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Excecutive Summary

The main findings of this project were as follows:

1)

)

€)

“)

For samples of an AA5xxx aluminum alloy sheet at temperatures up to 750°F, the
degree of recrystallization could be monitored via measurement of the velocity
ratio k¥ by using either resonance-EMAT spectroscopy or laser-ultrasound
resonance spectroscopy, provided that the temperature of the sample in question
is ascertained by another means. Both of the aforementioned ultrasound
techniques have potential for on-line applications.

Formulae showing explicitly the effects of crystallographic texture on the angular
dependence of the g-value and of the uniaxial flow stress in sheets of cubic (e.g.,
aluminum) and of hexagonal (e.g., titanium) netals were derived. By isolating
the effects of texture, these formulae will facilitate further studies on the
influences of other microstructural factors on plastic anisotropy of sheet metals.

A constitutive rélation pertaining to acoustoelasticity was formulated for
prestressed, orthorhombic aggregates of cubic crystallites. This constitutive
relation will serve as the basis for all further work in acoustoelasticity for the
class of polycrystalline materials in question.

For vertically-heterogeneous, prestressed orthorhombic media where the
principal stress directions agree with the axes of orthorhombic material
symmetry, a high-frequency asymptotic formula was derived which relate the
depth variations of stress and texture to the dispersion of surface acoustic waves
propagating in a symmetry direction. Here the elastic medium in question is taken
as occupying a half-space. This theory and its further developments have an
important potential application in the nondestructive inspection of the thin layer
of inhomogeneous stress induced by surface enhancement techniques such as
shot peening, laser shock peening, and low plasticity burnishing.
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Final Performance Report

On-Line Monitoring of Recrystallization Texture in Aluminum Alloy

Suitable annealing, which induces recrystallization of deformed grains (primary
recrystallization), improves the formability of aluminum sheets. Annealing at excessively
high temperatures, however, promotes exaggerated grain growth (secondary
recrystallization), which degrades formability and is undesirable.

In our studies we have accumulated strong evidence that the degree of primary
recrystallization, grain growth, and secondary recrystallization of a strip-cast AAS5xxx
alloy sheet can be monitored, at least under laboratory conditions and at temperatures up
to 750°F, by either resonance-EMAT (electromagnetic acoustic transducer) or laser-
ultrasound measurements of the velocity ratio &, provided that the temperature of the
sample in question is ascertained by another means. By definition the velocity ratio

=
[
52”5:

; M

where V), is the velocity of longitudinal wave propagating through the thickness of the

sheet and V_s is the average of the two through-thickness shear-wave velocities.

Supported by results of Olsen cup and earing tests, we demonstrated that different
annealing history did affect the formability of AASxxx sheets differently. We singled out

the texture coefficient W,y as a good indicator for the degree of recrystallization and
grain growth in the annealing of this AASxxx alloy.

Theoretically we derived the formula
K =a(l) +b(T)W,,, )

where a(T) and b(T) are functions of the temperature T . Formula (2) was corroborated

over a broad range of temperatures (unequivocally from room temperature to 600°F, and
likely also for the range from 600°F to 750°F) in laboratory measurements on AASxxx
samples, where x was obtained from X-ray pole figures and x was determined both by
resonance EM AT spectroscopy and by laser-ultrasound resonance spectroscopy. Hence
we may monitor the degree of recrystallization by ultrasonic measurement of x if the
temperature of the sample in question is ascertained by another means. Real-time
measurements of x at 600°F, 650°F, and 700°F, coupled with the x versus temperature
plots in our data, provide convincing proof which validates the preceding assertion. More
details about the resonance-EMAT measurements were reported in journal paper [8]
listed in the Executive Summary.




Independently supported by a grant from the U.S. Department of Energy, plant
trials on using laser-ultrasound spectroscopy for onrline monitoring of recrystallographic
texture in strip-cast aluminum alloys were conducted at the Carson Rolling Mill of
Commonwealth Aluminum Corporation on May 1-3, 2002. Analysis and evaluation of
data obtained on-line are still in progress.

Effect of Texture on Plastic Anisotropy of Sheet Metals

Sheet metals usually exhibit anisotropic behavior in plastic flow. Uniaxial tension
tests, because of their economy and convenience, are commonly used by industry for the
characterization of plastic anisotropy of sheet metals. Among the microstructural factors
that give rise to plastic anisotropy, crystallographic texture, as described quantitatively by
the orientation distribution function (ODF) w, is perhaps the most important.
In our work we consider textured sheet metals with plastic potential and yield functionof
the form f{o, w) and g( o, w), respectively, where o denotes the deviator of the Cauchy
stress, w is the ODF that describes the current texture, and the possible influences of
other microstructural elements on fand g are left implicit. For orthorhombic sheets of
cubic (e.g., aluminum) and hexagonal (e.g., titanium) metals, we derive general formulae
relating the angular dependence of the r-value and of the uniaxial flow stress ¢ to w,
which are valid up to terms linear in the texture coefficients Wi By isolating the effects
of crystallographic texture, these formulae will also facilitate further studies of the
influences of other microstructural factors on plastic anisotropy.

