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Generally only the 4th order ODF coefficients are deduced from the observed elastic anisotropy of
textured polycrystalline materials with cubic/orthorhombic symmetry. In this study, a method is
described for the prediction of the 4th and 6th order ODF coefficients from the elastic properties of
cold rolled and annealed steel sheets of 5 different types. In order to link these properties with the
texture, the elastic energy method of Bunge (1974) is employed. By estimating the volume fractions of
the principal preferred orientations and their gaussian spreads, ODF coefficients of the 4th (C1, C2

and C,3) and 6th (C1, C2 and C4) orders can be successfully obtained. As a result, the planar
r-value distribution can be predicted more accurately than when only the 4th order coefficients are
employed.

KEY WORDS Elastic properties, cold rolled steel, ODF coefficients, volume fractions, on-line
prediction of r-value, elastic energy method

1. INTRODUCTION

It is of considerable industrial interest to develop on-line equipment and methods
for r-value prediction from ultrasonic measurements. This is one reason for the
evolution and improvement of the electromagnetic acoustic transducer (EMAT).
However, such equipment only leads to partial texture characterization, because
normally only three ODF coefficients (for 1 4) can be estimated from ultrasonic
velocities, while the number necessary for calculation of the plastic anisotropy
using the series expansion method is considerably higher. For example, in
textures of commercial steels, it is necessary to go to 10 or 12 for r-value
convergence to be obtained. It is also possible to assess the elastic properties
using Modul-R equipment (Mould and Johnson, 1973), but this method is not
nondestructive, and so cannot be used on-line. The latter was origi_nally
developed as an r-value sensor, using equations to correlate ?-value with E and
Ar with AE, where E is Young’s modulus and_ and A represent averaging and
planar anisotropy, respectively, defined by X= (Xo + 2X45 + X9o)/4 and AX=
(X0- 2X45 + X90)/2. The principles of this technique were clarified by Davies et
al. (1972) using the series expansion method.

Statistically exact solutions for Young’s modulus in polycrystalline materials
were described by KrOner (1958) for the case of random orientations, and by
Morris (1970) for generalized textures. These are most realistic, but too time
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consuming for on-line applications. A method for the second order approxima-
tion of Young’s modulus was proposed by Bunge (1974), which is based on the
minimization of elastic energy (referred to below as the elastic energy method).
This technique leads to a much narrower range of estimates than that defined by
the Voigt (1928) and Reuss (1929) assumptions, and displays good agreement
with Krtiner type calculations. Theoretically, twelve ODF coefficients up to 8
are necessary to perform the Young’s modulus calculation by this method.

In this study, the sensitivity of the elastic energy method to the values of the
higher order coefficients (l 6 and 8) is analyzed in some detail. The 4th order
coefficients are then calculated from the Young’s modulus data using the elastic
energy method. With the aid of estimated volume fractions of the principal
preferred orientations, some of the 6th order terms are obtained as well. It is
shown that the availability of these higher order coefficients can lead to more
accurate r-value predictions from acoustic measurements than when solely 4th
order coefficients are employed.

2. EXPERIMENTAL WORK

Eighteen commercial low carbon steel sheets of 5 different types were studied: i)
batch annealed Al-killed drawing quality (AKDQ) steel, ii) commercial grade
rimmed steel, iii) high strength low alloy (HSLA) steel, and iv) and v) two types
of interstitial free extra low carbon steel. In the first type of interstitial free steel
(IF1), the f-values fall in the range from 1.5 to 1.9 and the Ar’s of 0.2 to 0.4 are
less than those of the AKDQ steels. In the second type (IF2), the P-values are
above 2.0 and the Ar’s are still smaller, ranging from -0.2 to 0.2.
The values of Young’s modulus were measured at every 15 in the rolling plane
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Figure 1 Absolute values of the ODF coefficients up to =8 determined from the X-ray
measurements in the (a) AKDQ, (b) rimmed, (c) HSLA and (d) IF2 steels.
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using Modul-R equipment. This induces a resonant frequency in the sheet
specimen, from which Young’s modulus can be calculated directly. According to
Mould and Johnson (1973), the uncertainty in the Modul-R frequency measure-
ments is 0.07%, which corresponds to 0.14% for Young’s modulus.
ODF coefficients were then determined by means of X-ray measurements,

using standard techniques. Three of the steels were also analyzed using neutron
diffraction, which led to reasonably good agreement with the X-ray results. Some
examples of absolute values of the ODF coefficients up to 8 pertaining to each
type of steel are given in Figure 1 for the (a) AKDQ, (b) rimmed, (c) HSLA and
(d) IF2 steels. Here it can be seen that, excluding the 4th order coefficients, C
has the highest value, followed by C62, and that C4 only has a significant value in
the IF2 steel.

