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1. Introduction 

Texture causes direction dependencies of the elastic properties. Hence, 
the ultrasonic wave velocities become direction dependent. The velocities of 
ultrasonic waves propagating through a textured material with orthorhom
bic symmetry can be described in terms of the elastic moduli and the 4th 

order expansion coefficients of the orientation distribution function ( ODF). 
It was in the years following 1982 when the elastic anisotropy caused by 
texture gained the interest of those researchers working in the field of ultra
sonic stress analysis. The objective of the investigations was the separation of 
the influence of texture on the ultrasonic quantities form those of the stress 
state. The IZFP activities started in 1984 when the equations published by 
Sayers [1] are used to study the influence of texture on the temperature 
dependence of ultrasonic velocities [2). First results showing the correlation 
between 4th order expansion coefficients, evaluated using ultrasonic velocity 
data, and the drawability parameters, characterizing the direction depen
dence of the plastic deformation of rolled sheets, are published in 1984 [3). 
Meanwhile different ultrasonic systems have been developed and introduced 
into industrial applications. 

2. Fundamentals 

2.1. Influence of texture on ultrasonic velocities 

Most structural rnaterials are polycrystalline aggregates and their ex
posure to plastic deformation and/ or heat treatment during manufacturing 
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14 E. SCHNEIDER and R. HERZER 

leads to the alignment of the single crystals relative to the forming geometry 
or the temperature gradient. This development of preferred orientation or 
texture is the main reason for the anisotropic behaviour of these materials. 
Electric, magnetic, elastic and plastic properties become direction dependent. 
This is desirable, for example, for transformer sheets in order to minimize 
the loss of energy during the magnetic hysteresis. Moreover, a certain texture 
is also needed in order to optimize the plastic deformation of rolled sheets 
during the deep drawing of e.g. automotive body parts or food and beverage 
cans. In other cases, especially designed thermal and/ or mechanical treat
ments are applied to yield components with isotropic properties. Industrial 
practice for characterizing texture is the measurement of X-ray pole figures 
from which the expansion coefficients of the orientation distribution function 
(ODF) are evaluated (4, 5]. 

The elastic anisotropy caused by texture influences the ultrasonic veloc
ities and is, in addition to the strain or stress state, another reason for the 
direction dependencies of the wave velocities. Both influences, the texture 
and the stress superimpose each other. In order to characterize texture the 
influence of the stress states on the velocities has to be separated or discrim
inated. 

In cubic materials (steels, aluminium-alloys) an orthotropic texture de
velops, for instance, during rolling. The texture is characterized by three 
orthogonal mirror planes. Because of the cubic crystal symmetry on the one 
hand, and the orthotropic texture symmetry on the other hand, in a first ap
proximation only the three fourth-order expansion coefficients CJ 1 , CJ2 and 
CJ3 need to be considered for texture description. The velocities of ultra
sonic shear and longitudinal waves, propagating through a stress free cubic 
material with orthotropic texture are (6]: 

2 [2 1 {{ ( 11 2 ~ 12 1 ~ 13)] PVRR = Cu- c --- - c4 - -v5C4 + -v35C4 
5 70 3 3 3 ' 

(2.1) 

2 [2 1 (7 ( 11 2 ~ 12 1 ~ 13)] 
PVww=Cu-C 5-7oV3 c4 +3v5C4 +3v35C4 ' (2.2) 

2 (2 1 {{ 8 11) PVNN = Cu - c - - - - - c4 
5 70 3 3 ' 

(2.3) 
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pv~N = C44+ c [ ~- ;0 A GcJ1 + ~V5cJ2)] = pv~w. (2.5) 

pv~R = C44+ c [ ~- ;0 A GcJ1
- ~V5cJ2)] = pv~N (2.6) 

The first subscript of the velocity vindicates the propagation direction, while 
the second one indicates the polarization direction of the ultrasonic wave. 
Since the rolling texture is orthotropic and frequently found in half products, 
this type of texture is chosen to describe the texture influence on ultrasonic 
velocities. R, W and N represent the rolling, transverse (width) and normal 
directions, respectively. C = Cu - C12 - 2C44 is the anisotropy factor, a 
measure of the elastic anisotropy of a single crystal. C u, C 14, C 44 are the 
single crystal elastic constants. CJ 1, CJ2 and CJ3 are the expansion coeffi
cients according to the Bunge notation. These expansion coefficients carry 
the texture information. The Roe notation is also often used, so that the 
following relationships can be helpful: 

