoretical fit using the
extracted mean correlation length (L =15.5 gm ) is shown in Figure 6 for direct comparison with

the experimental results. The experimental curve is fit using the theoretical model in order to
extract the spatial correlation length (the fit shown uses L =15.5 gm).
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Figure 6. Experimental Result Using a 15-MHz Focused Transducer
on a Steel Sample Through a Planar Surface
Average grain size 15.3 um.

Two points may also be made about the range of validity of the curve fit. At times, before the LL
SSR peak, the theoretical curve deviates from the experimental due to the presence of the front
wall reflection. Large amplifier gains are typically used for such experiments causing the front
wall reflection to exceed the data acquisition amplitude window. Thus, the location of the
transducer focus must be deep enough in the sample to avoid these effects if the LL SSR rise is
to be captured. Second, there is a deviation from the model at times after the peak (after ~ 41 us).

The theoretical model was developed using assumptions of single scattering such that higher-
order scattering effects are not included. These effects, which are expected after the main LL
SSR peak, should always be greater than the LL SSR model, as observed here.

The steel sample was machined into a cylindrical sample, so that the ability of the model to
capture such a configuration could be explored. Figure 7 is a schematic diagram showing the
orientation of the transducer relative to the sample, where the Plane of Incidence (POI) is along
the plane containing the diameter (on the x-z plane). The POI contains both the incident wave
direction and the normal to the interface. The analytical expression for the LL SSR [shown in
Equation (9)] can be used directly, but the complex Gaussian beam parameters must be modified
to account for the interface geometry. The complex Gaussian beam parameters for the cylindrical
interface (Schmerr and Song, 2007) are written as:

_ q(0)+z.f Cy
QI(Z)_ 1+K(1—Cf /cLXq(O)Jr Zf)+ c; >

(16)
c
0,(2)=4q(0)+z, +—+z,
Cr
where « is the curvature of the cylinder (x =1/ R, where R is the cylinder radius). The radius
of curvature can be nondimensionalized by the initial beam width such that the quantity @ = xw,

can be defined. Experiments are carried out using a cylinder of radius R =40.2 mm
(k=24.87m", @ =0.158) and height 120 mm. Ultrasonic signals are captured from 800
transducer positions after carefully aligning the transducer along the POI. The transducer
parameters and general experimental procedure are identical to those used for the planar
interface.
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The experimental LL SSR is shown in Figure 7 for a water path of 45 mm. The experimental
SSR is fit over a time range of 64.5 to 68 us, following a similar technique used for the planar

interface case. Solving Equation (15), a correlation length of L =16.1+0.7 pm 1is estimated. The
comparison of the theoretical model using the extracted mean correlation length (L =16.1 gm),

with the experimental LL SSR is shown in Figure 8. The value of L for the cylindrical interface
is slightly larger than that extracted from the planar interface. Although the difference is small
(less than 4%), the reason for the difference is not clear at this point. It is thought to be due to the
use of the Gaussian beam model, which is known to have limitations (Schmerr and Song, 2007)
and may result in such a systematic bias in the value of the correlation length. It is also observed
that the theoretical model fits well at early times and deviates from the experimental data at later
times. In this case, the theoretical curve lies above the experimental curve, suggesting that the
model for this system may need to be improved (again, possibly due to the Gaussian beam
model).
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Figure 7. Schematic of the Ultrasonic Experimental Setup for Measurements on
Cylindrical Samples
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Figure 8. Experimental Result Using a 15-MHz Focused Transducer on a Steel Sample
(Average Grain Size 15.3 4m) Through a Cylindrical Surface

Experimental curve is fit using the theoretical model in order to extract the spatial correlation length.
The best fit shown uses L =16.1 um .
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2.2 Longitudinal-to-Transverse Backscatter

Scattering effects typically are observed when experiments are designed using frequencies with
corresponding wavelengths on the order of the heterogeneity length scale. In metallic specimens,
this length scale corresponds to the grain size. The scattering that occurs at grain boundaries
includes both longitudinal and transverse wave components because of the continuity conditions
at the interfaces. The mode-converted LT scattering can be observed by utilizing a pitch-catch
transducer configuration, in which the receiving transducer is oriented above the first critical
angle such that the scattered transverse energy is captured.

In this report, the configuration is restricted to the case of LT scattering only (as shown
schematically in Figure 9), for which the source transducer excites a longitudinal wave, and the
receiving transducer captures the transverse wave (the reciprocal case is equivalent). For this
configuration, the foci of the transducers are chosen to overlap at a desired depth O in the

material. The water and material paths, z 5 (and z ;) and z; (and z, ), are properly chosen to
achieve this overlap for a given material, because these paths depend on the wave speeds in the

material. The subscripts § and R distinguish the transducer types for the respective source and
receiver.

Figure 9. Schematic Diagram of a Pitch-Catch Transducer Configuration
The left transducer acts as source and the right (oblique) transducer as receiver.

In contrast to the LL model, here the source and receiver coordinates, x and X, are no longer
the same for the pitch-catch configuration of interest. Thus, the corresponding single-scattering
LT model is first modified from Equation (1) as:

do
(27)

where each Wigner distribution function is written with respect to its own local coordinate. Then
X can be expressed with respect to x using a coordinate transformation. The Wigner
distribution function of the normal incidence source transducer (W? ) remains the same as in the

@Lf(t):ySij d*sd’ pd*qdt' W (x,t—1',5,0) 'K "W} (x,1',p, ), (17)
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LL model, because its coordinates are used as the global coordinates (Ghoshal and Turner,
2010), as shown in the second expression of Equation (3). It is given explicitly as:

(2w, ()

1 2z\z —2c,t A A (A n
<o Lol <220 Lo i

2 2 2 2
W3 (x,p,t,0) = 3T 27 )'N27og Lexp{ 2% - % - 2[LJ }
(18)

OsCp

Here, 4,,, 05, W,s and ngare used to replace the original 4, o, w, and n, respectively, in

which the additional subscript S is used especially for the source transducer, and the physical
meanings remain the same as explained above. Accordingly, the single Gaussian beam model is
given as:

11 _ 2
‘]5(2) Rf(Z) ka;(Z)’

coszé?r c
QIg(Z)=m[Q§(O)+Zf§]+iZa (19)

c
0,(2)=q:(0)+z, +—*2,
Cr
where the subscript & is used to discriminate the transducers, & = S, R (source and receiving

transducers)—i.e., z . is the water path for the & transducer. R, (O) =-F and
W (O) = Wo, (O) =07517a are the initial radius and beam width of the wavefront, respectively, for

which F' is the focal length of the transducer in water and « is the nominal radius of the
transducer (Thompson and Lopes, 1984). The subscript y is used to distinguish the wave types.

where y =L, R (longitudinal and transverse wave), and ¢, is the corresponding wave speed. z

is the axial distance along the propagation direction. The last terms contain the ratio of material
to fluid wave speeds. These terms are necessary in order to define the Gaussian beam properly
over the fluid and sample in Figure 9, and the ratio of wave speeds is used to convert all the
variables with respect to the fluid instead of the sample (Schmerr, 2000). Finally, 6, and 6, are

the angles of incidence and refraction, respectively, of the oblique transducer shown in Figure
10.

Figure 10. Geometrical Relationship for Coordinate Transformation
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From these definitions, the widths of the single Gaussian beam (Ghoshal and Turner, 2010;
Ghoshal et al., 2007) are found as:

2 (2
" (Z)_kflm(l/qlg(z))’ v () k, 1m(1/ q,.(z)) 20)

and the radii of curvature of the wavefront are:

1 1
Rz)= Reil/qlg(z)i’ Ra(z)= Reil/qzé(z)i’ @l

For a planar sample surface, the Gaussian beam widths are equal at normal incidence:

w, (z) =W, (z) =w(z). However, at oblique incidence, w, (z) # W, (z) The complete integration
required in Equation (17) for the LT scattering model requires first a clear understanding of the
Wigner distribution function of the receiver oriented at oblique incidence. The basic definitions
given for the normal incidence expression in Equations (18), (19), (20) and (21) provide the
necessary basis for this derivation.

Now, consider the longitudinal propagation path x as the global material coordinate, such that
the transverse wave path X is initially defined in a local coordinate system. Then, X may be
written with respect to x based on a coordinate transformation. The origin of the former
coordinate is A and the latter B (as shown in Figure 10). Both are on the surface of the sample,

and the separation distance d =z, - tan® is constant for a given angle of incidence. Thus,
|A O| =z, and |BO| =z, correspond to the respective material paths. The angle between them is

®, which is equal to the angle of refraction of the transverse wave, i.e., @ =6, .
The necessary coordinate transformations are defined as:

X =xcos®+zsin®—d cos®,
Y=y, (22)
Z =—xsin® +zcos® +d sin O,

The Wigner distribution function of the receiver field is first expressed in its local coordinates
(e, x> X, y—>Y, z—> Z)and by replacing the longitudinal with the transverse parameters

¢, >¢p,a, > a,,p—>sand ng —>n, in Equation (18). It is also convenient to use the delta
function form for the frequency dependence (Carrier et al., 1983). In addition, the polarization of

the scattered transverse wave that ultimately converts in the fluid for detection is defined as §  ,
as shown in Figure 10. Thus, the Wigner distribution function for the receiving transducer
becomes:
(o) 22 2y? Y
WEx,s,t,0)= AT (27) ——2&——exp| - - —2[—j
g e w (Z )Wz (Z ) wy (Z ) w; (Z ) Os

xexp{_zz(z—‘zw)_zarz}s(s_so)a(w_wo)ﬁms;j(s.ﬁs)a

2

(23)

2 2
OsCr
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for which the center frequency of the receiving transducer is assumed to match the source
frequency input, @, (an assumption that could be relaxed in future work).

