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Crystallographic texture, which plays an important role in many forming operations, is developed during
sheet metal processing. Improved product quality could be achieved if the texture could be measured,
quickly and inexpensively, during different stages of the processing. One potential scheme, involving
measurement of the angular dependence of the speed of ultrasonic waves propagating in the plane of
the sheet is described, as applied to aluminum. While this technique has been successfully used in steel
sheets, application to aluminum is more difficult because of the smaller elastic anisotropy of the
crystallites. This paper presents the results of a detailed study of the strengths and weaknesses of the
approach. Included are discussions of signal processing factors, the accuracy of the ultrasonically
determined C/, and a comparison between C measured by ultrasonics and by diffraction techniques
(both X-ray and neutron). It is found that relative velocity measurements are very good for determining
C42 and C43. These measurements can easily distinguish between rolling and recrystallization textures,
and can also detect more subtle variations in recrystallization textures. A systematic offset in the
prediction of C4 is also reported, which is believed to be a consequence of unknown alloy dependence
of the single crystal elastic constants and texture free velocities, quantities which play a key role in
inferring this quantity from absolute measurements.

KEY WORDS: Ultrasonics, Aluminum, Nondestructive, Forming, Rolling Texture, Recrystallization
Texture.

INTRODUCTION

Control of crystallographic texture, which strongly influences various forming
operations, is an important aspect of the sheet metal production process. A first step
in such control is sensing the texture that has been developed at various stages of the
process. In the laboratory, X-ray diffraction is the most familiar approach. Considerable
information can be obtained in a near surface layer. Alternatively, through the oblique
sectioning (or composite sample) technique, a volume average can be obtained. Similar
volume average information can be obtained through neutron diffraction. However, if
one desires to nondestructively obtain information in the field, e.g. at a rolling mill
or can manufactmJng facility, the choices are more limited. X-ray diffraction is limited
to sensing a near surface layer in the commonly used reflection mode or requires quite
expensive instrumentation and obtains limited information in the transmission mode.
Ultrasonic measurements provide an alternate approach which, although also limited
in the information that can be obtained, has the advantages of utilizing relatively simple,
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inexpensive instrumentation and sensing a volumetric average of the texture. In this
paper, the use of ultrasound to characterize the rolling and recrystallization textures
of hot-rolled aluminum sheet is discussed.
The process of producing aluminum sheet for can fabrication involves several steps,

as illustrated in Figure 1. Usually, the process starts with a large aluminum ingot
(typically, --2 m x --600 mm x --4.5 m). This ingot is heated and placed into the hot-
rolling mill where its thickness is reduced to approximately 2.5 millimeters. Important
process parameters at this stage are the temperature and speed of the sheet as it leaves
the rolling operation, which controls the microstructure developed subsequent to rolling.
At temperatures sufficiently above the recrystallization temperature, a well developed
recrystallization texture develops after the deformation. However, if the temperature is
too low, natural recrystallization may be inadequate and the sheet is coiled and annealed.
In either case, the sheet is then cold-rolled to the final thickness and shipped to the
can body production facility. During the cold-rolling, a deformation microstructure
appears. The design goal of this processing scheme, assuming the sheet is strongly
recrystallized after hot-rolling/annealing, is to cold-roll the sheet (i.e. create the
deformation texture) in such a way to produce a blend of textures which will reduce
earing during the can body formation (see Figure 1).

Ultrasonic wave propagation within any medium is controlled by the macroscopic
elastic properties of the medium. Since the single crystal elastic constants are anisotropic,
texture of a polycrystal will produce an elastic anisotropy, which will lead to an
anisotropy of the velocity of ultrasonic waves. In sheet samples, measuring the angular
dependence of the velocity in the plane of the sheet allows one to predict quantities
that give a measure of the texture (discussed in more detail in section II).
The role of ultrasonic texture monitoring during sheet production is to nondestructively

measure textures developed at various stages during the processing to assure that the
desired texture is present prior to can body production. This will allow the can body
makers to improve their yield. One realistic scheme is to measure the texture after
hot-rolling. In times of tighter process control an on-line assessment of texture, and
hence degree of recrystallization, at this stage of production would be of great benefit.
Another more complex scheme would be to measure the texture on-line during the cold-
rolling. This on-line information could be used, in an intelligent processing sense, to
control the cold-rolling parameters for optimal texture development, a process that has
not yet been realized. This paper will concentrate on evaluating the degree to which
ultrasonics can monitor the recrystallization after the hot roll, in support of the former
potential application.