3. ELASTIC ENERGY METHOD

a. Fundamentals of the method

According to this method, proposed by Bunge (1974), the stresses tri(g), strains
ej(g) and stiffnesses Cij(g) pertaining to crystals of orientation g are given as the
sums of an orientation independent mean value (-) and an orientation dependent
fluctuation term (A) as follows:

a(g) O, + Aa,(g) (1)
e(g) + Ae(g) (2)

Ci](g) ij .4- ACij(g) (3)

The substitution of Eqs. (1) to (3) into Hooke’s law leads to

(4)

where f(g) is the orientation distribution function or ODF. Assuming that
Ae(g)= Bk(g):k and that the effective elastic constants t are defined by
Oi Cfi:, one obtains

(-, + fAci,(g)B,(g)f(g) dg (5)

The quantities Bkj(g) and hence the strains Aei(g) can be adjusted so as to
minimize the mean elastic energy;

E - Cii(g)ei(g)ei(g)f(g) dg min. (6)

The orientation dependent functions ACik(g) and Bk(g) can be developed into
a series of generalized spherical harmonics with cubic/orthorhombic symmetry.
Since products of the two 4th order generalized spherical harmonics associated
with ACik and Bkj are present, the effective elastic constants q can be
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represented as functions of the ODF coefficients, C", up to 8, as follows,

with

4

ii ii- 81’Ca a’(ik)a4O’(]t)F(v, v’) (7)
v,v’=0(2)

F(v, v’)=
1

{4, 4, 1, 11/; 1}c{4, 4, v, v’ll, n}rh
t=021 + 1 n=o+o’ Iv--v’l

lvl.lv’
4 -’4

X Cn- (8)
81

The coefficients a1"4 in Eq. (7) and both {4, 4, 1, 11/, 1}c for cubic symmetry
and {4, 4, v, v’il, n}rh for orthorhombic symmetry in Eq. (8) are all numerical
constants available in the original paper. Ca is the elastic anisotropy of a single

C C2- 2C44, where C are the single crystalcrystal defined by Ca= o o o o

stiffnesses. Similarly, by substituting the_compliances Si for_Cii, the effective
elastic constants Sg can be estimated. Ci in Eq. (7) and Se implicit in the
representation of Si correspond to the conventional Voigt and Reuss assump-
tions, respectively. Their calculation by conventional processes requires ODF
coefficients up to =4. In the elastic energy method, the stiffnesses and
compliances are "corrected" by a second order term containing the function
F(v, v’) in which the 4th, 6th and 8th orders appear.
The effective elastic constants , and their mathematical averages lead to

the planar distributions of Young’s modulus pertaining to the respective Voigt,
Reuss and Hill (1952) type solutions. It is a characteristic of the elastic energy
method that 12 independent ODF coefficients (3 for 4, 4 for 6 and 5 for

8) are necessary for the calculation of Young’s modulus, instead of only 3 for
the conventional approach.

b. Application of the method to the materials studied

The ODF coefficients up to 8 determined from the X-ray measurements were
first used to calculate the dependence of Young’s modulus on orientation in the
sheet. These calculations were carried out in six different ways. The first three
involved the use of the Voigt, Reuss and Hill assumptions in the classical way,
using only the 4th order coefficients. The last three were carried out by the elastic
energy method and thus employed twelve coefficients pertaining to the 4th, 6th
and 8th orders. Examples of the results obtained are given in Figure 2 for the (a)
AKDQ, (b) rimmed, (c) HSLA and (d) IF2 steels. The single crystal elastic
constants employed here are C1 230 GPa, C2 136 GPa and C4 116.5 GPa;
these were selected from a review of literature data for iron and mild steel
(Ledbetter and Reed, 1973).