In Equation (23), T}, is the transmission coefficient of the transverse wave from the sample to

water, and ¢, is the transverse attenuation of the sample. ngand s, are, respectively, the unit
normal in the axial direction of the receiving transducer, and the wave vector along the material
path of the receiving transducer (§, ) in Figure 10. Therefore, Equations (18) and (23) are the
Wigner distribution functions of the normal incidence and oblique incidence transducers,
respectively, with each defined in its own coordinate system. Note that A, differs from A4
above only with respect to the propagation path and transducer properties.

Next, the coordinate transformation is utilized by substituting Equation (22) into Equation (23),

such that W* and W* are referenced to the same coordinate system. The effect of the incidence
angle on the spatial and temporal distributions of energy can be examined through the terms in

W?* and W* with space (x) and time (#) dependence.

Similar to the LL model, the dimensionless spatial and temporal distributions of spectral energy
for the source and receiving transducers are denoted as 4, s and 4, ., which quantify the
spreading of the beam in the material as a function of incident angle—all within the limitations
of the single Gaussian beam assumption. For increasing angle of incidence, the beam cross-
section becomes more elliptical in shape. The influence of the angle of incidence on the beam

shape can be visualized by using a simple example based on 4, ; and 4, (Figure 11), where
the color bar displays the amplitude of the corresponding image.

16
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Figure 11. Angular Dependence of the Wigner Distribution Function of a Gaussian Beam
on a Planar Interface

(a) AWS with x = y =0 (the beam profile along the propagation axis).
(b) AWR with x = y =0 (the beam profile along the propagation axis).
(C) AWS
(d) 4

with y =0 and ¢, =z /c, (aslice of the beam cross-section).

yr With y=0 and ¢, =z, /¢, (aslice of the beam cross-section)
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For this example calculation, both transducers are assumed to be focused transducers with a
central frequency @, =27 x10 MHz, focal length F =50.8 mm, pulse width o5 =0.16 s, and
transducer nominal element diameter D =12.7 mm. The sample is assumed to be steel with
p=7880kg/m’ m/s, ¢, =5902 m/s, ¢, =3164 m/s, o, =5.83 Np/m, and «, =24.35 Np/m.
The coupling fluid is assumed to be water with p, =998.2 kg/m®, and ¢, =1486 m/s. The water

path z 5 =20.5 mm is for the normal incidence source transducer, and the path z ; =16.9 mm is
for the oblique receiving transducer. The angle of the oblique incidence transducer is chosen as
6. =24° . The location of the focal point is observed to be at the same location in space for both
transducers.

For the case along the propagation axis, AWS (0,0,Z,t) and AWR (0,0,z,t), as shown in Figure 11(a)
and (b), the focal location is the same. However, the arrival time is different due to the different
material paths and wave speeds. The cross-section of the beam for AWS (x,O,z,tl) and

A (x,O,z,tz) is shown in Figure 11(c) and (d). For the parameters chosen, #, =z, /c, is the

travel time for the longitudinal wave in the sample, and ¢, =z, /¢, is the travel time for the

transverse wave. The beam profile appears circular and elliptical for the normal and oblique
incidence transducers, respectively. In addition, it should be noted that the maximum value for
the amplitude is almost 20 times different for these two cases. This result certainly will play a
role in the expected scattering response for each of the respective experiments. With both the
source and receiver Wigner distributions now defined, the full expression for the LT scattering
model can be completed.

Using the definitions of K, W*, and W¥, the SSR for the LT scattering model can be obtained
as:

2 2 2 2 2 2
cDLT(t):(DéT(I)BLTJ'O dZJ.Jr dxexp(—t—zJWOS/ w (Z)+W2(Z>exp|:_i_2ii|
o o

w(z)w, (2) w(z) w(2)

2 2 2
xexp[ 2222 2222 + 422t —2aLz—2aTZ—L2(£—i] 2—2(£iﬂ,

OsC;, OgCr  OgCr Oy

with:

2

LT s yr T Wz )W(zZ) | pecp COSZ(G)—Q.)T;T];- 4o
CDO (t) Vmax Vmax 2 2 2 25
82 Wos PrCy R"Ds(wo)DR(wo)‘Vzﬁo'R (25)

xexp(2aszS =20,z 5 +20 25 — 20{,sz)

defined as a constant that depends on factors related to the experiment calibration and:

BLT ﬂ- 0)0 77 (72' @)_‘ Poposoh( ), (26)
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defined as the LT diffuse backscatter coefficient, in which the covariance function and the
correlation function can also be further reduced if the single crystal symmetry is assumed to be
cubic.

In this case:

- r
Nir (77 _®): 5 {1 3 R (27)
V4 [1 +L (kL +k; + 2k, k, cos (E))]
and
— h5as vi( 10 cos’® cos'®
Erlbi (7 -0)=—| o+ - : (28)
p 525 525 525

where the wave numbers are referenced to the center frequency of the source transducer in terms
of wave speeds, i.e., k, =w,/c,, k, =w,/c,. Also, L is the correlation length of the

specimen’s microstructure, a quantity on the order of the mean grain size, and v is the
anisotropy coefficient defined as in LL SSR model (Weaver, 1990).

To highlight the dependence of the mode-converted backscatter on correlation length L and
material paths z, several results are shown in Figure 12, assuming a 10-MHz measurement in

steel. The responses for L= 20, 25, and 30 um are shown in Figure 12(a), for which the LT SSR
amplitude is observed to increase with the correlation length as expected. Because of the
constant water path, the arrival times of the SSR peaks are the same. Results for various material
paths (z;=9.0, 7.7, and 6.4 mm) are shown in Figure 12(b). The material paths correspond with

water paths of z 5= 15, 20, and 25 mm. For these results, the LT SSR amplitude is observed to

increase with the reduction of the material path, and the arrival times of the scattering peaks are
delayed as the water path increases.

In order to examine the validity of the model, a pitch-catch scattering experiment was designed.
The sample was a block of type 1040 steel with dimensions 50.5 mm x 50.6mm x 101.7 mm.
The sample was annealed to remove possible residual stresses that may have been present. The
density was found to be p =7836kg/m’, and the single-crystal material properties of iron were
assumed as ¢, =219.2GPa, c,, =136.8 GPa, and c,, =109.2 GPa . The longitudinal and
transverse wave speeds in the specimen were experimentally evaluated by cross-correlating two
successive back wall echoes reflected from the sample. The former was measured with an
immersion transducer, and the latter was determined with a contact transverse transducer. The
wave speeds were found to be ¢, =5912 m/s and ¢, =3235 m/s, respectively. Optical
microscopy was used to determine the mean grain size of a polished specimen taken from the test
piece. The grain size from the optical microscopy measurement was used for comparison with
the grain size determined from the scattering measurements.
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Figure 12. Dependence of Correlation Lengths and Material Paths on the Mode-Converted
LT SSR at 10 MHz for the Steel Sample
(a) LT model scattering with various correlation lengths.
(b) LT model scattering with various material paths

From the theoretical LT model given (Equation 24), it is clear that several independent
calibration measurements must first be conducted so that the bulk specimen properties and the

transducer properties can be quantified. The calibration measurements for V> and VX were
performed on a metallographically polished region of the steel specimen. A steel ball with a
diameter of 3.16 mm was used as a reflector to determine the pulse widths o and o, along

with the central frequency ,, and the focal length /' of each transducer.

For the experimental setup (Figure 9), two transducers (Panametrics V327, GE Panametrics, Inc.,
Waltham, MA, with parameters 10 MHz, 50.8-mm point target focus, and 9.525-mm element
diameter) were used with a DPR 300 pulser/receiver (Imaginant and JSR Ultrasonics, Pittsford,
NY). The source transducer was normal to the specimen surface, and the receiving transducer

was oriented at an oblique angle of &, =24° relative to the specimen surface. The normal
incidence transducer transmitted a longitudinal wave into the sample, and the oblique incident
receiveed scattered transverse energy. The water path (z 5 ) was 20 mm for the longitudinal
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transducer, and the material path was given by zg = (F —Zg )cf /¢, . The number of waveform

averages and the sampling frequency for the digitizer were 30 and 500 MHz, respectively. A
total of 1,024 waveforms were collected by scanning the specimen over a rectangular grid of 8
mm x 8§ mm. The spatial variance of all the waveform signals is shown in Figure 13.
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Figure 13. Experimental Variance Curve for the Type 1040 Alloy Steel Block
Acquired from a 10-MHz Pitch-Catch Transducer Configuration
Using the Fitted Theoretical LT Model
L, =16.9 ym was used to generate the fitted curve (dashed line)
for the experimental variance curve (solid line).