Several techniques for the ultrasonic measurement of texture have been developed
over the last decade. In steel sheet, several researches have demonstrated the ability
to characterize texture and use this information to predict formability parameters such
as plastic strain ratios (Sayers, 1982; Cassier, Donadille, Bacroix 1989; Hirao et al.,
1989; Clark Jr. et al., 1990; Borsutzki et al., 1993; Kawashima, Hyogushi, Akagi, 1993;
Thompson et al., 1993). Much less work has been done in aluminum, .in part because
the single crystal anisotropy is considerably smaller and hence much more precise
velocity measurements are required. Nevertheless, encouraging preliminary results have
been obtained. In several papers by Clark Jr. (1988) and colleagues (Reno, Fields, Clark
Jr., 1988) and a paper by Thompson et al. (1989), fundamental ultrasonic plate modes
were used to predict texture coefficients in an expansion of the orientation distribution
function (ODF). These ultrasonically determined coefficients compared favorably with
values determined by X-ray diffraction. Thompson et al., reported difficulty with one
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Figure 1 Flow diagram representing typical production sequence for aluminum can-body sheet. Final
product shows ears formed during production of the can.
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particular texture parameter, C411, but otherwise showed that ultrasonic predictions of
texture parameters could be made with reasonable accuracy. Li and Thompson (1989)
used higher order plate modes to predict texture parameters with much success. As
a part of that study, they suggested that the difficulty with Call might be due to alloying
elements in the aluminum, since predictions made on very high purity aluminum samples
showed good correlation to the X-ray diffraction measurements of Call in contrast to
previously reported results on alloys.

Ear formation in the final drawing procedure has been correlated to ultrasonically
determined texture parameters by Lu et al. (Lu, Morris and Gu, 1991) and by Thompson
et al (1993). Lu defined a texture parameter related to wave speed anisotropy. Thompson
et al related Lu’s texture parameter to the commonly used ODF coefficient, C413. The
combined data sets of both groups showed a strong correlation between C413 and the
percent earing. Thompson’s conclusion was "the fact that two data sets, obtained on
two different alloys made by two different manufacturers and sensed by two different
wave types, fits together so nicely on a single plot suggests the existence of an underlying
correlation which deserves further study." Man (1994) has provided further theoretical
interpretation of this result.
The above discussion suggests that ultrasonics can predict texture parameters and

that these measurements are robust and reliable. The application of these techniques
to improve production of aluminum sheet is the next step. Anderson and Thompson
(1994) and Stiffler, Daly and Wojnar (1994) have shown that degrees of recrystallization
can be distinguished using ultrasonic predictions of texture parameters. Here, a more
detailed discussion of the former work is provided.

Measurements made on two sets of samples of aluminum sheet will be presented.
The first set of three sheets provided were small in physical size and measurements
of the texture parameters were made by hand. The samples differed in the type of
texture present, two samples were recrystallized to different degrees, and one sample
was not recrystallized, i.e. contained the deformation textures. The ultrasonic measure-
ments easily differentiated these textures. The second set of three sheets had more subtle
differences, being recrystallized to varying degrees. As the sheets were much larger,
it was possible to make the measurements using a more accurate, automated device
(Thompson et al., 1993). Subtle variations in texture were sensed in agreement with
independent measurements using X-ray and neutron diffraction.

In section II we present the theory underlying the ultrasonic characterization of texture.
Section III describes the samples in greater detail and section IV describes the
experimental techniques, which include two ultrasonic approaches (for the small and
large samples), X-ray diffraction and neutron diffraction. The data obtained on the first
set of sheets was not ideal because of their smaller size, and some new regression
procedures were required to accurately extract the texture information, as presented in
section V. The texture information inferred from the ultrasonic measurements is
discussed and compared to the X-ray and neutron scattering results in section VI. The
paper concludes with a summary in section VII.
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THEORY

Description of Texture

Polycrystals exhibit anisotropic macroscopic properties when (a) the individual
crystallites are anisotropic and (b) they have a preferred orientation (texture). The latter
is typically sensed by diffraction methods and is quantified through the use of an
orientation distribution function (ODF). The ODF is the three-dimensional representation
of the distribution of orientations quantified by a probability density as a function of
three Euler angles describing the crystallite orientation with respect to the sample axis.
Typically, the ODF is plotted as rectangular sections of a three-dimensional Euler-angle
space. Each section contains contours showing relative densities at each point. Roe
(1965) and Bunge (1982) concurrently developed this 3-D, quantitative representation
of texture using slightly different conventions. The experimental determination of the
ODF involves combining the information in several pole figures to obtain one ODF
representing the texture of the sample. This is a useful but time-consuming technique
which has recently been improved upon due to the ever increasing speed of modem
computers; however, this scheme still requires the measurement of a number of pole
figures. Once the ODF is determined, it can be used to predict material properties,
such as elastic and plastic properties.
The ODF can be represented by an expansion in generalized spherical harmonics.