(2.7) 

(2.8) 

(2.9) 

As can be seen from Eqs. (2.4), (2.5) and (2.6), the influence of texture on 
the shear wave velocities remains unchanged if the directions of propaga
tion and vibration are interchanged. The velocity of the longitudinal wave 
propagating along the normal direction depends only on one expansion coef
ficient (Eq. (2.3)). It follows from Eqs. (2.5) and (2.6) that combined use of 
shear wave velocities yield also relationships with one expansion coefficient 
only: 

(2.10) 

(2.11) 
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16 E. SCHNEIDER and R. HERZER 

and from Eqs. (2.3) and (2.10) the following relationship, which is indepen
dent of texture: 

(2.12) 

Out of the numerous possibilities of determining the expansion coeffi
cients from Eqs. (2.1 )-(2.6) those which fit best the requirement of low error 
propagation are [3): 

en- 210~3 (2 - (C 2C ) v~R + V~w ) 
4 - 8C 7 J.t 11 + 44 2 + 2 + 2 ' 

VNR VNW VNN 
(2.13) 

(2.14) 

(2.15) 

(2.16) 

c13 = 210j.t !! (1 - 2 cos2 e) -2 
4 32V35C V 7 

. 
(

1 - 6 
(1 - 2 cos2 0)2 

VSHO(O) - VSHO(O) ) 
1-1 . (2.17) 

cos2 (} sin2 
(} VsHo(O) 

Here VSHO is the velocity of a shear wave (shear horizontal) propagating 
through the rolled product along directions with a given angle to the rolling 
direction. 

Of course, the elastic anisotropy of a single crystal has the strongest 
influence on the direction dependence of the ultrasonic velocities. Table 1 
gives the equations for ultrasonic velocities propagating through a material 
with cubic symmetry. 

The (quasi) isotropic polycrystalline material characterizes the other ex
treme situation. There is no direction dependence of ultrasonic wave ve
locities. ·The three fourth-order expansion coefficients CJ1, CJ2 and CJ3 in 
Eqs. (2.1 )-(2.6) are zero; the ultrasonic velocities are: 

2 c 
P'VL = Cu- 25 , (2.18) 

2 c 
P'Vr = Cn + 5' (2.19) 
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TABLE 1. Longitudinal and shear wave velocities propagating through a single 
crystal with cubic symmetry along the principal directions. The subscripts of the 
shear wave velocities give the direction of wave vibration. The column gives the 
direction of propagation. 

Direction Longitudinal wave Shear wave 

(100] 2 = Cn pv~OlOj = C44 pv 
pv~OOlj = C44 

17 

(110] pv
2 = Cu-~(Cu-C12-2c44) 

pvlli:OJ = C44 + ~ ( Cu - C12- 2C44) 

pV~QOlj = C44 

(111] pv
2 = Cn- ~ ( Cn-Cl2 -2C44) 

pv(uiJ = C44 + ~ ( Cu - C12 - 2C44) 

3 
pv(IIIJ = C44 + ~ ( Cu - C12- 2C44) 

The equations (2.18) and (2.19) describe the longitudinal wave (vL) and shear 
wave ( vr) velocities in terms of the density p and the single crystal elastic 
constants according to Voigt notation (7]. The equations most often used in 
characterization of ultrasonic materials are as follows: 

2 
PVT = J-L, 

where A and J-L are the material dependent Lame constants. 

2.2. Determination of the principal axis of texture 

(2.20) 

(2.21) 

The basic equations (2.1 )-(2.6), describing the influence of texture on 
the ultrasonic velocities, presume that the ultrasonic waves propagate and 
vibrate along principal axes of texture. For the ultrasonic texture analysis on 
components it is also assumed that the principal axes of residual or load stress 
coincide with the principal axis of texture. Fortunately, the rolling direction 
of rolled product as one of the principal texture directions . is often known. In 
other practical cases the determination of the principal axis of texture is the 
first step to take for the ultrasonic texture characterization. 