It is of interest that the Voigt and Reuss elastic energy calculations define a
considerably narrower range than the classical one and that the Hill elastic energy
estimate leads to values which are very close to the experimental ones. Although
uncertainties in the single crystal elastic constants can affect the magnitude of
Young’s modulus (Daniel et al., 1988), it can nevertheless be concluded that the
Hill approximation combined with the elastic energy method leads to more
accurate predictions than the classical one. This is because, according to Bunge
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Figure 2 Planar distributions of Young’s modulus derived from the classical Voigt, Reuss and Hill
approximations and those based on the elastic energy method in the (a) AKDQ, (b) rimmed, (c)
HSLA and (d) IF2 steels.

(1974), this technique leads to close coincidence with the theoretically exact
Kr/Sner type solution for random orientations.

4. ESTIMATION OF 4TH AND 6TH ORDER ODF COEFFICIENTS

a. Contribution of higher order ODF coefficients to those of the 4th order

It is evident from Eqs. (7) and (8) that the 4th order coefficients play the most
important role in determining the values of the polycrystal stiffnesses and
compliances. However, the higher order coefficients can also affect the Young’s
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Table 1 Standard deviations of the 4th
order ODF coefficients calculated by the
elastic energy method in 18 steels

c c’? c c
A 0.40 0.11 0.25
B 0.39 0.09 0.13
C 0.40 0.11 0.14

A: 6th and 8th order ODF coefficients dis-
regarded.

B: 6th and 8th order ODF coefficients determined
from the X-ray measurements are used.

C: Only C determined from the X-ray measure-
ments is used.

modulus distribution if their values are sufficiently high. If their effects can be
characterized, the inverse operation can become possible; that is to say, ODF
coefficients of the 6th or even 8th order might be calculated from elastic data.
For this reason, an assessment was first made of the relative importance of the
four 6th order coefficients in the present materials using the X-ray data. In the
first calculation, case A in Table 1, the 4th order ODF coefficients were derived
from the Young’s modulus data for all 18 steels on the assumptions that the 6th
and 8th order coefficients are all zero. The standard deviations between the
coefficients derived on the basis of the elastic energy method and those
determined from the X-ray measurements are listed for each coefficient in the
table.
The results of this calculation can be compared with those of case B, in which

by contrast X-ray based values of the 6th and 8th order coefficients were
employed in the calculation. It can be seen that the error on C3 is now halved,
although those on C and C2 are only slightly reduced. This indicates that the
inclusion of the higher order coefficients can improve the accuracy of prediction
of the 4th order coefficients. (The large error on C may be due to the
uncertainties associated with the determination of both the single crystal elastic
constants as well as the X-ray based ODF coefficients.) Finally, in case C, the
calculations were repeated, but with only the C coefficient being taken into
account. This was justified in that it can be seen from Figure i that the largest
higher order coefficient is C1, the second largest is C2, and that the others are
all relatively small. From Table 1, it is evident that most of the improvement in
accuracy gained by including the higher order coefficients can be obtained from
the use of the C term alone.

b. Introduction of volume fraction and gaussian spread

The distribution of Young’s modulus in the rolling plane is given by the following
equation:

E(te)-1 $11 cos4 l’ + SEE sin4 te + ($44 + 1/2S12) sin2 (2c) (9)
This expression involves three independent variables corresponding to isotropic,
two-fold and four-fold symmetry terms. It is therefore mathematically impossible
to calculate four (or more) ODF coefficients from experimental Young’s modulus
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data using the elastic energy method without some additional information. The
present approach involves first estimating the three 4th order coefficients from the
experimental measurements. The values of the 4th order coefficients are then
used to decompose the texture into its main ideal orientations. The volume
fractions of the preferred orientations are used in turn to estimate the 4th and 6th
order coefficients.
The relation between the C411 and C611 coefficients derived from the X-ray

measurements is presented in Figure 3. Here it can be seen that, except for the
HSLA steels, all the results fall on a single line. Moreover, the equation of this
line is C1=(-5.94)/(-3.94)x C1, which figures represent the C and C41
coefficients of the {lll}(uvw) texture (see Table 2 below). The higher the
fraction of { 111} (uvw) present, the higher the absolute value of C1. In the case
of the HSLA steels, the results are affected by the presence of a {100} (uvw)
component, as indicated by the ODF, which gives values of about 4 and 8,
respectively, for {111}(011) and {100}(011). It can be shown that the addition
of a {lO0}(uvw) orientation to (lll}(uvw) displaces a given point in Figure 3
vertically downwards.
These observations suggest that C can be successfully estimated from