PRELIMINARIES

We consider sheet metals, which are polycrystalline aggregates of tiny crystallites,
and we restrict our discussion to the case where all the crystallites are of the same
chemical composition. We choose and fix a Cartesian coordinate system in space. To
describe the orientation of a crystallite, we pick as reference the configuration of a single
crystal. The orientation of a crystallite in the polycrystalline aggregate is then specified
by the set of rotations R which take the reference configuration to the given
configuration of the crystallite. The number of elements in each set that defines an
orientation is determined by the crystal symmetry of the crystallites in question.

Let G be the rotation group and G the group of crystal symmetry. The
crystallographic texture of a polycrystalline aggregate is defined by the orientation
distribution function (ODF) w defined on the rotation group. For each rotation @ in Ger,
we have w(RQ) = w(R) for each rotation R in G. In this paper we assume that w is
independent of the sampling location.

Let e;, €3, and e3 ‘be the orthonormal basis vectors associated with the chosen
coordinate system. We parametrize the rotation group G with the Euler angles (v, 6, ¢).

Let I?(G) be the space of square-integrable complex-valued functions on G. For
we I?(G), we can expand it as an infinite series in terms of the Wigner D-functions:
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where ¢! (I 21) are the texture coefficients, z* denotes the complex conjugate of the
complex number z,and # = —n. For historical reasons, the coefficients

m-n 2 4
W, =(-1 —c

Imn ( ) 2 l +1 mn
are more commonly used in the literature of materials science. We shall use W, below
and refer to them also «as texture coefficients. For polycrystalline samples, texture

coefficients with even / are routinely ascertained by inversion of pole figures obtained
from X-ray measurements.

All the texture coefficents vanish when the constituting crystallites of the
polycrystal in question have no preferred orientations. In this case,

The polycrystalline aggregate in question may enjoy texture symmetry. For each
rotation @ in the group of texture symmetry Giex, we have w(Q'R) = w(R) for each
rotation R in G; here Q" denotes the transpose of Q.

THEORETICAL SETTING

We consider sheet metals that have a distinguished rolling direction in the sheet
plane, which is a two-fold axis of rotational symmetry of the texture. Henceforth we
choose the spatial coordinate system such that the rolling direction (RD), transverse
direction (TD), and normal direction (ND) of the sheet agree with the I-, 2-, and 3
coordinate axis, respectively. In a typical uniaxial tension test, a standard specimen S( )
whose middle axis (in the length direction) makes an angle « with RD is cut from the
sample sheet. The specimen is then subjected to uniaxial tension until it is in plastic flow.

Let flo,w) and g(o, w) be the plastic potential and the yield function of the
sheet metal in question; here ¢ denotes the deviator of the Cauchy stress, and w is the
ODF that describes the current texture. Let R(e3, @) be the rotation about e3 by the angle
@,andlet s, =0(e, ®e, — I/3). The uniaxial flow stress o satisfies the equation

g(R(ey,a)s lR(e3,oc)T,w) =C,




where C is a parameter depending on the state of strain hardening. In what follows we
report our formulae for the angular dependence of ¢ and of g =r/(r+1).

FORMULAE FOR ANGULAR DEPENDENCE

By exploiting (i) material frame-indifference, (ii) the intrinsic symmetry in the
definition of the g-value and in the uniaxial tension tests considered (namely that ©
remains invariant under all rotations about the tension axis, which lies in the plane of the
sheet metal), and (iii) the fact that the sheet metals in question have a distinguished
rolling direction (which is a two-fold axis of rotational symmetry), we cerive general
formulae relating the angular dependence of the g- value and of the uniaxial flow stress &
to w, which are valid up to terms linear in the texture coefficients Wiyn.

The formulae in question take a simpler form when the polycrystalline aggregate
and its constituting crystallites enjoy higher texture and crystal symmetry, respectively.

In what follows we present the formulae for the two most important cases in practice:

Orthorhombic Sheets of Cubic Crystallites

2410 V70 J
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where O,

1s0?

the flow stress for the corresponding isotropic sheet, satisfies the equation

g(R(e,.a)s R(e;, )" ,w,;) =C.




We have obtained terms up to / =22 in the formulae above but refrain from writing

them all down Pr want of space. Readers interested in more details should contact the
principal investigator.

Orthorhombic Sheets of Hexagonal Crystallites

q= ';““bl (O} Waoo +gW220 cos 20‘)
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\
+b3(O) Wego — 171{)? W0 €OS 20 "'@Wm cos4o + V231 Weq COS 605]
+by (O) Wy Z 171‘{)? Wy cOS 201 +i_1/_i W COS 400 + V231 Wee6 €OS 605}
+ terms involving W, = with[>7.

0=0,ta (Uiso)(Wzoo _\/6—W220 cos 20‘)
+a;(Ciso)] Waoo —%@ W 420 COS 20 +@ W 440 €OS 4a}
+a3{(Ci0 ) Weoo — m Wepo cos2a + W4 Weao cos 4o — ﬁ Wego cOS 6a]
+a,(00)] Weos ———@—g Wo6 €OS 20 + i\—/g—ﬁ— W4 cosdor— @ Wyee cOs 60 )

+ terms involving W, witheven/2>8.