The use of the ultrasonic birefringence of linearly polarized shear waves is 
straightforward for that purpose. A linearly polarized shear wave, propagat
ing through the thickness is reflected at the opposite surface of the plate and 
a backwall echo is received. Multiple thickness propagations yield a backwall 
echo sequence. 
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18 E. SCHNEIDER and R . HERZER 

Thrning the probe, that is also turning the direction of vibration with re
spect to the two principal directions of the plane, the backwall echo sequence 
shown in the upper part of Fig. 1 can only be received if the direction of po
larization coincides with a principal axis. In the case of coincidences of both, 
the direction of polarization and one of the principal directions, the linearly 
polarized shear wave keeps its linear polarization. The amplitudes decrease 
due to attenuation effects. In case of no coincidence of both directions, the 
shear wave vibrates elliptically. The elliptical vibration can be described in 
terms of the superposition of two wave components, each vibrating parallel 
to the principal axis. The shape of the ellipse depends on the angle between 
the incident polarization direction and the principal axis as well as on the 
difference of the velocities of the wave components. 

Time of Flight 

Time of Flight 

FIGURE 1. Ultrasonic Back Wall Echo Sequence. Vibration direction of incident 
shear wave parallel (top) and under 45° (bottom) to principal texture axes. 

If the angle between the incident vibration direction and the principal 
axis is 45°, a backwall echo sequence appears as shown in the lower part 
of Fig. 1. The two wave components of the incident wave have not only the 
same frequency but approximately about the same amplitudes. The different 
velocities of the two wave components cause a phase shift between the compo
nents which increases with the ultrasonic path. If this phase shift reaches 1/2 
ultrasonic wavelength, a destructive interference occurs. 
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Thrning the ultrasonic probe with known polarization direction, the direc
tion is found under which the destructive interference appears. The principal 
axes are under ±45° to a certain polarization direction. By adjusting the 
vibration direction of the incident wave parallel to each of the principle axes, 
the extreme values of the ultrasonic velocity or time-of-flight confirm these 
directions [8]. 

2.3. Characterization of plastic anisotropy 

From the point of view of applications, it is most often not the texture 
by itself which is of interest, but its consequence, the plastic anisotropy. The 
plastic anisotropy determines the deep drawability of rolled products. For 
the characterization of the deep drawing properties the Lankford-parameter, 
also called r-value, is widely used [9]. This value is determined in a tensile 
test where the changes of thickness d and width b of a strip is measured after 
a plastic deformation of at least 20%. The r-value is evaluated according to 
the relationship 

ln( bo/bc:) 
r= . 

ln( do/ de:) 
(2.22) 

The subscript 0 designates the initial, and the subscript c the final state 
of deformation. The quantity q has also found widespread application. It is 
defined by: 

r 
q=r+1. (2.23) 

The deep drawability and the effect of earing, respectively, are character
ized by the two values rm and ~r [10] : 

1 
Tm = 4 [r(0°) + 2r(45°) + r(90°)], (2 .24) 

1 
~r = 2 [r(0°) - 2r( 45°) + r(90°) J. (2 .25) 

They are determined according to Eq. (2.22) using strips cut at 0°, 45° and 
90° to the rolling direction. 

Investigations using a large number of low-carbon steel sheets confirmed 
linear correlations between Em and rm and ~E and ~r, respectively [11]. 
Em and ~E are evaluated according to the Eqs . (2.24) and (2.25) as: 

Em=~ [E(0°) + 2E(45°) + E(90°)], 

~E = ~ [E(0°)- -2E(45°) + E(90°)]. 

(2.26) 

(2 .27) 
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20 E. SCHNEIDER and R. HERZER 

The linear correlations between the fourth-order expansion coefficients and 
the plastic anisotropy parameters rm and ~r result from empirical relation
ships between the r-value and the Young's modulus on the one hand and 
the theoretical relationship between Young's modulus and the fourth-order 
expansion coefficients on the other hand. 