knowledge of the volume fractions of the main orientations, particularly those of
the {111} and {100} components. For this purpose, it was decided to consider the
following components: {lll}(uvw), {lO0}(uvw) and {llO}(uvw), which is a
third important type of orientation in cold rolled and annealed steel sheets. These
are widely separated in the inverse pole figure. From knowledge of the three 4th
order coefficients, the texture can be described quantitatively in terms of these
three ideal texture components. This leads to the resolution of the following
equation:

i=1

where n, V,.(g) and C’(g) are, respectively, the number of orientations g, their
individual volume fractions and their ODF coefficients.
The 4th and 6th order ODF coefficients pertaining to the principal preferred

orientations and for a gaussian spread of 10 are listed in Table 2. The
{211}(011) and {554}(225) components are included here as they will be
employed below for calculating C162 and C4. Since the 4th order coefficients do

-1

-3

-4

-5

-6 i I_- C611 (-5.94/-3.94)xC4 1_

-4 -3 -2 -1 0

C411

Figure 3 Relation between the values of C and C
determined from the X-ray measurements. Figures in the

11 11equation refer to the C6 and C4 coefficients pertaining
to the 111 (uvw) component (see Table 2).
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Table 2 4th and 6th order ODF coefficients of the principal ideal orientations for a gaussian spread of
10.

(100}(001) {100)(011) (110)(001) (110)(110) {211)(011) (554)(225) (111)(110) (111)(112)

C 5.90 5.90 1.48 1.48 1.48 -3.75 -3.94 -3.94

C 0 0 -6.60 6.60 -2.20 -1.36 0 0

C 4.99 -4.99 3.74 3.74 -2.91 0.94 0 0
11 -3.34 -3.34 5.43 5.43 -1.72 -5.28 -5.94 -5.94C?

C6 0 0 -3.02 3.02 6.39 1.04 0 0

C 8.84 -8.84 -5.52 -5.52 1.60 1.46 0 0

C 0 0 -4.49 4.49 4.15 -5.25 5.32 -5.32

not allow the particular ideal orientations forming the (111} fiber to be
distinguished, the { 111} (uvw) component, without specification of (uvw), was
one of the unknowns. For the {lO0}(uvw) and (110}(uvw) components, two
specific directions, (001) and (011), were selected. In this way, Eq. (10) was
solved for the four possible hypothetical cases based on the five components; that
is, the ones obtained by omitting in turn those containing the (001) and (011)
directions from the {100} and (110} components. In every case studied, only one
of the four descriptions gave a permissible solution for V corresponding to
volume fractions between 0% and 100%. From this solution, the amount of the
random component was defined as 100%- (V(111) + V(loo) + Vtll0)).

In order to give a realistic description of the texture, a gaussian spread 0 was
employed about each ideal orientation. The associated ODF coefficients were
obtained from the following relation (Bunge and Esling, 1982),

C
exp (-/202/4) exp (-(l + 1)2t02/4}

1 exp (-t02/4) ’ (11)

where ’ are the cubic/orthorhombic generalized spherical harmonics. To carry
out the calculation, a value has to be selected for to, which normally lies between
5 and 20. The three 4th order coefficients temporarily calculated from the
Young’s modulus data (neglecting the 6th and 8th order coefficients, as in case A
in Table 1), can be represented in Eq. (10) as functions of the volume fractions of
the three orientations and the gaussian spread. These are displayed in Figure 4

1oo

8o

6o

40

X-ray

random

random
{1.10} o/

{0o}., ....... (100}

----* {110}

10 20 30

gaussian spread (deg)