The coefficients of this expansion are called the orientation distribution coefficients
(ODCs) and are the quantities related to material properties. Throughout this paper the
author will be using Bunge’s notation. The ODCs inherently depend on both the sample
and crystal symmetries. The ODF, f(l, , ), can be given by the following equation,

M(/)

f(l, , ) =E E E
/=0 t=-I t,----I

where,
Tp rizeP(cos())i,

(1)

The Ctuv are the ODCs, Ptuv are generalizations of the associated Legendre functions;
M(/) and N(/) represent the number of linearly independent ways the symmetry (crystal
and sample, respectively) can be fulfilled, and , , and & are Euler angles. The
sample symmetry and the crystallite symmetry determine which ODCs will be present.

Ultrasonic Determination of ODCs

Several authors have realized that, since elastic properties could be predicted by the
ODF, measurement of elastic properties should provide information on the texture. This
turns out to be true but only to a limited extent. Since elasticity is a fourth ranked
tensor quantity, only ODCs of fourth order or less can be predicted (Sayers, 1982).
The basic scheme is to measure the anisotropy of the ultrasonic wave speed. This relates
to the anisotropy of the elastic moduli which then predicts the ODCs. Equations relating
the ODCs to the speeds of symmetric Lamb waves in plates or sheets are given in
equation (2) (Thompson et al., 1989), where p is the density Vso (19 0, 45, 90)
is the velocity of the fundamental symmetric Lamb wave in the indicated direction.
P and L are polycrystalline averages of the single crystal elastic constants corresponding
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tO the Lame elastic constants and + 2/, respectively. C is a measure of the single
crystal anisotropy (Cll C12 2C44). The type of wave used is not crucial as any elastic
wave will provide information about elastic properties; however, the formulae used will
differ in detail.

C413
3"]-p [Vso(0o) + V]o(90o)_ 2Vso(45o)]
2C

C412=
3,0-p

[Vso(90) Veso(0)] (2)
2(1 + ---)C

C411 2 V]o(90) + 2V]o(45) --(L- p2

2 [3 + 8(+) + 8 (__)2 7
[Vso(O + --)]

It is important to note that C412 and C43 can be inferred from relative velocity
measurements, whereas C4 depends on the difference of an average absolute
measurement and theoretical expectations for an isotropic polycrystalline aggregate. Thus
C4l is influenced by the greater uncertainties in absolute velocity measurements as
compared to relative velocity measurements as well as uncertainties in the effects of
alloying elements on the isotropic moduli, L and P.

Diffraction Determination of ODCs

The theory required to obtain ODCs from diffraction data is well-developed, and has
been fully described previously (Roe, 1965; Bunge, 1982). The intensity of a diffraction
peak is directly proportional to the volume fraction of grains, within the measurement
volume, whose (hkl) plane-normals are parallel to the bisector of the incident and
diffracted beams. A specimen is oriented systematically to sweep this bisector through
all possible directions in the specimen. The diffraction peak intensity, P, is measured
as a function of direction, specified as a vector, y, with reference to specimen-fixed
axes. Maps of Ph(y) are called pole figures and are measured for each of a selection
of crystallographic directions, specified by a vector, h. The collection of pole figures
can be represented by a series expansion of spherical harmonics, with the expansion
coefficients being the ODCs we seek:

Ph(y) lO N 4r Ct’"k,:*u(h) ki(y) (3)
v--i 21+ 1 u--I

Here the functions kl:W(h) and kiv(y) contain the effects of crystallographic and specimen
symmetry, respectively. When a complete set of pole figure data is available, the ODCs
can be obtained by a least squares analysis, with more complex procedures employed
otherwise.

X-ray and neutron diffraction provide the raw pole figure data for the determination
of ODCs. The advantages of neutron diffraction for measurements of the volumetric
average texture in a bulk specimen, and various neutron techniques have been described
previously (Bunge, 1989). X-ray diffraction is, by far the most accessible, and widely-
used technique for texture analysis. However, as already explained, when used in a
nondestructive mode, it is most sensitive to a thin layer of material near the measurement
surface.
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SAMPLES

Experiments were conducted on two sets of samples, each consisting of AA3004 can
stock which had undergone hot rolling. Experiments on the first set of samples were
intended to determine whether the ultrasonic technique could differentiate rolling and
recrystallization textures. They were cut from 3 sheets, having respective thicknesses
of 2.654 mm (sheet 1), 2.652 mm (sheet 2) and 2.570 mm (sheet 3). Sheets 1 and
3 were in the form of rectangles, with long dimensions on the order of 250 mm and
small dimensions on the order of 125 mm. Sheet 2 was somewhat smaller than the
others, which posed some difficulty in the velocity measurement. Sheet 2 had been
processed through a hot mill and was in an unrecrystallized state. The other two samples
(sheets 1 and 3) were at the same stage of processing and were in a fully recrystallized
condition, showing a predominantly cube texture. Chemical composition differences led
to a stronger cube texture in sheet 3 as compared to sheet 1. Experiments on the second
set of sheets were designed to evaluate whether the ultrasonic technique was sensitive
to more subtle variations in texture. These were all in the fully recrystallized condition,
but contained different amounts of cube texture, with sheet 4 having the weakest value,
sheet 5 an intermediate value and sheet 6 the strongest value. In addition, there were
differences from the center to the edge of each sheet. These samples had much larger
lateral dimensions, being in excess of 600 mm x 600 mm.