The theoretical relationship between the fourth-order expansion coeffi
cients and the Young's modulus E is described by Bunge [12). This relation
ship states that Young's modulus E measured in a certain direction to the 
rolling direction, described by the angle (), can be written as 

(2.28) 

Here Er is the average mean value of Young's modulus, and E1, E2 and E3 
are constants characterizing the single crystal elastic constants. The direction 
dependence of the Young's modulus E of textured steel sample was investi
gated in [13]. Using the single crystal elastic constants and the fourth-order 
expansion coefficients (calculated from X-ray pole figures) the polycrystalline 
elastic constants were calculated according to Reuss, Voigt and Hill models . 

It follows from the calculation of E(0°), E(45°) and E(90°) according to 
Eq. (2.28) and from the calculation of Em and ~E according to Eqs. (2.26) 
and (2.27) that there is a linear correlation between CJ 1 and Em on the one 
hand and CJ3 and ~E on the other hand. As mentioned above, there are 
correlations between Em and r 711 and ~E and ~r, respectively. 

Thus , by determining the expansion coefficients of the fourth-order, ul
trasonic techniques offer a possibility to determine parameters which char
acterize the plastic anisotropy of rolled sheets . 

It is often sufficient to measure the direction dependence of the Young
modulus : a large number of established techniques to characterize the drawa
bility belmviour take advantage of Eqs . (2.26) and (2.27). They correlate ex
perimentally evaluated values of Em and ~E with r711 and ~r. The techniques 
differ only in the way of evaluation of the E-modulus. 

Since the ultrasonic velocity depends on the elastic properties of the mate
rial, the measurement of the direction dependence of the velocity also enables 
the characterization of the drawability. 

As can be seen from Eq. (2.28), the fourth-order expansion coefficient CJ2 

and the coefficient CJ3 are connected with the two fold symmetry (cos 2()) and 
the four fold symmetry (cos 4()) of the angle dependence of E( ()) , respectively. 
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2.4. Characterization of mechanical properties influenced by tex
ture 

Ultrasonic velocities are determined by the density and elastic properties 
of the material. The elastic and elastic/plastic properties of a material or of a 
component are influenced by numerous structural elements like grains, grain 
boundaries, second phases, precipitates, pores, dislocations, interstitials, va
cancies etc. The same structural elements, as well as the rolling and the heat 
treatment conditions, determine the development and the degree or strength 
of the texture. 

Hence it is meaningful to investigate the possibility to evaluate the me
chanical properties characterized by the yield strength Rp0.2 and the ulti
mate yield strength Rm by the measurement of the direction dependence of 
ultrasonic velocities or times-of-flight. 

3. Measuring set-ups and sensors 

Since the ultrasonic texture analysis is based on the evaluation of the 
ultrasonic velocities and their direction dependence, the set-ups and sensors 
are identical with those used for ultrasonic stress analysis, as they are de
scribed in [14, 15]. Set-ups to measure the ultrasonic time-of-flight with a 
relative accuracy better than 0.01% are available on the market. A large va
riety of sensors are also available. They have to be selected for each case of 
application, depending on the geometry of the component and on the most 
suitable combination of the evaluation equations, given before. 

The use of electromagnetic transducers (EMATs) is of particularly ad
vantageous since they do not need a coupling medium. By the superposition 
of magnetic and electric fields, shear waves are generated in the material. 
The manipulation of EMATs is simplified since they allow a gap between 
the surface of the component and the sensor. However, the surface of rolled 
sheets should not be scratched [16, 17, 18). 

The sensor shown in the left part of Fig. 2 generates and receives shear 
horizontal waves (SH-waves). The sensor is designed for in line texture analy
sis and evaluation of drawability parameters on moved strips. The ultrasonic 
frequency is 400kHz, the wavelength is 8 mm, the receiver-receiver distance 
is 80 mm. The sensor enables measurements with an air gap between the 
sensor and the surface of the ferritic steel strip of about 2 mm. Similar sen
sors are also built for the texture analysis on Al rolled products. The sensor 
shown in the left part of the figure is a EMAT also. It generates and receives 
a linearly polarized shear wave with a centre frequency of about 2 MHz. The 
size of the aperture is about 15 mm x 15 mm. 
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22 E. SCHNEIDER and R. HERZER 

FIGURE 2. Ultrasonic sensor containing three electromagnetic ultrasonic trans
ducers (EMATs) for texture analysis on moved strips (left). There are one trans
mitting and two receiving EMATs. EMAT sensor for linearly polarized shear wave 
with normal incidence (right) . 