Figure 4 Effect of gaussian spread to on the
volume fractions of the 111} (uvw),
{110}(001) or (110), {100}(001} or (011) and
random components in an AKDQ steel calcu-
lated according to the present method. The
volume fractions determined from the X-ray
measurements are shown along the right
margin.
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for an AKDQ steel. The volume fractions determined from the ODF are shown
along the right hand edge of the figure for purposes of comparison. It is evident
that a gaussian spread of about 10 leads to good agreement between the volume
fractions calculated from the elastic data and those derived from the ODF.
Similar results were obtained for the other types of steel. For this reason, a
spread of 10 was adopted for all the calculations described below.

c. Estimating the 4th order ODF coefficients and C by the elastic energy method

On the basis of a 10 spread around the ideal components, the experimental
elastic data and the initial set of 4th order coefficients evaluated from the elastic
energy method, a first estimate was made of C61. The 4th order coefficients were
then recalculated by means of the elastic energy method using the derived value
of C (case C of Table 1). This cycle was repeated until a convergent solution
was obtained, generally in the second iteration.
The C1, C412, C3 and C coefficients obtained in this way are compared with

those determined from the X-ray measurements in Figure 5. The error bars
shown in the figures are associated with the uncertainties involved in the use of
the Modul-R and X-ray equipment. With regard to the 4th order coefficients,

-1

8unge and Roberts (1969)

-1 -.5 0 .5

0413 (X-ray)

(c)

0

-4

-6 -4 -2 0

C611 (X-ray)

(d)

Figare $ Comparison of the ODFc3efficientsC determined in this study and those measured by X-ray
methods: (a) C1, (b) C2, (c) and (d) C1. The symbol (C)) refers to values derived from
literature data on an AKDQ steel (Bunge and Roberts, 1969); here their Young’s modulus data were

converted into ODF coefficients as described in the text.
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only the C141 fit is shifted beyond the error ranges, although it remains
approximately parallel to the x =y line. This seems to be related to the
inaccuracies associated with the values of the single crystal elastic constants that
were used (Daniel et al., 1988). The standard deviations are almost equal to those
associated with condition B in Table 1, i.e. the most ideal case. Some scatter is
observed in Figure 5(d), so the correlation coefficient pertaining to C is 0.75.
This is mainly because of the presence of the minor orientations, which are
ignored in this calculation, together with a contribution from the inaccuracy of
the single crystal elastic constants. Literature data for Young’s modulus in an
AKDQ steel (Bunge and Roberts, 1969) were also used to calculate the ODF
coefficients in a similar manner. Their results are represented by the symbol (C))
in the figures, and are in good agreement with those obtained from the materials
used in this study.
A similar method of estimating the volume fractions of the three main

components from acoustoelastically obtained 4th order ODF coefficients has been
described by Hirao et al. (1988). However, their method does not lead to close
estimates of C1, probably because they did not take the gaussian spread into
account.

d. Estimating C2 by the elastic energy method

Other preferred orientations found in cold rolled and annealed steel sheets are
the {211} (011) and the {554} (225), the latter often appearing in IF steels. These
can contribute significantly to the values of the other 6th order coefficients (in
addition to C1). However, the unique solutions for the volume fractions of five
orientations ({lll}(uvw), {100}(001) or (011), {110}(001) or (110),
{211)(011) and {554}(225)) cannot be obtained through relations such as Eq.
(10) using four independent variables (the Ca, C2, C3 and C coefficients),
unless a suitable additional assumption is made.
The relation between the fraction of the random component and C1, as

determined from X-ray data, is shown in Figure 6. It should be noted that as the
absolute value of C141 increases, i.e. as the (111} component increases in intensity,
the random intensity decreases. Thus the random intensity can be estimated from
the value of C411. In the calculation described below, the random fraction was

6O

I 40

o
20

-4 -3 -2 -1 0

C4tt (X-ray)

Figure 6 Relation between volume fraction of the ran-
dom component and C4, both determined from the
X-ray measurements. The numbers in the circles were
adopted as the scale for random intensity for the present
calculations.
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assumed to have the value derived from this correlation. Then four versions of
Eq. (10) were solved corresponding to the decomposition of the four coefficients
in a manner analogous to that employed above in section 4.b. The fifth equation
which allows the resolution for the volume fractions V is:

V{111}(uvw) -[- V{loo)(uvw) -[- V{110)(uow) -[- V{554)(225) -[- V{112)(110) 100- Vrandom (12)
With the aid of Eq. (10), the values of C2 shown in Figure 7(a) were calculated

in this way. Although there is considerable scatter, a clear trend can nevertheless
be seen. A further result calculated from the Young’s modulus data of Bunge and
Roberts (1969) is included in the figure, and is in good agreement with that
derived from the X-ray measurements. With respect to C, the values deter-
mined from the X-ray data fell in a narrow range of values from -0.4 to -0.8.
Thus, no particular trend could be established for the present collection of steels.

e. Estimation of the C4 coefficient

We proceed finally to the calculation of C4. Here the C612 results were employed
and it was further assumed, as discussed later, that the volume fraction ratio of
the {111}(110) to the {111}(112) component is two. Needless to say, this change
does not affect the previous results. With the aid of the volume fractions of the
five components, the values of C4, displayed in Figure 7(b), were calculated
using Eq. (9). It can be seen that the agreement is relatively good for most of the
steels. Only the IF2 steels have significant (non-zero) values of the X-ray based
C4, as shown in Fig. 1. This trend is confirmed by the present calculation and can
be used for predictive purposes. The result derived from the literature (Bunge
and Roberts, 1969) falls in the same range as the present AKDQ steels. By
contrast, in the case of the IF2 steels, the calculated C4 values are considerably
lower than those derived from the X-ray data. This discrepancy seems to be again
linked to the use of values of the single crystal constants which are inappropriate
to these steels.

3

OBungeland Robe’s(1969) I

0 2 3 4
C612 (x-ray)

2
o Bunge and Roberts (1969)

’ 0
’l’errr bars X

-3 l,

-1.5 -1 -.5 0 .5

Cs14 (x-ray)

(a) (b)

Figure 7 Comparison of the 6th order coefficients derived in this study and those measured by
X-rays: (a) C2 and (b) C6TM. The symbol (O) refers to data on an AKDQ steel derived from the
literature (Bunge and Roberts, 1969). Legend for Figure 7b: (O)-AKDQ; (&)-rimmed; (x)-HSLA;
(B)-IF1; and ([3)-IF2 steels.
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Figure 8 Comparison of the volume fractions of {554}(225) and of the sum of {lll)(uvw) and
{554}(225) obtained from the C6TM calculations.

According to Table 2, the C4 coefficient is strongly affected by the presence of
the {554} (225) component. The calculated volume fractions of the ( 111} (uvw)
and {554)(225) components are displayed in Figure 8. The sheets with high
-values, such as the AKDQ and IF steels, reveal high volume fractions of the
sum of the {lll}(uvw) and {554)(225) components, as expected. Furthermore,
the IF2 steels, which have higher ?-values and very low Ar’s, have the highest
volume fractions of {554} (225).
These tendencies are qualitatively consistent with those deduced from the

X-ray based ODF’s. The intensities at w2 45 and cI)= 55, which correspond to
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181
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90

Figure 9 Comparison of f(g) along the ),-fiber and the skeleton line in the (a) AKDQ and (b) IF2
steels obtained from the X-ray data. These are displayed in the q’2 45 section.
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Locations of the skeleton lines in the (a) AKDQ and (b) IF2 steels of Figure 9.

the ),-fiber, are shown in Figure 9 for the (a) AKDQ and (b) IF2 steels. These
fiber intensities are compared with those along the so-called skeleton line in the
two figures. The locations of the skeleton lines along the gl axis are shown in
Figure 10. In the case of the AKDQ steel, the main orientation is {111}(011)
(wl 0 and 60, Figure 10a), so that f(g) of the ),-fiber and that of the skeleton
line are almost identical. By contrast, in the case of the IF2 steel (Figure 10b),
f(g) along the ),-fiber does not show any significant peaks, whereas f(g) along the
skeleton line is higher than that along the ),-fiber, especially near the {554}(225)
component (Wl 26 and 90).
As discussed above, a specific component of the {111} fiber cannot be

differentiated using the 4th order ODF coefficients together with C and C2 (see
Table 2). The C4, on the other hand, varies along the fiber, with a maximum at
{111}(110) and a minimum at {111}(112). As shown in Figure 9, f(g) values
near {111}(110) are about twice those in the vicinity of {111}(112). Even for
the IF2 steels, a similar trend can be expected, if overlapping due to the gaussian
spread between {111}(112) and {554}(225) is taken into account. This is why a
two-to-one volume fraction ratio for {111}(110)/(111}(112) was employed for
the calculation of the C4 coefficients.