EXPERIMENTAL APPROACH AND OBSERVATIONS

Two distinct techniques were used for the ultrasonic measurements. On the second set
of larger samples, a fully automated instrument was available for use (Thompson et
al., 1993). However, the samples studied initially were too small for use with that
instrument, so a second technique had to be employed. In that case, we adopted a
modification of a technique previously used by Clark Jr. et al. (1987; 1993).

Manual Ultrasonic Measurements on Small Sheets

The classical approach to measuring velocity involves plotting the arrival time of a
particular waveform feature as a function of propagation distance. Here, we utilized
So Lamb modes of plates (Auld; 1973), excited and detected at a frequency of 448
kHz by electromagnetic-acoustic transducers (EMATs) (Thompson, 1990). Unfortu-
nately, the spatial length of our EMATs, coupled with a minimum separation required
to allow the high gain electronic receivers to recover from the electrical break-through
pulse, made it impractical to gather data at a large number of separations for waves
travelling in the smaller dimensions of our samples. Hence we modified a procedure
originally employed by Clark.

Clark was interested in predicting steel sheet formability based on the angular
dependence of the ultrasonic velocity. His strategy was to infer the velocity from the
delay of a particular zero crossing of a signal which had propagated between a pair
of EMATs, separated by a fixed separation (Clark Jr. et al., 1987; Clark Jr. et al.,
1993). To determine the exact path length that should be used to obtain the correct
absolute velocity, a calibration experiment was required. This involved measuring an
absolute velocity on one sheet. This absolute velocity was then used to determine an
effective distance between the transmitting and receiving transducers at the fixed
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separation, the distance being chosen equal to the product of the measured absolute
velocity and the time of the observed zero-crossing. Once this effective distance was
known, the angular dependence of the velocity was inferred from the angular dependence
of the time of the zero-crossing. Clark checked his procedure by making absolute
measurements in three directions on a sheet (0 0, 45, 90 with respect to the rolling
direction), using one of these as a calibration, and comparing the other two absolute
velocities to the velocities inferred from the zero-crossing times and effective distance
determined by the above procedure. The results agreed to within parts in 104

In our work, absolute velocity measurements were made along the longest direction
of each of the three sheets in the first set of samples by selecting a particular zer0
crossing in the received burst and plotting its time of arrival versus the EMAT separation.
This separation was varied by inserting aluminum spacers of known lengths, ranging
from 10 to 20 cm, between the EMATs. The time was measured with a time averaging
counter. The slope of the plot of separations versus time determined the absolute velocity.

In principle, the accuracy of this procedure can be determined from that of the time
and distance measurements (Johnson and Thompson, 1993). Each measurement of time
was based on the average of 1000 successive waveforms, performed automatically by
the counter. The standard deviation of this population was typically l lns, implying
that the standard deviation of the estimate of the mean was (llns)//1000 --0.3ns. The
spacers had lengths known to + 0.0127 mm (+ 0.5 x 10-3 inches). Based on these
values, the uncertainty in the velocity, estimated from 11 pairs of separation and time
data taken over separations ranging "from 10 to 20 cm should in principle (Johnson
and Thompson, 1993) be + 6 x 10-4 mm/#s, about 0.01%. This in principle accuracy
is limited by the uncertainty in the spacer length rather than the time measurement.
When standard regression analysis techniques were applied to the data, the results

in Table 1 were obtained. The observed standard deviations were about an order of
magnitude greater than those expected in principle. We do not have a detailed
understanding of the reason, but recognize some contributing factors such as plate
curvature, EMAT lift-off effects (Clark Jr. et al., 1987), and lack of perfect contact
between EMATs and spacers. Nevertheless, the accuracy of 0.1% is sufficient to obtain
the desired information, as will be seen below.
As noted above, the small dimensions of the samples precluded the application of

this procedure for other directions. Hence, motivated by the previously discussed work
of Clark et al, the transducers were fixed at an unknown distance, di, and the time
delay to a particular zero-crossing was measured at 0, 45, 90 to the rolling direction
for each sheet. Figure 2 schematically illustrates this procedure. The above steps were
repeated for four di’s. The raw times are given in Table 2. These were also measured
with a time averaging counter. In some cases, there was a little more noise than in

-Table 1 Absolute Velocities on First Set of Sheets.

Sheet Direction Velocity Standard Deviation
(mm/I.ts) (mm/gs)

TD 5.360 0.009

2 TD 5.418 0.005

3 RD 5.274 0.005
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Figure 2 Representation of measurement scheme.

the absolute measurements, but based on the statistical estimates, the precision in the
determination of time was at least 1 ns. We have only quoted times to an accuracy
of 10 ns in Table 2, based on our experience of greater errors in absolute measurements
than would be expected in principle based on the accuracies of individual time and
distance measurements.