An ultrasonic set-up for automated analysis of texture is shown on the 
left side of Fig. 3. The set-up uses a linearly polarized, normal incident shear 
wave and measures the ultrasonic time-of-flight as function of the polariza
tion direction with respect to the rolling direction. The relative change of 
the time-of-flight is a direct measure for the size of the elastic anisotropy 
caused by texture and the shape of the measured curve gives information on 
the sharpness of the texture. The right side of the figure shows an ultrasonic 
set-up for stress and texture analysis. The set-up enables to use both elec
tromagnetic and piezoelectric transducers . It measures the time-of-flight and 

FIGURE 3. Ultrasonic set-up for automated texture analysis at different posi
tions along a rolled part (left) and ultrasonic device for stress and texture analy
sis (right). 
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evaluates the state and the property using stored material dependent data 
and appropriate equations or correlation functions. 

4. Results of ultrasonic characterization of texture and prop
erties 

4.1. Characterization of texture 

The characterization of the texture in terms of the fourth-order expan
sion coefficients according to Eqs. (2.1 )-(2.6) can only be done if the samples 
shape enables the wave propagation along the principal axes of the texture. 
Comparisons of the expansion coefficients evaluated using the X-ray pole fig
ures and using sound velocity data show reasonable agreements [6]. It has be 
taken into consideration that X-ray diffraction analyses a surface near layer 
of some ten micrometers whereas the ultrasonic waves cover either a surface 
layer of some millimeters or the whole thickness of the sample. Using ultra
sonic microscopy techniques, the analysis of thin surface layers is of course 
possible, but this technique has not yet been used for texture analysis. The 
direction dependent values of the E modulus of a textured steel plate are 
calculated and a good agreement is found with the modulus evaluated using 
the ultrasonic velocities [13]. 

However, the use of ultrasonic waves to determine the texture is rather 
limited since the fourth-order expansion coefficients only can be evaluated 
using ultrasonics . The X-ray technique enables the evaluation of higher order 
coefficients as well. Higher-order expansion coefficients are needed to model 
the plastic deformation. 

The advantage of the ultrasonic technique is the fast qualitative charac
terization of the texture. The relative change of ultrasonic velocities or, in 
case the ultrasonic path length remains unchanged, the ultrasonic times-of
flight with the change of the propagation or vibration direction with respect 
to the texture axes is a direct measure for the strength of the texture. 

Applying a linearly polarized shear wave propagating through the thick
ness of a rolled plate enables the characterization of the texture and visu
alization of the two fold texture symmetry. The left part of Fig. 4 displays 
the relative change of the time-of-flight versus the direction of polarization. 
0° corresponds with the vibration direction parallel to the rolling direction. 

The application of SH wave results in the visualization of the fourfold 
texture symmetry. The SH wave propagates between transmitting and re
ceiving EMAT transducers in the plane of the rolled sheet and vibrates in 
the direction perpendicular to the propagation direction. If the propagation 
occurs along the rolling direction, the vibration is along the width direction 
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180 180 

FIGURE 4. Relative change of the time-of-flight of shear wave propagating through 
the thickness of rolled plates versus the direction of polarization. 0° corresponds 
to the vibration direction parallel to the rolling direction (left). Relative change of 
the time-of-flight of SH wave versus the direction of propagation. 0° means that 
the propagation is along the rolling direction (right). The figure shows results for 
two rolled plates with differently developed texture. 

and vice versa. As can be seen from Eqs. (2.4)-(2.6) the influence of rolling 
texture on the shear wave velocity remains unchanged if the directions of 
polarization and vibration are interchanged. 

The right part of Fig. 4 shows the relative change of the time-of-flight of 
SH wave versus the direction of propagation. 0° means that the propagation 
direction is along the rolling direction. The figure shows two results found 
using two rolled plates with differently developed texture. 