The SSR measurement reveals the scattering from the microstructure of a specimen that can be
observed in the portion of the signal between the front wall and back wall reflections. The
theoretical LT model was used to fit the experimental result accordingly. As stated above, the
only unknown in Equation (24) is the correlation length of the material as defined within the

spatial correlation function 77,, (7[ — G)) , given by Equation (27). Inverting the experimental
response O (t) by the theoretical L-T model without 77, , (7r - @), the mean grain size L can

be found (Ghoshal and Turner, 2010). For this operation, A, =@ (t) and

A, =0 (t)/ N7 (7r — ®) are defined. Then, with Equation (27), an expression that depends only
on L is identified from this ratio as:

3
A L (29)

Ay 214 (k2 + k2 42k, cos®)]

A solution of this equation requires values for attenuations ¢, and ¢, within A,. Because the
attenuation from scattering is also dependent on correlation length (Weaver, 1990), an iterative
approach is used here. An initial guess for L is made so that the attenuations can be estimated
theoretically (Weaver, 1990). These values are then used in A, for Equation (29). At this point,
the only physically meaningful root for L among the four possibilities is extracted from
Equation (29). The correlation length is then used to update the attenuation estimates, and the
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process is repeated until the value for L converges (usually after 5 to 6 iterations). For the
sample examined here, this value was determined to be L,;, =16.9+0.1 ym .

The error in the measurement is the standard deviation from the average correlation length found
from the inversion. The experimental spatial variance curve is compared with the theoretical
result using L in Figure 13. The theoretical LT SSR model shows very good agreement with the
experimental result. Furthermore, the difference between the mean correlation length of

L,, =16.9 um obtained from theoretical LT model and the grain size determined from optical

microscopy, L, =17.8 um , is 5%.

It is also important to compare the value of the correlation length from the LT approach with the
value obtained from the more traditional LL pulse-echo type scattering measurements. Following
a similar procedure, the mean correlation length extracted from the LL approach is

L,, =16.4%0.1 um. The experimental result and the theoretical LL model with the mean

correlation length of L,, =16.4 yum are shown in Figure 14. The theoretical LL model fits well

at the early times and near the peak but deviates away from the experimental response a few
microseconds after the focus. This deviation might be due to multiple scattering, but it is still
under investigation. Clearly, the LT model fits the experimental measurement very well over the
entire pulse width, suggesting that the single Gaussian beam assumed in the model is reasonable
even when oblique incidence is used. It is also important to note that there is a much smaller
material front wall reflection in the LT experiment, which is a significant advantage over the LL
measurement, where scattering peaks often are easily affected by the front wall reflection unless
sufficiently large material paths are used.
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Figure 14. Experimental Variance Curve for the Type 1040 Alloy Steel Block
Acquired from a 10-MHz Pulse-Echo Transducer Configuration
Using the Fitted Theoretical LL Model
L, =16.4 um was used to generate the fitted curve (dashed line)
for the experimental variance curve (solid line).

2.3 Summary

In this section, the theoretical basis of the grain scattering was derived with respect to the
complete measurement system, including the transducer parameters, the focal depth in the
material, and the properties of the polycrystalline medium. The dependence on the frequency
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relative to the grain size was a critical factor for the measurements, because sufficient scattering
was needed for the measurements, but the attenuation of the beam that penetrates the sample
cannot be too high. The theory was developed for cases involving a single transducer used in a
pulse-echo configuration as well as two transducers used in a pitch-catch configuration, one
normally incident and one obliquely incident. The experimental results show the ability of the
model to match the experiments, and the extraction of the material correlation length (related to
the grain size) was demonstrated. In the next section, the influence of stress on the grain
scattering is examined theoretically.
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3. Polycrystalline Metals under Applied Stress

3.1 Theoretical Model

Acoustoelasticity refers to the study of the relationship between applied stress and wave speed
within solids. This relationship results from higher-order material behavior, which can be
neglected when linear-elastic approximations are sufficient for given applications. However,
when strains are sufficiently large, the nonlinear behavior is a necessary and important aspect of
the component or device response. Acoustoelastic behavior is typically examined in two forms.

First, the nonlinear response of single crystals is an important aspect of crystal resonators that
undergo large accelerations or applied pressures due to the shifts in the resonant frequencies that
result (Yang and Hu, 2004; Sinha and Tanski, 1985). Second, the acoustoelastic response of
complex solids is often examined at a macro-scale level (Payan et al., 2009). Applications
involving these materials are typically focused on monitoring stress in materials using ultrasonic
methods (Santos and Bray, 2000; Kim and Hong, 2009).

Bridging these two scales has been successful only for polycrystals, for which single-crystal
nonlinear behavior has been used to predict the nonlinear behavior of an ensemble of randomly
oriented crystals (Ballabh et al., 1992; Powell and Skove, 1984). When the influence of applied
stress on wave speeds is the sole interest, the models may rely on the first-order grain statistics
alone for such predictions. This work has been very successful at connecting the different
material scales. In the last several decades, higher-order spatial statistics of polycrystals have
been of interest. The second-order grain statistics, through the covariance of the elastic moduli
fluctuations, have been used to connect single crystal properties to ultrasonic scattering behavior
that results when high-frequency waves pass through polycrystals. The impedance mismatch due
to the misalignment of crystal axes causes energy to be lost from the primary propagation
direction, an energy-conserving process. This scattering is most often quantified in terms of the
attenuation or diffuse backscatter coefficient (Margetan et al., 1991; Ghoshal et al., 2007;
Thompson et al., 2008; Stanke and Kino, 1984; Weaver, 1990; Lobkis and Rokhlin, 2010), as
discussed in Section 2. The purpose of this section is to quantify the dependence of the second-
order grain statistics on applied stress.

For unstressed materials, the first-order Voigt-average moduli are often defined as <CW (x)>,

where the angle brackets < > denote the ensemble average moduli. In most applications, an
ergodic hypothesis is assumed such that the ensemble average may be replaced by a spatial
average. For the second-order statistics, the quantity of interest <CW (x)CaM ( y)> , involves two-
point statistics. Simplification is often made through two assumptions. First, the material is
assumed to be spatially homogeneous, such that the quantity of interest depends only on the

difference between positions x and y. Second, and more importantly, for the model described in
Section 3, the tensorial nature was assumed to be independent of the spatial nature. In this case,

we write <CW (x)CaM (y)> = <CW Cops >W(x — y), where the quantity /¥ is a dimensionless
function that contains all spatial dependence. The average, <Ci].k, Caﬁ75> , 1s therefore an angular

average over all possible crystal orientations. It is the dependence of this quantity on applied
stress that is of interest here. Thus, it is implicitly assumed that the applied stresses cause no
geometric changes to the crystals.

26



The ultrasonic backscatter model described in Section 3 contains a covariance tensor,
= = (CCops) ~(Cy){Cups ) (Weaver, 1990; Ghoshal et al., 2007; Ghoshal and Turner, 2010)

The covariance tensor influences the strength of the scattering that results from the reflections
from inhomogeneous material grains. The stress dependency of the covariance can be formed
when considering the second- and third-order single-crystal effective elastic moduli (Sorokin et
al., 1994), defined as:

Gijkl = Cijkl + (517 5kP5iQ +2C, SerQ + Cijklmn SmnPQ

ijkr

ro> (30)

where T), 1s the stress tensor, Cijkmni 15 the sixth-rank tensor of the third-order elastic moduli, Ciju
is the second-order elastic moduli tensor, and S, = Cy’.kl, .

The general form of Equation (30) is simplified by assuming that the material of interest contains
a cubic symmetry. Under this assumption, the second-order elastic moduli can be written as:

3
Al Al Al
Ciw = Cijkl + 5Cijkl = Cijkl + V5Uk1 = Cijkl + VZa. apay, (31)
n=1

ij in ajn

where v = C;;-C12-2C44 1s the single-crystal anisotropy coefficient for cubic materials,

Cy’,d =(,0,0, +C,, (5,-1(5,-1 + é‘i,&jk) , and a;; 1s a rotation matrix containing Euler angles
®,H,and¢ that define the crystal orientation relative to generalized coordinates. The third-order
elastic moduli were derived by Ballabh et al. (1992) for materials containing cubic symmetry as:

_ 1 2 3
Cg‘jklmn - C1235g‘jklmn + C1445ijklmn + C456djklmn

+d AL +d, A

ijklmn ijklmn

+d A (32)

ijklmn

where only six third-order elastic constants are important (Ballabh et al., 1992). The anisotropy
constants d;.3 are:

dl = C111 _3C112 + 2C123 + 12C144 _12C166 +16C456 >
dy =Gy +Cp3 —2C, ,and (33)
d3 = C166 - C144 _2C456

The isotropic base tensors are given by:

Iijkl = %(é‘iké‘jl + 51'151'1{ )’

1
é‘ijklmn = é‘zfé‘klé‘mn ’ (34)
5ijz'k/mn = 2(5171 mn T Okt L + O ijkl)’ and
55klmn = 2(5iklj/mn + 5il]jkmn + §i111]j"k[ + dnljmkl)
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The tensors A, A%, and 4° are written in terms of the rotation matrix:

[ _
Ag‘/klmn - a[u ajuaku alu amu anu ]
(2] _—
Ag’/’klmn - é:"iaku A1, Ay Ay + 5k1aiu aju Ay Ay + 5mn a; aju A, Ay 5
(31 _—
Aijklmn - é‘ikaju aluamu anu + é;laku aju amuanu + é‘i}n aju aku alu anu + é‘in ajuaku alu amu (35)

+ 5jk aiu alu amu anu + 5j/aiu akuamu anu + 5jm aiu aku aluamt + 5jn aiu aku alu amu

+9,,4,4,4,4, +o,a,a,a,da,. +o,a,a,a.ad, +0,a,a,ad,d

km ™ iu™" ju kn™"iu™ ju Im™iu™" ju nu In™iu™" ju mu

where the components are summed over index u.