Further processing of this raw data to obtain velocities and texture parameters will
be discussed in the following sections. However, it is clear from the raw data that
the rolling texture of sheet 2 is clearly differentiated from the recrystallization textures
of sheets 1 and 3, since t(45) > t(0) and t(45) > t(90) in sheet 2 while t(45) <
t(0) and t(45) < t(90) in sheets 1 and 3.

Automated Measurements on Large Sheets

Measurements on the second set of sheets were made using an automated texture
measurement instrument called Ultraform (Thompson et al., 1993). Ultraform uses the
same basic technique as the hand measurements with some modifications. So Lamb
waves are again excited and detected by EMATs at a frequency of approximately 550
kHz. The instrument uses two transmitters and one receiver in each of the three directions
needed, 0, 45, 90. For a given direction, a triggered wave is transmitted simulta-
neously from both transmitters. It is detected as a pair of signals at the receiver. These
waveforms are digitized and then processed in the frequency domain to determine the
wave velocities. The central feature is a plot of the relative phase of the two received

Table 2 Zero-crossing delays in #s.

Sheet 1 (recrystallized)
di t(O t(45 t(90

Sheet 2 (rolled) Sheet 3 (recrystallized)
t(O) t(45) t(90) t(O) t(45) t(90)

#1 30.32 30.21 30.22

#2 32.21 32.09 32.09

#3 34.04 33.90 34.04

#4 35.92 35.78 35.80

29.66 29.99 29.94 30.56 30.31 30.43

31.53 31.83 31.75 32.39 32.20 32.29

33.22 33.59 33.53 34.28 34.10 34.19

35.20 35.50 35.41 36.20 35.92 36.07
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waveforms versus frequency, the slope of which is simply related to velocity after
correction for a slight geometrical dispersion associated with the finite ratio of plate
thickness to wavelength. Laboratory evaluation of Ultraform indicates absolute accu-
racies in velocity of 10-3 and relative accuracies of 10-4 (Thompson et al., 1993).
Ultraform then calculates the ODCs from these velocities using equation (2) above.

X-ray diffraction
The texture was independently characterized on each set of sheets using X-ray diffraction
(Mo X-rays), performed on the mid-plane of the sheet. Four incomplete pole figures,
(200), (111), (220) and (113), were obtained in each case, from which orientation
distribution functions were computed. In the second set of sheets, in which transverse
variations in texture were of interest, the texture was characterized at both the sheet
center and edge.

Neutron diffraction
On sheets 2 and 3, neutron diffraction characterization of the texture was also performed,
motivated by the desire to gain further information in a few cases where there were
significant differences between the ultrasonic and X-ray predictions. Neutron measure-
ments were considered more appropriate than the mid-plane X-ray measurements for
comparing to the ultrasonic results since both the neutron and ultrasonic techniques
provide through thickness averages while the mid-plane X-ray measurements, in the
reflection mode utlized, sense only a thin surface layer.

Neutron diffraction measurements were performed in Canada at Chalk River
Laboratories, a part of Atomic Energy of Canada Limited, with the E3 neutron
diffractometer at the NRU reactor.
The specimen was mounted on an Eulerian cradle, which was programmed to orient

the material systematically, sweeping the bisector of the incident and diffracted beams
through a complete hemisphere of specimen directions. Complete pole figures were
obtained for the (111), (200) and (220) diffraction peaks from the aluminium alloy.
A background pole figure was also measured by placing the neutron detector at a
scattering angle free of diffraction peaks and performing the usual orientational scan.
The incident and diffracted beams were collimated by Soller slits to have angular
divergences of about 0.5 in the scattering plane. The cross sections of these beams
were large, 50 mm x 50 mm, so regardless of orientation, the complete specimen volume
was always fully bathed in the neutron beam. As a result of these experimental
arrangements, there were no significant geometrical corrections to make to the pole
figures prior to the analysis that yielded the ODCs.

PROCESSING THE MANUAL ULTRASONIC DATA

The raw data obtained on each of the three initial samples was an absolute velocity
in one direction (Table 1) and a matrix of 12 times of arrival (3 directions x 4 transducer
separations) of a selected zero-crossing of the received toneburst (see Table 2). As noted
previously, the velocities were initially inferred based on a technique applied by Clark
Jr. et al (1987; 1993) to steel sheet, which involved assigning an effective propagation
distance to each fixed transducer separation.
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A triggered waveform can be thought of as a pulse starting at zero time (see Figure
3). Because of the finite length of the EMAT transducers, and the fact that they are
excited by a toneburst, a particular feature in a received signal is delayed from the
trigger pulse by more than the transducer separation divided by the wavespeed. In Clark’s
method, the determination of the transducer separation ignored this fixed delay associated
with the tone burst width. In applying his technique to our set of sheets, we had the
option of determining the effective distance on one sheet and using it to interpret all

?< d ) ?