5. APPLICATION TO r-VALUE PREDICTION USING ULTRASONIC
MEASUREMENTS

This study was expressed in terms of Young’s modulus, as it can be conveniently
evaluated, although in a destructive way. By contrast, the ultrasonic velocities can
be measured nondestructively, and are therefore more suitable for on-line
purposes. The theory of acoustoelasticity in unstressed anisotropic orthorhombic
polycrystalline materials has been reviewed by Sayers (1982) and Thompson et al.
(1986). Linear expressions linking the 4th order ODF coefficients and the
longitudinal or shear wave velocities were also developed by Sayers (1982), Lee et
al. (1987) and Thompson et al. (1987). These formulae are based on the constant
strain (Voigt) assumption. Similar expressions based on the Hill assumption were
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Figure 11 Planar r-value distributions calculated from the relaxed constraint model using: i) the
ODF coefficients of the 4th order (classical Hill assumption) and ii) the 4th and 6th order coefficients
determined in this study. These are compared with those measured experimentally by tensile testing in
the (a) AKDQ and (b) IF2 steels.

derived by Hirao et al. (1987). The comparison of the 4th order ODF coefficients
derived from ultrasonic velocities with those from Young’s modulus measure-
ments in the same steels has also led to good agreement (Daniel et al., 1988).
Thus, the method described here can be employed in the design of on-line
equipment for r-value prediction. Calculations of the present type take less than 2
minutes on an IBM/PC AT.
Once the 6th order ODF coefficients are predicted accurately, in addition to

those of the 4th order, more realistic calculations of plastic properties such as the
r-value and yield surface can be made. With the aid of the 4th and 6th order
ODF coefficients determined in this study, the planar r-value distributions in the
AKDQ and IF2 steels were calculated using a relaxed constraint model (Daniel,
1989). Here, the C4 coefficient employed was determined using a linear
regression between the calculated and X-ray based C164 values. These predictions
are compared in Figure 11 with those deduced from the 4th order coefficients
calculated from the classical Hill assumption and with the measurements made by
tensile testing. It is evident that the 4th order coefficients alone, which have been
widely employed for on-line r-value prediction from elastic information, lead to
deviations in r-value from the measured ones. Use of both the 4th and 6th order
coefficients, on the other hand, leads to considerably better r-value agreement.
This improvement in the fit probably occurs because the values of the ODF
coefficients over =8 as well as those of the higher order Taylor factor
coefficients of the series expansion are negligibly small. Another merit that arises
from the possibility of determining the 6th order coefficients, especially C4, from
ultrasonic measurements is that these can be used to predict six-fold earing
behavior during deep drawing.

6. CONCLUSIONS

A method of predicting the 6th order ODF coefficients from the elastic properties
of cold rolled steel sheets has been described. It was tested on 5 different types of
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steel and employed the elastic energy method together with estimates of the
volume fractions of the principal ideal orientations based on a gaussian type
decomposition of the texture.

In order to represent the planar distribution of Young’s modulus with the
elastic energy method, twelve ODF coefficients up to 8 are theoretically
required. The effect of the higher order coefficients on those of the 4th order
derived from Young’s modulus measurements was first evaluated. It is evident
that C plays the most important role for 4th order prediction. By assuming
volume fractions of the three main orientations together with a gaussian spread of
10, a first estimate can be made of C1. The incorporation of this value into the
calculations leads to more accurate 4th order ODF coefficients. This process can
be repeated until a stable solution is obtained. In this way, C can be deduced
from elastic measurements, in addition to those of the 4th order. Once the four
independent variables C1, C2, C3 and C are known, the other 6th order
coefficients can be estimated. This requires some knowledge of the approximate
volume fractions of the {554}(225), {211}(011) and random components. The
latter can be deduced from the value of C, leading to estimates of C2 and C4.

This method can be used to improve the accuracy of on-line equipment for
r-value prediction employing acoustoelastic measurements. It can also detect the
presence of six earing behavior, which is sometimes observed in interstitial free
steels. Such a result cannot be obtained from conventional elastic methods, which
only lead to the 4th order coefficients.
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