The average effective elastic moduli can now be written as:
<Gijkl > = <Ctjkl > + (é‘jlé‘kPé‘iQ + 2 <CijkrSerQ > + <Cijklmn SmnPQ >) TPQ 4 (3 6)

where C,,, are the averaged unstressed moduli. After much simplification, the general form of
the covariance tensor 1s found:

E;])fly ’ (T) - <Gijkl Gops > N <Gijk/ >< Goppo > - <Cijkl Caﬂyf>‘> - <Cijkl ><Caﬂyé‘>

+2((CS1m0Cups )~ (Co S0 N Cops W
+ 2(< CtCapppSaprr > - <Czyk1 ><Caﬂyp Ssorr >)TRT
£4((CS,m0Cop S )~ (Cte S0 W CopoSar Wer T
(CoimSmroCas )~ (CrtimsSono \Cops Mo (37)
£ 2((CnS o CooSir )~ (oSt N CopoSr Wer Tro
(CouCoppns St )~ (€ XCopisrsSoiar Mir
+2((C0 8,0 CopinSaitr )~ (Coar S N CopiSitr W Tro
U ComnSmroComsorSonar )~ (CotimS o N\ CopionS i Wia Tro-

The covariance tensor is now in a form that is quadratic in the applied stress, with coefficients
containing second- and third-order elastic constants. The covariance is reduced considerably
because only nine elastic constants remain after considering the single-crystal symmetry.
Furthermore, Equation (37) can be written in a condensed form in terms of the magnitude of
applied stress, as:

53,575 =K, +KT+K,T’ (38)

where the constants Kj are defined as stress-dependent backscatter coefficients. The second- and
third-order constants needed to calculate the backscatter coefficients are given in Table 1. The
backscatter coefficients for shear-mode scattering are given in Table 2.

28



Table 1. Second- and Third-Order Elastic Constants Used to Calculate
Backscatter Coefficients

Material Cu Co Cuq Ciii Cii2 Ci2s Cru4 Ciss Cyss
Fe 2293 134.1 116.7 -2,720 -608 -578 -836  -530  -720
Al 107.0  61.0 28.0 -1,080  -315 36 23 -340 -30
MgO 397.1 954 156.1 -4,895 -95 -69 113 -659 147
Au 1929 163.8 415 -1,729 -922  -233 -13 -648 -12

Sources: (Powell and Skove, 1984; Ballabh et al., 1992)

Table 2. Backscatter Coefficients Used to Calculate the Stress-Dependent Covariance
Modulus for Uniaxial Loading (Turner and Ghoshal, 2010)

Material =3 =2
Ko K; K> Ko K; K>
(GPa?) (GPa) (GPa?) (GPa)
Fe 327.4 -39.02 16.17 3274 56.37 6.458
Al 1.714 1.312 9.287 1.714 -1.715 6.218
MgO 209.3 33.61 3.520 209.3 -39.91 2.516
Au 49.80 -8.950 26.05 49.80 8.707 9.514

Source: (Turner and Ghoshal, 2010)

3.2 Example Results for Uniaxial Stress

To compute the covariance computationally, only nine terms are needed due to the symmetry of
several terms. The covariance clearly varies quadratically with applied stress as shown by
Equation 38. The coefficient Ko is the covariance of the elastic moduli for the unstressed material
(as described in Section 2), which has been examined by several others previously (Margetan et
al., 1991; Weaver, 1990; Thompson et al., 2008; Lobkis and Rokhlin, 2010; Ghoshal et al., 2007;
Ghoshal and Turner, 2010) and is described in Section 2 above. The stress-dependent
components, encompassed by K and K>, have not been examined before.

Example results are presented below for uniaxial loading—a specific case of importance in
longitudinal rail stress and in other applications. We assume that an initially stress-free material
is loaded uniaxially along the 1-direction, such that the four subscripts in Equation (37) are

given: R=T=P= Q= 1. We also restrict the results to four specific cases. The quantities

—2222 —_ . . . . . . .
B2 =E5 are related to normal incidence ultrasonic backscatter experiments in a direction

perpendicular to the applied uniaxial load, and =}, is related to such experiments in the

direction parallel to the applied load. Finally, two other components, =313 and Z7.5, are

important because they are associated with shear-wave scattering.

A comparison between the first-order and second-order responses of aluminum to an applied
unaxial load is shown in Figure 15. In these plots, the range of stress values encompasses
approximately the yield strength. Also, all plots in both graphs are normalized to the zero stress
state so that the relative change in these values can be observed (for the unnormalized values we
multiply by Ko). We see that the first-order response (change in wave speed) in the left panel of
Figure 15 varies by more than 10% over this stress range. In contrast, in the right panel, the
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second-order response varies by more than 100% for all cases. In particular, the longitudinal
scattering is significantly higher in the direction parallel with the applied stress.
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Figure 15. Example Results for Polycrystal Aluminum Subject to a Uniaxial Stress
Applied in the 1-Direction
Left: First-order response that governs the wave speeds for different components [Equation (34)].
Right: Second-order response that governs ultrasonic scattering for different components
[Equations (35) and (36)].

The different curves in Figure 16 represent the longitudinal wave mode, Z3..., and the two shear

—1313

wave modes (orthogonal), =133 and =232} (Turner and Ghoshal, 2010). The independent stress

responses seen in the different curves can be advantageous for practical stress measurements.
The measurement of stress through one transducer can be confirmed or averaged by
measurements from the other transducers. This result can ultimately lead to more precise
measurements of the stress state. The other utility comes through observing the intersection of
the curves at the location of zero stress. Thus, the measurement of stresses from multiple
transducers can allow for extrapolation back to the location of zero stress. This process could
result in a method for calculating the rail neutral temperature (RNT) in CWR.
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3.3 Summary

The theoretical basis for the expected changes in the diffuse ultrasonic backscatter with stress
was described in this section. It was shown that the different scattering modes (e.g., LL, and
longitudinal-to-shear) had very different trends, especially when their behavior was in relation to
the applied stress direction. Thermally generated stress in rail was dominated by the component
along the axis of the track, and it was often considered to be uniaxial. Thus, the expected changes
in diffuse ultrasonic backscatter for the different scattering modes have the potential to be used
to measure and monitor longitudinal rail stress. The approach to the experimental aspects of this
project are described next in Section 4.
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4. Stress Monitoring with Ultrasonic Backscatter

In Sections 2 and 3, the theoretical basis for the stress dependency contained within the elastic
contribution to scattering of ultrasonic waves was described. A stress-dependent covariance
tensor defined the mean point-to-point spatial fluctuations of the local elastic tensor. In this
section, two experimental techniques, motivated by the stress-dependent grain statistics, are
developed and explored. The experimental techniques are considered within both a laboratory
setting and a field setting, with comparisons made between thermally generated stresses and
scattering measurements. Emphasis is placed on the development of techniques for thermal stress
measurement for railroad applications, although it is clear that there are other potential
applications this work as well.

4.1 Diffuse Ultrasonic Backscatter Methods

The covariance tensors defined in Sections 2 and 3 quantify the mean fluctuation of point-to-
point elastic moduli tensors caused by a non-zero stress state. In order to take advantage of the
stress-dependency of the covariance tensors (Section 3), experimental methods should be
constructed as such so that the stress-dependent covariance directly impacts the measured
quantities. Such experiments are often referred to as diffuse scattering measurements or diffuse
field measurements. The following subsections outline two different experimental configurations
and signal processing techniques used to achieve diffuse measurements on rail in various stress
states both in the laboratory and in the field.

4.1.1 Spatial Variance Method

As outlined in Section 2, ultrasonic backscatter results from the interactions between ultrasound
and the grain microstructure in polycrystalline materials. The interface boundaries between
adjoining grains contain acoustic impedance mismatches which result in scattered reflections.
These reflections are observed through receiving transducers such that information about the
microstructure can be inferred.