"I
Figure 3 Schematic of waves generated during measurements.



50 A.J. ANDERSON ETAL.

data (as was done by Clark in studying a large set of steel sheets) or determining it
on each sample, as is possible in our study given the data in Table 1. Choosing the
latter approach, and averaging the velocities obtained at the four separations for each
angle, we obtained the velocities shown in the first row of Table 3.

In examining the data, however, we noticed that the effective separation, d, depended
systematically on the sheet, being essentially equal in sheets 1 and 2 but systematically
smaller by about 0.6% in sheet 3. Since the transducers were rigidly held at the same
distance on all sheets, this raised a concern. It was initially speculated that, since the
plates had slightly different thicknesses, the effect was associated with geometrical
dispersion (a slight dependence of guided wave speed on the plate thickness). However,
theoretical analysis did not support this analysis. It was then observed that the changes
in effective distance appeared to be related to the absolute velocity in the calibration
direction, as given in Table 1. This led to the following interpretation and modified
data processing procedure.

Consider the bottom sketch in Figure 3, which schematically shows that the observed
time of the selected zero-crossing can be considered to be composed of a fixed delay
time, "t’o, associated with the finite temporal length of the excitation pulse and the spatial
length of the EMATs, and the propagating delay, At. To account for these effects, we
define a modified effective distance

Di [tij(190) "t’o] Vj(19o) (4)

using equation (4). This equation uses as the separation counter, and j as the sheet
counter. The tij(0o) are the known measured times for waves propagating in the
calibration direction, ro is the unknown fixed delay and Vj(0o) is the known absolute
velocity in a particular direction on sheet j. For our set of data, there are twelve
independent forms of equation (4), where ranges over 4 separations and j ranges over
three sheets. These are solved, in a least squares sense, for the value of o and the
four Di. Given these values, the velocities in the other directions are determined from
the inverse of the slope of a regression line passing through these four points on the
tij(0) versus Di plot and forced through a y-intercept of to. We found that this procedure
fit the data considerably better than when o was taken to be zero, equivalent to Clark’s
procedure.
The resulting velocities are presented in the second row of Table 3. Although the

shifts were small, ranging from 0.1% to 0.4%, they were considered to be significant
in terms of the high precision desired.

Table 3 Ultrasonic Velocities on First Set of Samples (in cm//s).

Sheet 1 Sheet 2
0 45 90 0 45 90

Sheet 3
0 45 90

Clark’s 0.5499 0.5520 0.5512 0.5615 0.5559 0.5572
Approach

Modified 0.5480 0.5507 0.5497 0.5638 0.5565 0.5581
Approach

0.5412 0.5449 0.5430

0.5418 0.5466 0.5441
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Examination of the raw time data indicates several interesting points. First, the shifts
in time between the sheets and directions is quite small, being on the order of tenths
of microseconds. Nevertheless, with modem electronics, such shifts can be easily
measured. This is confirmed by noting that the zero-crossing delays order in a fashion
consistent with the absolute velocities for the directions and materials where those were
determined. Second, it is clear that V > V > V3, [vl,3(0) vl.3(90)] < 0, [v2(0)
v2(90)] > 0, vl,3(45) > [vl,3(0) + v,3(90)]/2, v2(45) < [v2(0) + v2(90)]/2, where V
[v(0) + v(90) + 2v(45)]/4 and the superscripts define sheets, not exponents. Equation
(2) then implies that C411(2) < C41(1) < C41(3), C412(2) > 0, C42(1, 3) < 0, C413(2)
< 0, C43(1, 3) > 0 where the argument here denotes the sheet number. We thus again
see that there is a clear differentiation between the rolled (sheet 2) and recrystallized
(sheets 1 and 3) samples.

Figure 4 presents the predicted angular form of the velocities, obtained by fitting
the function A + Bcos(20) + C(1-cos(40)) to the data at 0 0, 45, 90. The
aforementioned distinctions between the three sheets are clearly evident.

It should be noted that the simpler procedure of Clark was quite adequate for his
needs. Differences between the conditions encountered in our work and his work are
the much greater propagation distances in his experiments, making To a smaller fraction
of the observed times, the much greater elastic anisotropy of steel, making the required
precision in velocity determination less stringent, and the fact that Clark’s final output
was to be empirically correlated with plastic strain ratios in steel whereas we wish
to make direct comparisons to values of C4’v determined by X-ray or neutron diffraction.