Again, readers interested to see more terms in the two formulae above should contact the
principal investigator.

EXPERIMENTAL INVESTIGATIONS ON AN ALUMINUM ALLOY

The formulae given above will not be useful in practice unless we may truncate
them at a relatively small [ for a particular material in question. For instance, past
experience has indicated that for cold-rolled steel sheets we may truncate the formulae
above for cubic metals at / =4, but doing so will be inadequate for aluminum. At the
University of Kentucky we conducted measurements on a commercial AASxxx hot band
and its O-temper counterpart to check the adequacy of the above formulae when they are
truncated at [ =6
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here o, , the flow stress for the corresponding isotropic sheet, may change with strain
hardening,.

The textures of the two mother sheets (AAS5xxx hot band and O-temper) were
measured by X-ray diffraction. The relevant texture coefficients are reported in Table 1.
For each angle 6 of 0°, 15°, 30°, 45°, 60°, 75°, and 90°, two uniaxial tension test
specimens were cut from each mother sheet. Uniaxial tension tests were conducted on
these 28 specimens. In each test the specimen was pulled beyond yield to a certain strain
and then completely unloaded. The natural longitudinal strain €, and transverse strain €,
after the unloading were recorded, and the highest uniaxial stress o before the unloading
was taken as the flow stress corresponding to these plastic strains.

The test specimen was subsequently reloaded beyond yield to a higher strain and
then completely unloaded. The loading and unloading cycle was repeated until ¢,
reached about 5% for the hot band and about 10% for the O-temper specimens. For each
specimen, the g-value was found to be constant over the range of €, in question, whereas
o increased with €. As shown in Fig. 1, by taking b, =-9.2, b, =11.3 for the hot band
and b, =-20.9, b, =4.7 for the O-temper sheet, Eq. (3) fits the experimental data on the
g-value rather well. The same can be said of Eq. (4) and the flow stress o, where the
fittings in Fig. 2 pertain to o, = 266 MPa, a, =-367 MPa, a,= —529MPa for the hot
band, and o, =156 MPa, a, =971 MPa, a, =263 MPa for the O-temper sheet.

Table 1: Texture Coefficients of AASxxx Hot Band and O-Temper Samples

W400 W420 W440 W600 W620 W640 W660
HB | —0.0033 | —0.0025 | —0.0071 | —0.0048 | 0.0062 | —0.0032 | —0.0011
O | 0.0072 [ -0.0019 | 0.0022 | 0.0004 | 0.0007 | —0.0017 | 0.0004
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Figure 1. Plots of angular dependence of the g-value of an AASxxx aluminum alloy: (a)
hot band; (b) O-temper sheet.
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Figure 2. Plots of angular dependence of the uniaxial flow stress at 4% plastic
longitudinal strain for an AASxxx aluminum alloy: (a) hot band; (b) O-temper sheet.

Equations (3) and (4), with specific b, and a,, follow (cf. journal paper [6]) from a
cubic plastic potential f and yield function g proposed by Man. Our analysis of the

measurement data indicates that, at least for this cubic form of plastic potential and yield
function, f # g both for the AASxxx hot band and for its O-temper counterpart.




In summary, Egs. (3) and (4) were found to be adequate for describing the angular
dependence of the g-value and the flow stress anisotropy of the AASxxx alloy sheets in
question. The annealing treatment, which made an O-temper sheet out of the hot band,
drastically changed not only the crystallographic texture of the hot band, but also the
values of the parameters b;, a,, and o, in Egs. (3) and (4). While it is a common

assumption in the literature of metal plasticity that the yield function serves also as the
plastic potential, our study suggests that this assumption may not be valid for the strip-
cast AAS5xxx aluminum alloy in question, which is an interesting problem that merits
further investigation.

Contributions to Acoustoelasticity

The velocities of ultrasonic waves propagating in a material body are affected by
the stress present. This phenomenon is called the acoustoelastic effect. Conversely, the
possibility of using this effect as a means for nondestructive evaluation of stress gives the
impetus for the study of acoustoelasticity.

During the course of this project, we made several contributions to
acoustoelasticity, among which we single out the following two as the most significant:

e A constitutive relation pertaining to acoustoelasticity was formulated for
prestressed, orthorhombic aggregates of cubic crystallites. This constitutive
relation accounts for the effects of crystallographic texture explicitly and will
serve as the basis for all further work in acoustoelasticity for the class of
polycrystalline materials in question Cf. journal paper [2] listed in the Executive
Summary. °

e For vertically-heterogeneous, prestressed orthorhombic media where the principal
stress directions agree with the axes of orthorhombic material symmetry, a high-
frequency asymptotic formula was derived which relate the depth variations of
stress and texture to the dispersion of surface acoustic waves propagating in a
symmetry direction. Here the elastic medium in question is taken as occupying a
half-space. This theory and its further developments have an important potential
application in the nondestructive inspection of the thin layer of inhomogeneous
stress induced by surface enhancement techniques such as shot peening, laser
shock peening, and low plasticity burnishing. Cf. conference papers [5], [8] and
[13] listed in the Executive Summary.