The scattering has been quantified in terms of attenuation models and a diffuse backscatter
coefficient (Margetan et al., 1991; Thompson et al., 2008; Lobkis and Rokhlin, 2010; Ghoshal et
al., 2007; Ghoshal and Turner, 2010). These models have been successfully applied to extract
microstructural parameters such as grain size, grain texture, microcracks, and inclusions. One
model used to extract grain size was developed by Ghoshal and Turner (2010) for a normally
incident transducer and was later expanded to a pitch-catch oblique incidence configuration for
mode conversion (Hu et al., 2013). It predicts the grain size by using a correlation length
parameter determined through the spatial variance of a collection of scattered signals. The model
also depends on the covariance tensor defined in Sections 2 and 3. Here, the theoretical model is
compared to experiments by considering spatial averaging techniques in order to quantify the
diffuse scattering properties. This result is achieved by scanning a material at different locations
while acquiring the scattered signals. Focused transducers are often used in order to direct more
ultrasonic energy on axis, which results in an increase of the scattered response. This process is
shown for a normally incident focused transducer in Figure 17.
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Figure 17. Ultrasonic Scanning Performed Over a Sample to Determine Measured Spatial
Variance Proportional to the Diffuse Backscatter Coefficient

The spatial variance is then found by
® (1) = V(07 (Y (), (39)

where (V' (¢)) is the amplitude average of a matrix V' (¢) containing the scattered signals as a

function of time. The spatial variance for a 10-MHz focused transducer from an experiment
performed on a steel sample is shown in Figure 18.
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Figure 18. Single Scattering Response from a Sample of Steel

The first part of the variance is the reflection from the surface of the material or the frontwall.
The scattering occurs in the region just beyond the frontwall and is easily recognized by its
Gaussian shape. The response contained near the peak of the experimental variance is commonly
referred to as the SSR, because the returned ultrasonic energy within this region is assumed to
have been scattered only once while within the material. The theoretical model of the SSR
response, as described in Section 2, is represented by the black curve in Figure 18.

The SSR proves to be sensitive to the microstructure, and slight microstructure fluctuations can
be observed within the model. This concept has led to the idea of relating the SSR to externally
applied loads, which will cause slight variations in grain elasticity. This relationship was
formally derived by Turner and Ghoshal (2010) through the use of second-order grain statistics
and, specifically, the covariance of elastic moduli as described in Section 3. The derivation of the
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load-dependent covariance tensor, ngf ?, formed the basis for the stress measurement approach

described here.

4.1.2 Single-Point Autocorrelation Method

Often, the ability to scan a material spatially is not feasible due to geometrical constraints or poor
ultrasonic coupling. In such cases, stress measurements using a stationary, single-point technique
are desired. This result can be achieved by averaging over scattering events through the depth of
the material rather than spatial averaging accomplished through scanning. The resulting single-
point scattered waveform is shown in Figure 19.
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Figure 19. Single-Point Ultrasonic Insonification Over Grains Along the Depth Direction,
and the Resulting Scattered Waveform

Averaging the scattering events along the depth dimension z or equivalently in time #, through
wave velocity relations, is done through the use of the discrete autocorrelation function for a
strongly stationary process:

(0) = Elpepe—] | (40)

where E is the expectation operator. The autocorrelation function is numerically related to the
spatial variance through the use of the Weiner-Khinchin theorem (Carrier et al., 1983):

[T R = (4 (1)) (41

This result gives a single-point approximation of the covariance tensor components along with
the associated stress dependences described in Section 3.

Single-point backscatter measurements using Equation (41) require the autocorrelation function
to be calculated over a gated or windowed region of a scattered signal. A scattered waveform
obtained from oblique incidence (shear mode) configuration and an example of a windowed
region are shown in Figure 20.
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Figure 20. Ultrasonic Waveform Displaying Grain Scattering for an LT
Scattering Configuration
The blue gated region is an example of a region to perform
the autocorrelation for a backscatter measurement.

The blue region of the signal is a typical scattering window used in a backscatter measurement.
During experiments, the autocorrelation [Equation (41)] is numerically applied to this region,
and its amplitude can be related to the applied stress. The location and selection of the windowed
region should correspond with the SSR described in Section 2.2 when comparing with the
theoretical model. Selecting windows exceeding this region are also stress dependent but contain
higher-order multiplying or fully diffuse scattering effects. The ideal window parameters used
for practical stress measurements have been explored preliminarily but are not yet determined.
The window region used to obtain the single-point results in Sections 3.2-3.4 was centered near
the peak of the SSR region, with a width of approximately 1.5 us. The signal processing
techniques used to perform the single-point backscatter calculation are described below.

4.2 Laboratory Experiments

In order to observe the backscatter/stress dependence in well-controlled conditions, several
laboratory compression and tensile experiments were conducted on a variety of materials,
including steel, aluminum, magnesium oxide, and rail steel. As shown in Section 3, the relation
between the scattering strength and the stress is material dependent. In addition, the dependence
of the scattering on the stress depends on the specific measurement configuration (i.e., pulse-
echo, pitch-catch) relative to the loading direction. The use of various sample types and the two
loading configurations allowed for a broad comparison with the theoretical model.

4.2.1 Laboratory Tensile Experiments

The first test fixture was designed and built in order to induce a uniaxial tensile stress into
metallic samples while ultrasonic measurements could perform within a standard ultrasonic
immersion tank. The model drawing is shown in Figure 21.
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Figure 21. Model Drawing of the Tensile Fixture Designed to Apply Loads on Samples
for Measurements of Spatial Variance as a Function of Applied Load

The fixture utilized a dual-acting hydraulic cylinder at its top to vertically load the dog-bone-
shaped samples held between the ends. The samples were designed with this shape in order to
produce near uniaxial stress at their midspan. The dimensions of the fixture allowed for easy
placement into the scanning ultrasonic immersion tank (Figure 22). The immersion (water) tank
is necessary to ensure adequate coupling so that the ultrasound is properly transmitted into the
sample.

Load cylinder

Load cell

Ultrasonic
immersion
tank

Figure 22. Photograph of the First Test Setup Used to Perform Ultrasonic Scans
for the Calculation of the Spatial Variance as a Function of Stress

This setup allowed for a transducer to scan the surface of the tensile stressed sample while
collecting scattered signals. The scanning was performed by a stepper motor controlled through a
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connected computer and UTWin software. The software allows the selection of scanning speed
and resolution (distance between consecutive collected signals). The resolution was chosen to be
greater than one-half wavelength to ensure insonification of different grains at each location. The
transducers were excited using a JSR DPR-300 pulser/receiver. The waveforms were sampled
through a 500-MHz digitizer card in the computer (a digitizer is a data acquisition device that
converts the analog ultrasonic signals into digital waveforms).

Typical scans consisted of collecting 300 to 500 waveforms. Collecting fewer waveforms often
resulted in irresolvable scattering peaks. The scans were performed at a number of different
loads up to 5,000 Ib. The loads were measured by the use of a load cell placed inline with the
load cylinder and the tensile sample. After the scans were finished, the data were exported into
Matlab, where signal alignment and variance calculation were performed.

This procedure was utilized to explore the relationship between the spatial variance and uniaxial
loads for samples of magnesium oxide, aluminum alloy, and steel. For a number of possible
reasons, the results of this testing produced many inconclusive results when compared to the
predicted theoretical curves. Therefore, the results presented in this section do not encompass the
large number of experiments performed using this procedure, but rather highlight the major
important point that backscatter is highly dependent on the material stress state.

To illustrate the trends observed, a sample of a magnesium alloy was scanned at normal
incidence using a 15-MHz focused transducer. The cross-section of the sample measured 10 mm
x 10 mm. The scan consisted of collecting 350 waveforms at each of a number of different
applied tensile loads. The variance was calculated. The single scattering peaks are shown in
Figure 23.
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Figure 23. Single Scattering Peaks for Normal Incidence Ultrasound on a Magnesium Alloy
as a Function of Stress

In order to quantify any differences among the peaks, a Gaussian curve was fit to each of the
data sets. The single-term Gaussian fit took the following form:

o(t)=de T (42)
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where A4, b, and ¢ were used as fitting parameters. An example curve fit is shown in the inset of
Figure 23. Clearly, the Gaussian function is appropriate for the measurement data. The amplitude
A that was determined during each of the fits was used for comparison with the applied stress.
This result is shown in Figure 24, where the experimental amplitudes are represented by the
green data points. The red line shown is a quadratic curve fit to the data.

Spatial Variance vs. Tensile Stress for Magnesium Alloy
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Figure 24. Peak Values of the Gaussian Fit to Single Scattering Peaks as a Function of
Stress for a Magnesium Alloy

The second-order polynomial fit shows the quadratic relationship with the stress for the
magnesium oxide sample. This result differs from the theoretical curve shown in Figure 25 for an
assumed polycrystal of MgO. The theoretical curve shows a negatively sloped, linear stress
dependence over the experimental stress range used. The deviation between the theoretical and
experimental data could be attributed to a number of reasons.

The theoretical data are based on second- and third-order single-crystal elastic constants, which
are obtained from work performed previously in which the constants for pure materials (i.e., non-
alloyed metals and iron) were determined (Powell and Skove, 1984; Ballabh et al., 1992).
Because the tensile samples used in these tests (magnesium oxide, aluminum alloy, and steel)
were not pure forms, we have assumed the elastic constants of their nearest relations. In order to
generate accurate theoretical curves, single-crystal constants of the tested samples should be
measured; however, they were not performed in this case, because they would be costly, would
need to be outsourced, and were deemed to be beyond the scope of this project.
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Figure 25. Theoretical SSR Amplitude as a Function of Applied Stress, Based on the
Single-Crystal Elastic Constants of Magnesium Oxide

Experimental errors are also believed to exist within the loading fixture and the tensile samples.
The loading fixture utilized a dual-acting, hydraulic cylinder to load and unload the samples. The
application of a load or incrementing from a previous load was performed using an electronic
switch that activated the solenoid within the hydraulic pump. This process caused the load to be
applied suddenly to the sample, which often would cause the sample to jerk and rotate. The
rotation affects the measurement results, because the angle between the sample and the
transducer causes a drop in the signal amplitude, which could greatly impact the value of the
spatial variance.