0.5650

0.5600

0.5550

0.5500

0.5450

0.5400
0 10 20 30 40 50 60 70 80 90

---0--- Sheet

---13--- Sheet 2

Sheet 3

Figure 4 Angular variation of ultrasonic velocity in the plane of the sheet. Values at 0, 45, and
90 are the measured ultrasonic velocities and the remainder of the curve is plotted based on the
expected theoretical variation of A + Bcos(20)+ C(1- cos(40)).
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QUANTITATIVE CHARACTERIZATION OF TEXTURE

Differentiation of Rolling and Recrystallization Textures

Having convinced ourselves that the data passes all qualitative tests, we calculate the
ODCs using equation (2) above based on the velocities inferred from the raw data by
the two methods discussed above. The results of these calculations along with neutron
diffraction data for Sheets 2 & 3 are plotted in Figure 5 versus the X-ray diffraction
data. Results for C4 are not included in this figure, but will be discussed in a later
section. The ultrasonically determined values of C42 and C413 for Sheets 1 & 3 compare
very favorably with the X-ray and Neutron diffraction values which suggests that
recrystallization textures are easily measured using ultrasonics. It should also be noted
that, in each case, the new signal processing produced results that were closer to both

0

0

1.8

0.5

-0.5

-1

-1.5

-2

Sheet I C’z

Sheet 3 Ct2 \

Sheet 3 Ctz

Clerk’e Method

New Algorithm

Neutron

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

X-Ray ODCe (a)

Figure 5 Comparison of ODCs predicted by two slightly different ultrasonic methods and neutron
diffraction to X-ray diffraction. No neutron measurements were made on sheet and C412 is not shown
for sheet 2 as discussed in the text.
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the X-ray and neutron diffraction data than did Clark’s method. The data for sheet
2 does not support as simple an interpretation. For C413, we notice that the predictions
of the modified ultrasonic technique are farther from the X-ray measurements than are
those based on Clark’s method. We note, however, that the modified method leads
to predictions that are closer to the neutron measurements. It is well known that the
rolling texture has gradients through the thickness (Ren, 1996), leading to differences
between the mid-plane X-ray and neutron values for C413. The fact that the modified
ultrasonic predictibn is closer to the neutron measurements is consistent with the fact
that both measure volumetric averages.
The situation with C42 in sheet 2 is more complex, as both ultrasonic methods yield

predictions of comparable magnitude, but opposite sign, to the predictions of either
diffraction method. We do not have a definitive interpretation of this result. We note,
however, that this sample was smaller than desired and energy reflected from the edges
could have interfered with the measurement. It is also possible that there was a
mislabelling of the sample axes when the ultrasonic data were taken because an
interchange of the RD and TD would account for the difference. Other microstructural
features could be playing a role, for example, precip.itates or dislocations will also affect
the measured velocity. However, since no such sign discrepancies have been reported
on the large number of aluminum samples that have been studied previously (Clark
Jr. et al., 1988; Reno, Fields, Clark Jr., 1988; Cassier, Donadille, Bacroix, 1989;
Borsutski et al., 1993; Thompson et al., 1993), we expect that the experimental
difficulties is the likely cause. Unfortunately, we cannot remeasure the ultrasonic
velocities because the samples have been subsequently destroyed. Because of these
complications, which we believe to be unique to this particular experiment, the results
for C412 on sheet 2 are not presented in Figure 5.

Table 4 presents the numerical values of the ultrasonic (new algorithm) and X-ray
determinations of the ODCs. In addition to C412 and C413 that were presented graphically,
C41 is included. The obvious discrepancies between the ultrasonic and X-ray values
will be discussed in section VI C.

Subtle Variations in Recrystallization

The second set of sheets were recrystallized to varying degrees. Measurements were
made to determine how easily ultrasonics could distinguish between degrees of
recrystallization. In addition to variation between the sheets, each sheet contained a
variation in the texture along the width from the center to the edge of the rolled sheet.

Measurements were taken at two inch intervals across each sheet using Ultraform.
The ultrasonic results are plotted in Figure 6 along with X-ray diffraction results. The
X-ray results were taken at the center and edge only. One can easily see that the
ultrasonic measurements for C412 and C413 have the same magnitude and vary in the
same sense across the sheet as the X-ray predictions. C41 values also show the same
trends across the sheet, but differ in magnitude. This difference will be discussed in
greater detail in the next subsection.

Offset in C41

Predictions of C4 for every sheet seemed to have a significant negative offset with
respect to the X-ray and neutron diffraction results. To explain this offset in the
prediction of C41, one must look into the calculation of this ODC. Equation (2) shows
the relation between C41 and the measured velocities, as well as that for the other
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Table 4 Comparison of ultrasonic, X-ray, neutron and ideal ODCs for the all samples. Results for
sheet l, 2 and 3 are computed using the modified method discussed above.