As can be seen from Eq. (2.28) E( 8) = Er + E1 CJ1 + E2CJ2 cos 28 
+ E3Cl3 cos 48, the twofold and fourfold symmetry are related to the ex
pansion coefficients CJ2 and CJ3 , respectively. Hence, the application of SH 
wave gives information on the expansion coefficient CJ3 and ~r and the 
application of a shear wave gives information on CJ2 (see Section 4.2). 

In some cases of application the following procedure is helpful. Using 
the single crystal elastic constants the velocities of longitudinal and shear 
waves propagating along the particular direction can be evaluated. The left 
part of Fig. 5 shows the velocities triangle for Fe and Al single crystal. The 
higher degree of isotropy of the Al single crystal compared with the Fe data 
is clearly seen. In some materials and alloys the texture changes with slight 
changes of the heat treatment conditions. As a result, the point given by the 
longitudinal and shear wave velocity is closer to the direction pole [111] if 
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FIGURE 5. Orientation of the velocities of longitudinal and shear wave propa
gating along the given direction of a Fe and Al single crystal (left). Results of an 
investigation using rolled Ta plates (right). 
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most of grains of the polycrystalline material have their [ 111] direction along 
the propagation direction of the waves. 

The right part of the figure shows results of the characterization of the tex
ture of Ta plates. In that particular application, the thickness of the plates 
was identical, hence the measurement of the ultrasonic time-of-flight was 
sufficient. The waves propagate through the thickness. The position of the 
measured data correlates with the direction dependence of the plastic defor
mation of rolled Ta plates. 

4.2. Evaluation of drawability parameters 

The non destructive characterization of the drawability of rolled products 
is of industrial interest. In order to confirm the correlations, as described 
in Section 2.3, numerous experimental investigations have been made. As 
shown in Fig. 6 the estimated correlations are experimentally confirmed. In 
Fig. 7 the result of the on-line-evaluation of the drawability parameters using 
ultrasonic technique are to be seen. The strip moved with the velocity of 
about 120 m/min [19]. 

As can be concluded from Fig. 4 and from the fundamental Eqs. (2.11) and 
(2.26)-(2.28), the relative change of the velocity or time-of-flight of SH wave 
propagating along the rolling direction and under 45° to it carries the texture 

- information. Hence, it is sufficient to use this ultrasonic quantity in order 
to evaluate the drawability parameter D.r and experimentally established 
correlations as the one shown in Fig. 8. 
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FIGURE 6. Correlation between the fourth-order expansion coefficients Cl 1 
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, evaluated using ultrasonic velocity data and the drawability parame
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FIGURE 7. Drawability parameters evaluated on-line on the moving strip us
ing ultrasonic technique and the results of the established destructive technique 
(points) [19). 
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Figure 9 illustrates on its left side the relative change of the SH wave 
time-of-flight versus the direction of propagation in rolled Al sheets. That 
particular result shows no significant difference between the texture influ
ence measured in the middle of the width of the rolled strip or close to its 
edge. In the right side of the figure , the good correlation between the ultra-
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FIGURE 8. Correlation between the relative change of time-of-flight of SH wave 
propagating along the rolling direction and under 45° to it and the drawability 
parameter flr of different grades of steel sheets. 
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of propagation in rolled Al sheets (left) and the correlation between the relative 
change of time of flight with the earing parameter (right). 
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sonic quantity and the earing parameter demonstrates the applicability of 
the technique for rolled Al products (20). 

4.3. Evaluation of yield strength 

Influence of microstructural elements on the elastic behaviour and hence 
on the ultrasonic velocities is small. In order to optimize the sensitivity and 
the measuring accuracy, it is avoided to evaluate the absolute values of the 
velocities of ultrasonic waves. The ultrasonic time-of-flight can be measured 
with an accuracy better than 1 in 104 ; the measurement of the ultrasonic 
path length or the components thickness with a similar accuracy is at least 
very time consuming and often difficult to perforn1 on components. In order 
to get quantities, independent of the thickness of the component under test, 
the following two techniques are found to be very suitable: 

1. The evaluation of the relative difference of the time-of-flight (tR -
tw )/tw [%] of two shear waves propagating through the thickness with 
polarizations parallel (R) and perpendicular (W) to the rolling direc
tion of the material. The relative difference is a measure of the elastic 
anisotropy caused by texture. It is expected that this quantity corre
lates with the elastic and elastic/plastic properties of materials and 
cmnponents with a strongly developed texture. 