The relatively small dimensions of the sample (10 mm x 10 mm) also are a potential source of
experimental error. A typical ultrasonic signal has a beam diameter of 2 to 3 mm. This broad
beam diameter causes the transmitted ultrasound to be reflected inadvertently and scattered from
the sides and corners of the sample. A drop in the scattered signal results when the scanning
transducer approaches these locations.

These effects were evident when the loading experiments were performed. However, it was
reasonable to assume that the change in the spatial variance with load was not due solely to these
factors, based on the fact that the experiments produced repeatable and continuous
backscatter/stress curves. Furthermore, the net change in the spatial variance over the loading
range was greater than could be produced from the sources of error alone.

The results shown in Figure 25 were typical for other samples tested with this load fixture,
including an aluminum alloy and a steel alloy. The observed stress dependence motivated further
progression of this research. It was evident that measurements needed to be performed outside
the scanning ultrasonic tank to eliminate the observed errors. In addition, these measurments
provided insight into the challenges of measurements on in-service rail using an attached
stationary device.
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4.2.2 Laboratory Compression Experiments

An additional series of laboratory experiments were also designed for compressive loads.
Because test specimens must be designed differently when tension and compression are
concerned, a completely different load fixture was used. Initially, the goal was to measure the
spatial variance using the same scanning methods described in Section 2. Thus, the experiment
design involved an ultrasonic immersion tank that was built within the test frame of a 440,000-1b
load fixture within the Civil Engineering test bay at the University of Nebraska-Lincoln (UNL).
The immersion tank included the same 3-axis motion control such that the focal depth and scan
area were controlled independently. A photograph of the experimental setup is shown in Figure
26. The transducer was mounted on a manually controlled gimbal in order for the incidence
angle to be controlled precisely.

Figure 26. Photograph of the Experimental Setup for the Spatial Variance Measurements
Under a Uniaxial Compressive Load

Experiments were conducted in a water immersion tank using a 10-MHz transducer (Panametrics
V327-SU; 12.5-mm diameter; 50-mm focal depth) focused 8.5 mm into a block of annealed 1018
steel. Typical experiments were performed by acquiring wave-forms in a pulse-echo
configuration for which the ultrasonic propagation direction was normal to the steel block but
perpendicular to the loading direction. Figure 27 shows a schematic of the measurements with
the geometry defined. The backscatter coefficient was evaluated by scanning a normal incidence
transducer along the x-y plane, and an optical analysis was performed on the surface to
determine the true grain size.

The scattered signals were obtained from the waveforms by observing the energy between the
front and back surface reflections. The spatial variance was determined from the collection of
scattered signals obtained at 1000 different locations (within a 10 cm x 10 cm area) while
keeping a fixed distance between the transducer and the material. The stress-free experimental
results and corresponding theoretical fit (0 MPa curves) are shown in Figure 28. The high
amplitude portion of the measurement that occurs at an earlier time was due to the front wall
reflection from the sample. Because high amplifier gains are necessary to observe the scattering
from the microstructure, the front wall reflection was saturated.
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The experimental SSR response was fit using Equation (9), for which the correlation length was
used as the single-fit parameter (Ghoshal and Turner, 2010). It should be noted that the
attenuation was relevant in the model for these experiments due to the strong scattering within
the sample (0.04 Np/cm was used, based on theoretical and experimental estimates). This fit
resulted in an estimated grain length of 34 um, which was within 2.6% of the 33.1-um grain
length (mean distance between grain boundaries) obtained from optical microscopy (see the
etched micrograph shown in Figure 27). In terms of the raw experimental data, the stress-free
measurement also gave a peak value of @peaxk = 8.5x10° V? for the experimental settings used.

Figure 27. Schematic of Spatial Variance Measurements Geometry,

with Etched Micrograph
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Figure 28. Experimental Results and Theoretical Fit Using a 10-MHz Focused Transducer
on a Stress-Free Compressively Loaded 1080 Steel Sample
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Next, the measurements under an applied load were considered. The peak value of the
backscatter coefficient differs from the stress-free according to the quadratic form given in
Equation (38). The theoretical backscatter coefficients for iron subjected to a uniaxial loading
condition (using the second- and third-order single-crystal constants shown in Table 2) were
found to be Ko = 582.1 GPa?, K = 159.1 GPa, and K, = 27.86. Thus, the scattered response for
iron was expected to be nearly linear over the loading range used here, and was predicted to
decrease with applied compressive load (7' < 0).

The measurements were made using an x-y axis motorized stage that was mounted to the loading
press. The configuration of the scanning process is shown in Figure 27. The sample was loaded
at a constant loading rate of 178 kN/min to a maximum load of 1780 kN. At increments of 222.4
kN, the load was held constant. During the load hold, the transducer was scanned at a constant
speed over the surface of the loaded sample while waveforms were collected. The scanning was
performed with a step size of 3 mm to ensure the independence of individual measurements. The
spatial variance of the scattered waveforms was calculated using a collection of 1,000
waveforms. This number results in a suitable signal-to-noise ratio. Eight loading steps were
performed in total, such that the block was loaded in uniaxial compression over a range from 0 to
250 MPa.

This process was repeated over a set of three loading trials performed on separate days to
observe the experimental repeatability. Each variance response during a given trial was fit using
Equation (9) to extract the peak of the response as a function of stress. The peak responses at
each loading step for the three trials are shown in Figure 29. The experimental results show a
decreasing trend with increasing compressive stress, as predicted from the theory. Figure 29 also
shows the corresponding theoretical curve from Equation (9), using the theoretical coefficients
based on pure iron. A comparison of the theoretical backscatter coefficients of iron with the
experimental backscatter coefficients from this sample of steel is given in Table 3. The
experimentally extracted K coefficient is about twice the predicted value determined using the
theoretical constants for iron single crystals. Additional research is needed to fully understand
these differences.
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Figure 29. Change in ®@peak With Increasing Compression Load for Three Loading Trials
at Different Locations
The theoretical line is based on single-crystal constants for iron (Kube et al., 2012).
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Table 3. Comparison of Theoretical Backscatter Coefficients of Iron and
Experimentally Determined Coefficients for the Sample of Steel

Material Ko(GPa?) Ki(GPa)
Pure iron (theory) 582.1 159.1
1018 steel (experiment) 602.1 +26.0 332.6 + 50.8

4.2.3 Single-point Laboratory Measurements

The inconclusive backscatter results observed from using the ultrasonic scanning tank and the
tensile fixture led to attempts to measure backscatter with stationary or single-point devices.
Many of these devices were designed and built. One of the early designs is shown in Figure 30.

Water-filled Cavity

Transducers/Cables

Magnets

Figure 30. Initial Single-Point Diffuse Ultrasonic Backscatter (DUB) Measurement Device
Designed to Perform Backscatter Testing

The device consists of a water-filled cavity, which can be attached magnetically or clamped to a
testing block or rail sample. The water was needed to provide coupling for the transducers
embedded into the back of the attachment. The design allows for the insertion of a normal-
incidence transducer, along with two 18° angled transducers for longitudinal-to-shear wave
scattering measurements. The distance from the transducer face to the surface of the material
defines the depth of ultrasonic penetration into the material. It is governed by the focal depth in
the material, often called the material path (mp), which can be defined as:

mp = C—W(F —wp) , 43)

where F is the focal length, wp, is the water path, and — is the ratio of wave speeds in the water

and test sample. The transducers (Panametrics V-32 7SU) used in the attachment had a center
frequency of 10 MHz and contained a geometrical focal length of 2 in. The attachment was
designed such that the water path of the shear transducers produced an equal material path
(penetrating depth of the ultrasound). The equal material paths ensure that the ultrasound
insonifies a similar number of grains through the depth of the material. This device and others
that were designed were used for a large number of experiments.
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Mechanical Loading Experiments on Steel and Aluminum Blocks

The ultrasonic attachments were used in conjunction with a 454,000-1b. compression loading ram
(Southwark-Emery model #64305), which generated uniaxial stresses in sample blocks of steel
and aluminum. The sample blocks were milled smooth so that possible surface effects were
eliminated. The cross-section dimensions of the steel and aluminum blocks were 3” x 5 and
3.5” x 5.5, respectively. The loading ram compressing a steel block is shown in Figure 31.

Figure 31. Loading Ram Compressing the Steel Block
The water-filled attachment is clamped to the block and houses the two shear transducers.