Ultrasonically measured ODCs
C411 C412 C413

Sheet -4.06 --0.36 0.6
Sheet 2 -7.64 1.19 -1.46
Sheet 3 -2.06 -0.46 1.16

Sheet 4 (Center, Edge) -1.80 -1.70 -0.53 -0.57 1.10 1.24
Sheet 5 (Center, Edge) -1.92 -1.79 -0.40 -0.38 1.26 1.39

Sheet 6 (Center, Edge) -2.54 -2.25 -0.45 -0.35 1.25 1.61

X-ray ODCs (neutron ODCs)
C411 C412 C413

Sheet 1.1 (n/a)
Sheet 2 -0.004 (-0.21)
Sheet 3 2.07 (2.39)

Sheet 4 (Center, Edge) 1.36 1.72

Sheet 5 (Center, Edge) 1.30 1.56

Sheet 6 (Center, Edge) 1.51 1.58

-0.428 (n/a)
-0.393 (-0.67)
-0.776 (-0.49)

0.712 (n/a)
-1.202 (-1.60)
1.698 (1.84)

-0.47 -0.49 1.09 1.38
-0.42 -0.70 1.03 1.38

-0.58 -0.85 1.02 1.63

Ideal textures
C411 C412 C413

Goss 110}<001> -1.69 -7.57 4.16
Cube 100}<001> 6.78 0 5.74

Cu 112}<111> -1.69 2.51 -3.35
S 123 }<63z> -1.69 0.09 -2.76
Brass 110}<i12> -1.69 -2.51 -3.35

ODCs. There are two important differences between the calculation of C4ll and that
for C412 and C413. First, C4ll depends on absolute, rather than relative velocity
measurements. Second, the average of the absolutely measured velocities must be
compared to the value that would be observed in the absence of texture, whose square
is described by the last term in the square brackets, (4/p)*(L- p2/L). This term would
be expected to depend on alloying. In the absence of knowledge of the alloying effect,
the isotropic value for pure aluminum has been used in our calculation, based on the
single crystal elastic constants (SCECs) and use of the Hill averaging procedure to obtain
L and P. While C412 and C413 alSO depend on the SCECs through L and P, the dependence
is in a multiplicative factor instead of a subtractive term. Propagation of any error
associated with the SCECs leads to a much larger error in C4ll than in C412 or C413.

Clearly, further work is required in the determination of C4ll. The accuracy in the
ultrasonic determination of Call using the scheme described in this paper depends
strongly on the selection of SCECs. The proper determination of the SCECs for the
particular alloy being studied, a result that has been successfully employed in steel
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Figure 6 Spatial variations in ODCs from center of sheet to edge of sheet.

(Forouraghi, 1995; Daniel, Jonas, 1990) would presumably yield improved results and
this will be the subject of further study. Other ultrasonic schemes, which infer C4ll

from relative rather than absolute velocity measurements should also be considered (Li
and Thompson, 1989; Kawashima, 1990; Kawashima, Hyogushi and Akagi, 1993).

DISCUSSION AND CONCLUSIONS

Interpretation of our results is aided by knowledge of the ODCs that would be exhibited
by the ideal textures present in rolled and recrystallized sheet, as are also presented
in Table 4. These calculations are based on a Gaussian spread of 10 about the ideal
orientation. As is well known, the Cu, S and Brass textures are typical of rolled sheet
while the cube and Goss textures are typical of recrystallized sheet.

Examination of Table 4 suggests that C413 should be an excellent parameter to
differentiate rolling from recrystallization textures, since it has negative values of about
the same magnitude for the three rolling textures and positive values of about the same
values for the recrystallization textures. These values were observed in both the
ultrasonic and X-ray data. The change of the angular dependence of the ultrasonic
velocity shown in Figure 4 from one exhibiting a valley near 45 to one with a peak
near 45 is a direct consequence. Figure 7 plots the values of C413 determined by
ultrasonics and neutron diffraction against the X-ray values for the six samples examined,
with two entries each for samples 4-6 corresponding to the center and edge positions.
The good agreement suggests that this ultrasonically observable parameter could provide
a useful assessment of recrystallization in field environments such as those found in
rolling mills or can manufacturing plants.

Stiffler et al (1994) have also studied this possibility, reporting a correlation between
degree of recrystallization and C413 in 3XXX beverage can stock. In contrast to the
present work, which utilized So guided modes, Stiffler made measurements with SHo
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Figure 7 Comparison of C413 determined by X-ray diffraction, ultrasonics and neutron diffraction for
all six sheets.

modes. The two sets of results seem fully consistent. Stiffler’s material had values of
C413 equal to -2.260 in the rolled condition and 1.569 in the recrystallized condition.
A series of sheets whose degree of partial recrystallization was inferred from micrographs
exhibited intermediate values of C413 which were roughly proportional to the degree
of recrystallization. The sheets studied in the present work fall in a similar range of
C413.

In summary, ultrasonics is a quick and precise method of characterizing texture in
aluminum and aluminum alloys. Not only are strong textures differentiated, but subtle
changes can be sensed as well. C412 and C43 can be determined precisely, and our
results compare very well with other methods of determining ODCs. An important
potential application of these techniques appears to be monitoring the degree of
recrystallization.
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