2. The evaluation of the time-of-flight of the shear wave polarized paral
lelly to the rolling direction, related to the time-of-flight of the longi
tudinal wave, propagating along the thickness (tR/tLong) results in the 
relationship ( (.A+ 2J.-L) / J.-L) 112 of the second-order elastic constants of the 
material. It is expected that this relationship correlates with properties 
in a general manner. 

The measurements were performed using a 5 MHz longitudinal probe and 
a 2 MHz EMAT probe for linearly polarized shear waves. The time-of-flight 
was automatically measured using the IZFP prototype system. Along the 
measuring trace ten measuring points were taken. The times-of-flight of the 
two shear waves and the longitudinal wave propagating at the same measur
ing point were used to calculate the above mentioned quantities. 

The results are shown in Figs. 10-14 together with the error bars if known. 
The shown values of the ultrasonic quantities are the mean values of ten 
measurements at different positions of the particular steel sarnple. Up to 
now, there are only useful correlations found for materials with a strongly 
developed texture. 

The elastic anisotropy, characterized by the relative difference of time-of
flight (tn- tw )/tw [%] is found to be very significant in the thermomechan-
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ically rolled (TM) plates and to a lower degree in the rolled and annealed 
(NE) plates, also. 

As expected, there are correlations between the elastic anisotropy, char
acterized by ultrasonic quantities, and the technological data of the tested 
steel grades. 

The values of the Charpy Notch Test of the samples of both steel grades 
cannot be approximated by one correlation line (Fig. 17); it seems to be 
possible to correlate the data for each individual steel grade in an acceptable 
way. 

The accuracy of the relative difference of the time-of-flight (tR- tw )/tw 
is better than ±0.02%, the accuracy of the values tR/tLong is better than 
±0.005 . The achievable accuracy of the Rp0.2 and Rm values using the cor
relations as found is mainly determined by the accuracy of the Rp0.2 and 
Rm values, evaluated by established tensile test experiments. 

5. Summary 

The state of IZFP developments is presented. A short review of the ul
trasonic background is given and the sensors and the measuring set-ups are 
shown. The results of different cases of laboratory and in field applications 
are described. 
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Texture causes direction dependencies of the elastic properties. Hence, 
the ultrasonic wave velocities become direction dependent. The velocities 
of ultrasonic waves propagating a textured material with the orthorhombic 
symmetry can be described in terms of the elastic moduli and the fourth
order expansion coefficients of the orientation distribution function (ODF). 

Measuring the ultrasonic velocities as a function of the ultrasonic propa
gation and vibration directions with respect to the texture axes, the fourth
order expansion coefficients are evaluated. 

Applying a linearly polarized shear wave, the principal symmetry axes of 
the texture are determined and by measuring the ultrasonic time-of-flight as 
function of the polarization direction, the two axial symmetry of the texture 
is characterized. Measurements of the time of flight of SH wave as a function 
of the propagation direction enable the characterization of the four axial 
symmetry of the texture. 

The texture in steel sheets and plates, in rolled Al products and in Ta 
samples is determined by the mentioned measurements. 

Using correlations between the elastic anisotropy, evaluated in terms of 
the direction dependent change of the ultrasonic velocities or times-of-flight, 
the drawability parameters of cold rolled ferritic and austenitic steel strips 
are evaluated as well as the earing parameters of hot rolled aluminium sheets. 

Fast and easy to apply ultrasonic measurements are seen as a substan
tial support to efforts of optimization of rolling process and heat treatment 
and to control the recrystallization, the development of the texture and the 
drawability. 

Since the elastic and anelastic properties of a single crystal are direction 
dependent, and since the texture characterizes the non statistical orientation 
of the single crystals in a polycrystalline metal, it is possible to find correla
tions between material properties like, e.g. the yield strength and the texture 
dependent ultrasonic quantities. 
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