The blocks were loaded linearly at 80,000 Ib per minute until the maximum load of 454,000 Ib
was reached. During the loading, ultrasonic waveforms were generated from the oblique- and
normal-incidence transducers. The waveforms were collected through the use of a digitizer in the
previously described computer system. The digitizer (Mistras AD-81G-PCI) sampled the
waveforms at 500 MHz and provided 8-bit vertical resolution. Ninety waveforms were collected
at equal time intervals during the loading cycles. After testing, the waveforms were post-
processed using Matlab, and the single-point autocorrelation quantity was calculated (see
Equation 41) and plotted against the corresponding stress in the block. Results for steel and

aluminum are shown in Figure 32 and Figure 33. The red (£2323) and green (£1313) data points

are from the 18° angled or shear mode transducers. The black (£3333) data are from the normal

incidence, longitudinal mode transducers.
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Figure 32. Normalized Backscatter Results for Uniaxial Compression of Steel
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Figure 33. Normalized Backscatter Results for Uniaxial Compression of Aluminum

The data points were normalized by the zero stress value (y-intercept has a value of 1) to
illustrate the results better, and for comparison with the theory. The normalized data were
averaged over a collection of six loading trials. The six loading trials consisted of performing
four trials in a given day followed by two trials the next day. After the first day, the water was
drained from the device, which was reattached at a different location on the test block. The
standard deviation for all six trials is represented by the colored shaded regions over the data sets
of the same color. The small standard deviations indicate that the procedure is repeatable and is
independent of the two attachment locations.
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The corresponding theoretical normalized covariance curves for the different transducers, from
the theory described in Section 3 (Turner and Ghoshal, 2010), are shown in Figure 34 and Figure
35.
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Figure 34. Theoretical Backscatter vs. Uniaxial Stress Curves for Iron
The black curve is the 3333, green is the 1313, and red is the 2323.
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Figure 35. Theoretical Backscatter vs. Uniaxial Stress Curves for Aluminum
The black curve is the 3333, green is the 1313, and red is the 2323.

It is evident that the experimental data points follow similar trends to the theoretical curves. In
both steel and aluminum, the largest change over the stress range was given by the shear (1315
transducer. The percent changes for this transducer were 21% for aluminum and 5% for steel
over the loading range used. Figure 36 shows the results of backscatter measurements for six

load/unload cycles. The measurements are repeatable within a 9% uncertainty band.
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Figure 36. Repeatability Results for Six Sets of Backscatter Measurements

Comparison of Measurement Resolution Between Backscatter and Wavespeed

A comparison between the measurement resolution of backscatter and wavespeed can be made
by observing the slopes of the datasets in Figure 32 and Figure 33. Table 4 shows the calculated
backscatter slopes.

Table 4. Slopes of the Backscatter Data Shown in Figure 32 and Figure 33

Material £1313/MPa E2323/MPa E3333/MPa
Aluminum 1.02x1073 4.89x107* 3.66x107*
Steel 2.43x10~% 4.88x107> 1.46x10™*

Values are given as the measurable change per unit stress and the units are megapascal (MPa).

The slopes give an indication of the measurable change in backscatter per unit MPa stress
change. Previous results (Egle and Bray, 1976) showed that the slope of measured wavespeed

data was 0.57 %. To resolve a change in travel time on the order of nanoseconds reliably, a

digitizer is needed with a sampling rate in excess of 1 GHz (10° :L(f—:;z of time resolution). By

comparison, the changes in the diffuse ultrasonic backscatter were able to be resolved using an 8-
bit (28 or 256 resolvable lines of amplitude) digitizer. The two methods are inherently different,
in that backscatter depends on signal amplitudes, while wavespeed is strictly a temporal
measurement. Manufacturers of digital signal processing (DSP) equipment currently produce
digitizers that are commonly sold with 10- to 16-bit resolutions at sampling frequencies of 200 to
500 MHz. Most DSP manufacturers do not offer digitizers with sampling rates greater than 1
GHz. Those that do demand purchase costs greatly exceeding cards suitable for backscatter
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GHz, and those that do demand purchase costs greatly exceeding cards suitable for backscatter
measurements. Thus, an ultrasonic backscatter approach is possibly more economical as well for
achieving a given measurement resolution.

Mechanical Loading Experiments on a Rail Section

The mechanical loading experiments on the blocks of steel and aluminum gave encouraging
results. The experiments proved that backscatter is influenced by mechanically induced uniaxial
stresses. The next step in the progression of the research was to load spans of rail section
mechanically. Prior to these tests, a new ultrasonic system was purchased to allow dual-channel
insonification during loading trials. The system consisted of a two-channel pulser/receiver (JSR
DPR-500) and a PXI (National Instruments) based computer system (PX/-1031 DC) equipped
with two dual-channel digitizer cards (PXI-5124). The digitizers have 10-bit vertical resolution
with a maximum sampling rate of 200 MHz per channel. The pulser/receiver and computer
system are shown in Figure 37.

‘ ShearWaweform
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Pulser/Receiver

Digitizer Cards

Computer

Figure 37. Two-Channel Pulser/Receiver Sitting atop the National Instruments
Computer System

The system also eliminated the need for postprocessing through Matlab in order to obtain results.
Real-time backscatter results were given through the use of a Labview virtual instrument
program. These upgrades significantly reduced testing duration and were a big step toward an
efficient measurement capability for field testing on CWR. The loading experiments were
performed using the same compression ram discussed above. The rail section and loading ram
are shown in Figure 38.

The rail section used in the loading tests was never used in service. It was cut from a larger 7-ft
section of rail (132 Ib/yd) to a length of 16 in. The cutting was performed through the use of an
air-cooled wire cutter, which prevented residual stresses typically formed from heat-induced
deformation. The cross-sectional area was 13.29 in?, such that the 454,000-1b. compression ram
generated uniaxial stresses up to 232 MPa.

48



Figure 38. Loading Ram Compressing the Rail Section While Two Shear Transducers Are
Used to Monitor the Backscatter Signals

Ultrasound was generated using two 10-MHz focused immersion transducers (Panametrics V-
3278U) and attached to the rail sample as shown in Figure 38. In these tests only the shear mode
waveforms were acquired during loading. The loading rate was set at a constant 120,000 1bs/min
until the maximum load of 454,000 Ibs was reached. After loading, the compression ram relaxed
back to a stress-free state. Figure 39 and Figure 40 show backscatter results over a number of

loading and unloading cycles.
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Figure 39. Plot Showing Load/Unload Curves for the (2323) Shear Mode Backscatter
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Figure 40. Plot Showing Load/Unload Curves for the (1313) Shear Mode Backscatter

The results were simultaneously obtained during the loading cycles for the two shear modes
(E2323in red and £]313 in green). In Figure 39 and Figure 40, the first load occurred during the
first 190 seconds, followed by a quicker unload of 50 seconds. The results show the opposite
behavior between the two shear modes during the loading and unloading cycles, as predicted by
the theory. The sample rested in a stress-free state from 500 to 875 seconds. The resting period
demonstrates an undeviating baseline during a stress-free state after loading cycles have been
performed. The two loading cycles after the resting period displayed similar responses to the first
two. For these tests, the £5355 shear mode gave the largest change over the stress range (0 to 232
MPa). The average percent change for this mode was 12.9%. Figure 41 and Figure 42 show

results obtained from a different attachment location on the same rail section.
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Figure 41. Plot Showing Load/Unload Curves for the (2323) Shear Mode Backscatter from
Measurements at a Location Different from the Location in Figure 39 and Figure 40
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Figure 42. Plot Showing Load/Unload Curves for the (1313) Shear Mode Backscatter from
Measurements at a Location Different from the Location in Figure 39 and Figure 40

These results utilized the same pulser/receiver settings and the same window region for the
backscatter calculation. Similar trends were observed in these results (between Figures 39 and 40
and Figures 41 and 42) when comparing the shear modes at the different locations. The second
location gave slightly noisier results along with a noticeable upward trend over the five loading

and unloading cycles for 3333

The noise and the upward trend were not believed to have been caused by the compression ram
or signal acquisition/processing. The water-filled attachment appeared to be sensitive to any
slight form of agitation. Minute leaks or bumping the transducer cables caused noticeable
influences on the backscatter calculation. The sudden decrease seen in Figure 42 was caused by
agitating the cable/transducer. In many trials, fresh water placed into the attachment caused the
baseline stress-free backscatter result to increase or decrease linearly. The cause of these trending
baselines could not be determined but was believed to be either a temperature effect of the water
or the formation of air bubbles on the surface of the transducer or rail.

These results show that backscatter measurements on a section of rail are able to track induced
mechanical stresses. The measurements also demonstrated the ability to apply these techniques
to samples that had slight corrosion or oxidation, without the need for surface treatments.

4.3 Field Tests on the Union Pacific Railroad

A series of field tests were performed on a heavy-haul line of the Union Pacific Railroad (UP) in
order to explore the feasibility of the diffuse ultrasonic backscatter method for in-service rail.
The rail site was on the South Morrill subdivision near milepost 47 (Figure 43). At this site, UP
has nine stress modules installed. Each stress module contains strain gauges and thermocouples
in order to measure both stress and temperature in real time. The stress modules allow for
quantitative comparisons between ultrasonic backscatter measurements and thermal
stress/temperature. The single-point rail attachment (Figure 44) was used to collect scattered
ultrasonic waveforms at the various locations near the stress modules. Ultrasonic transducers
were attached to the web of the rail and remained in place while the track was in service (Figure
45).
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Figure 43. Map of the UP Stress Module Test Site on the South Morrill Subdivison, Near
MP 47
The site is in western Nebraska on the north side of Lake McConaughy.

Figure 44. Portable Ultrasonic System Operated from a Rail Vehicle
Next to the Testing Locations
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Figure 45. Ultrasonic Transducers Attached to the Web of the Rail, Remaining in Place

While the UP Track Was in Service

This result was the first set of field tests performed with this portable system. Backscatter, stress,

and temperature measurements were acquired throughout the day, starting near dawn when the

rail temperature was well below the RNT. The autocorrelation procedure described in Section
4.1.2 was used to quantify the backscatter. Figure 46 shows the trends of backscatter vs. stress
and backscatter vs. temperature. The correlation between these quantities is clear over the

loading and temperature ranges. Figure 46 also shows the effect that a moving train has during

the measurement. The device attaches to the web of the rail such that measurements are not
disrupted by trains. The signal become sporadic during the train motion but stabilizes soon after

the train passes.
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Figure 46. Example Result from UP Measurements

The ultrasonic backscatter clearly tracks the stress due to the thermal expansion.
Train arrivals are shown to disrupt the measurements temporarily, but the trends are resumed

after the trains pass.
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4.4 Development of Field Test Site on Omaha, Lincoln and Beatrice Railway

To allow a greater number of field measurements to be made, a field test site was developed in
collaboration with the Omaha, Lincoln and Beatrice (OL&B) Railway and the Burlington
Northern Santa Fe Railway (BNSF). A spur between the BNSF main line and OL&B was chosen
for installation of four rail stress modules. Maps showing the approximate site location within
the city of Lincoln, NE, are shown in Figure 47. The approximate locations of stress modules 1-3
are shown in Figure 48.
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Figure 47. Location of Spur Between the BNSF Main Line and the OL&B Railway
Where Four Rail Stress Modules Were Installed

On October 28, 2011, the four stress modules were installed by Instrumentation Services, Inc. A
readout box was provided by BNSF for use in this project to monitor the local strain, stress,
temperature, and RNT through a wireless interface with a computer. The readings were taken at
prescribed intervals, with the information recorded with a time marker. The installation
procedure involved polishing the rail on both sides at the approximate location of the neutral axis
for bending. Strain gauge rosettes were welded on to the polished surfaces and covered with a
waterproof cover. In addition, a thermocouple was attached so that temperature measurements
could be made as well. The locations were marked with a paint marker to identify the specific
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gauge. The four installation sites are shown in Figure 49. The silver protective covering can be
observed with the sets of wires for the measurements shown. Each set of wires was fitted with a
connection that could be attached to the readout box.

Figure 48. Approximate Locations of Stress Modules 1-3
The site of module 4 is outside this image to the upper right.

Figure 49. Photographs of the Four Stress Module Installation Sites

The stress modules were calibrated by Rail Sciences, Inc. on January 11, 2012, using the rail
uplift method, which involved unclipping ~50 ft. of rail on each side of the stress module (Figure
50, a and b). A calibrated lifting device, was then used to raise the rail while the load required for
lifting as well as the rail deflection were monitored (Figure 50, ¢ and d). The information was
used to determine the current axial load in the rail. The basic idea behind this method was
analogous with the lifting of a string or wire that was under tension. The more force needed to
lift the rail, the higher the axial load. Obviously, this technique can be applied only when the rail
is under tension. The RNT at each site was noted on the rail with paint marker at each location.
RNT was quite low by most rail standards, in the range of 77 °F.
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Figure 50. Stress Module Calibration on January 11, 2012
Modules were calibrated using the rail uplift method: the rail is first unclipped [(a) and (b)],
then lifted with an uplift device [(c) and (d)], and the load and deflection are recorded.

Both single point and scanning backscatter measurements were performed at this site and
compared with the temperature and force data from the installed strain gauges. The single point
measurements were made with the same equipment used for the testing performed during the UP
field tests (Figure 51). An autocorrelation algorithm was used to quantify the backscatter for the
single point measurements. An example dataset for backscatter vs. force is shown in Figure 52.

Figure 51. Single Point Measurement at the OL&B Railway
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Figure 52. Single Point Diffuse Ultrasonic Backscatter Measurements
at the OL&B Test Site

These results show the dependence of mode-converted shear backscattered signals to applied
tensile forces. The LT2323 measurements contain scattering and polarization directions out of
plane with the stress direction. Conversely, the LT1313 measurements contain a scattering
component and polarization component that lie in the uniaxial stress plane. Similar to the results
shown in Figure 41 and Figure 42, the slopes are approximately equal in magnitude but have
opposite signs. The magnitude of the scattering in these cases should be equal at zero stress.
Thus, performing a measurement when these two quantities are equal may indicate that the rail is
nearly stress-free.

A scanning box enclosure (Figure 53, a) was designed to allow SSR measurements to be
performed in the field. Scanning measurements allow the application of the theoretical SSR
model presented in Section 2 and the stress-dependent model described in Section 3 to be
applied. A triad of transducers was mounted within the enclosure on a lead screw to allow the
transducers to be positioned at different locations along the web of the rail. The enclosure box
was then attached magnetically to the rail and sealed (Figure 53, b).

Figure 53. Scanning Box Designed for Rail Measurements

The scanning rail attachment box was used to collect waveforms and analyze the spatial variance
of the waveforms. The strain data were converted into force for comparison with the backscatter
measurements. Figure 54 shows the results from LT1313 scattering. The different colored
backscattered traces were from scattering measurements performed at different levels of
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compression force present in the rail. The noise in the signal is due to the grain scattering
process. The peak amplitudes show a weak decreasing correlation with the increasing amount of
force.
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Figure 54. Backscatter SSR Results for the Shear Scattering Mode LT1313,
Made Using the Scanning Box Shown in Figure 53

The level of noise present in SSR measurements makes it difficult to resolve the scattering peaks
clearly and the corresponding trends with stress. The amplitude changes with stress also differ,
depending on which point in time is considered. Although many measurements were made using
these different approaches, signal drift made it difficult to obtain results that allowed an estimate
of the stress state to be made.

4.5 Summary

In this section, the experimental efforts associated with the diffuse ultrasonic backscatter
measurements were described. Two primary measurement approaches were used. One involved
direct scanning of the transducers along the rail web, enabling the determination of spatial
variance curves for comparison with the theoretical expectations discussed in Section 2 and
Section 3. The other used an alternative signal processing methodology in the form of the
autocorrelation function applied to a windowed portion of the backscattered signal. Both
approaches were applied to measurements in the laboratory and in the field, using several
different versions of the measurement device that were designed and manufactured.

In addition, a field laboratory test site was developed for this project near the UNL campus. This
test site included four working stress modules at locations along a spur near the BNSF main line.
The site and the associated stress module data provided an excellent base that could be used for
comparison with future stress monitoring equipment. The controlled environment and low-traffic
conditions were ideal for the development and testing of new measurement approaches.

All experimental results presented in this section were very encouraging. Both signal processing
approaches showed clear trends in the measured backscattered signals with respect to load.
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Laboratory measurements were clearly more repeatable and were much less susceptible to
variations during testing over the course of several days. The field measurements showed that
diffuse ultrasonic measurements could be made on in-service rail, and the clear trends observed
over the course of each test day were in line with the measured rail loads determined from stress
modules. Unfortunately, for all measurement configurations explored, it was not possible to
achieve signal levels that were sufficiently repeatable over the course of time to allow stress
estimates to be made reliably. Several attempts were made to reduce the signal drift and correct
it, but a suitable method was not achieved.
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5. Conclusion

In this project, the application of diffuse ultrasonic measurements was examined for possible
application to measurement of longitudinal rail stress. Although a final measurement device has
not yet resulted from this research, several successful outcomes have been achieved:

A quantitative model to describe the diffuse ultrasonic backscatter from a polycrystalline
material was developed, including a complete measurement system. The model was
derived for an arbitrary transducer configuration (pulse-echo or pitch-catch) in a
generalized way. It was shown to allow successful determination of the material grain
size from spatial variance measurements.

The theoretical basis relating ultrasonic scattering from a polycrystalline material to the
applied stress was developed for the first time. Although wave speed has been recognized
as being dependent on stress, the scattering effects had not been previously explored.
This work will likely have application to other problems, such as residual stress
determination.

Clear trends in the diffuse ultrasonic scattering were observed with respect to sample
stress in a wide range of tests, covering tension and compression for both laboratory and
field measurements. Conditions involving both mechanical stresses and thermally
generated stresses led to significant changes in the scattering with stress. This connection
between scattering and stress were previously unknown, and comparisons with the related
theory were encouraging.

The capability of performing diffuse ultrasonic backscatter measurements at field test
sites was demonstrated for the first time. Measurements were also made on rail still in
service. This work may have other future applications associated with quantifying the
local sample texture or identifying subsurface defects that may be present in the rail.

A measurement test site that included four stress modules was developed to allow a large
number of measurements to be performed.

Several different attempts were made to correct for drift in the measurements that were observed
over time. Although a successful correction was not found within the time frame of this project,
this work will provide insight into possible alternative measurement approaches that would allow
quantitative measurements of stress to be made.
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Abbreviations and Acronyms

A/D analog-to-digital

BNSF Burlington Northern Santa Fe Railway
CWR continuously welded rail

DSP digital signal processing

DUB diffuse ultrasonic backscatter

kN kilonewtons

LL longitudinal-to-longitudinal

LT longitudinal-to-transverse

MPa Megapascal

MP material path

OL&B Omaha, Lincoln, and Beatrice Railway
PC personal computer

POI Plane of Incidence

RNT rail neutral temperature

SSR singly-scattered response

UNL University of Nebraska-Lincoln

UP Union Pacific Railroad
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