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Abstract. Nondestructive determination of textural quantities in steel sheets is 
presently time consuming and takes a high technical effort. A characterization of 
textures within production lines is presently not possible, because the necessary 
measurement methods and tools are not feasible. Direction dependent influences of 
crystal orientation on signals of nondestructive methods like electromagnetic or 
ultrasonic testing are well known and should be suitable to determine specific 
features of an expected texture. This presentation will show some promising results 
detected by NDT methods to identify the type and order of a texture within a steel 
sheet in lab and an outlook for implementation in production lines.  
 To determine the influence of textures on micro magnetic or ultrasonic data, 
samples of cold rolled IF steel were examined. Different types of textures were 
adjusted by rolling and annealing and their texture determined as a reference by 
conventionally methods like XRD. The NDT methods applied were used in a first 
step to identify and to determine qualitatively measurable features of the given 
textures. Electromagnetic data were gained by the 3MA method, from ultrasound 
speed and attenuation of longitudinal and transversal waves. 
 The examinations showed correlations between the ultrasonic speed of the 
longitudinal and transversal waves to the grain orientation. From the 
electromagnetic data permeability and distortion showed an appropriate consistency 
with direction dependent properties related to the texture. Using this NDT 
information the different texture states were discernible and could be well separated. 
These NDT methods offer the opportunity to verify the presence of a specific type of 
texture and to estimate their degree of order. If only a few characteristic types of 
texture are expected, these methods can be used within a production line to verify 
and estimate the texture state after heat treatment. To find a direct relation of the 
NDT results to a detailed description of the texture as given in ODF or pole figures 
further examinations are necessary. 

Introduction  
The influence of process conditions on the production of ULC-steel grades [1] on 

texture and forming capabilities, characterized by the Lankford or r-value and cupping test 
was reported already in 1995 [2]. An influence of direction dependent material properties 
on quantities measured by nondestructive (NDT) methods was also well known and applied 
for the characterization of the material parameters and anisotropic properties, but lacking at 
that time of necessary signal capture and data processing facilities. In this examination it 
had to be found out whether NDT methods can be used in the determination of textural 
quantities on samples and later on in production lines for process control. Ultrasonic and 
electromagnetic methods were used for direction dependent capture of characteristic data 
that could allow the verification of an intended textural state without destructive testing.  
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Sample Preparation 

The adjustment of sharp textures (e.g. gamma fibre) is important in deep drawing of 
steel sheets. Examinations were carried out at cold strip taken as rolled from the cold 
rolling mill (Sample WH). Cold rolled material (IF steel grade DX56D+Z) was annealed 
with two different annealing cycles (samples V1, V2) in the annealing simulator. 
Additionally a sample from deliverable steel sheet was taken at the end of the galvanizing 
line (Sample FV). The ready produced material was finally skin passed with 0.9%. 

For the examinations it was convenient to take a material of 1.66 mm thickness, 
rather unusual for most deep drawing operations, but more appropriate to the NDT methods 
applied. The annealing cycles were carried out for the first sample in a way similar to the 
annealing cycles in the hot dip galvanizing line (V1). Calculated from the strip speed in the 
line and the length of the oven sections a time temperature diagram was set up for the 
annealing simulator. V2 was annealed with a time-temperature cycle known to generate 
sharp textures and a high amount of gamma fibre. The samples V1 and V2 were not skin 
passed after annealing to minimize the influence of the dislocations on the X-ray diffraction 
(XRD) and NDT examinations.  

Examination methods 

Texture determination 

The texture was determined at samples from the annealed sheets with XRD (Bruker 
D8 Advance, area detector, Fe- Kα) after electrochemically preparation. To characterize the 
texture the orientation density functions (ODF) were calculated from three measured pole 
figures using MTEX [8]. Additionally the r-values and direction dependent elastic moduli 
calculated from the ODF were used for the characterization of the material and the 
simulation in advance. 

Ultrasonic Methods 

The determination of material properties can be carried out by ultrasonic waves, 
because they pass the complete volume of the sample and interact with the elastic constants 
of the material. Important sound quantities are speed and attenuation and their dependence 
from frequency. Direction dependent properties caused by textures show up especially in 
the propagation of shear (transversal) waves where the amplitudes are perpendicular to the 
direction of propagation. Besides these also longitudinal or pressure sound waves were 
used to determine texture properties, especially in normal direction (ND) of the sample. The 
connection between wave propagation, elastic constants and ODF are given in literature [3]. 

Transversal waves were generated with a standard probe head with a frequency of 
4MHz and an angle to the ND of the sample of 35°. Normally the sound speed is 
determined by measuring time of flight of the wave tracks. In case of material with a 
thickness comparable to the wavelength a different method can be applied. In thin material 
the reflected waves superimpose and propagate only if the thickness is a whole-numbered 
multiple of half of the wavelength. A frequency analysis with FFT gives characteristic sets 
of resonance frequencies. 

The bandwidth of the receiving specimen determines the vibration modes to be 
analyzed. From the resonances the sound speed can be gained. Measurement of ultrasound 
speed of shear waves was performed at all samples direction dependent in steps of 15° from 
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the rolling direction (RD, 0°) to the transverse direction (TD, 90°). The data were recorded 
with an oscilloscope and the spectra calculated with FFT.  

To determine the temporal changes in the spectra and the frequency dependent 
attenuation, the capture interval for the FFT spectra was shifted from a fixed start position 
in steps of 100ns through the signal to higher times [4].  

Longitudinal ultrasonic waves were sent through the samples in ND. Resonance 
frequencies and the resulting sound speeds were determined as in the case of transversal 
waves. The spectra have no directional dependencies but a strong textural component can 
lead to different sound speeds in ordered and randomly ordered material parts and therefore 
to frequency shifts, that can be quantified in the spectra. 

Electromagnetic methods, 3MA 

The 3MA micro magnetic measuring device covers 4 different magnetic methods, 
namely harmonic analysis, Barkhausen noise, differential permeability and eddy current 
analysis. Magnetisation of the sample is performed by a magnetic yoke with an iron core, 
where the magnetic flux is closed by the sample material. Due to the directed magnetisation 
between the poles, direction dependent measurements are feasible. A detailed description of 
the method can be found elsewhere [7]. Some of the 3MA measuring methods devices are 
sensitive to residual stresses, so only some of them were compared to textural quantities. 

Measurements 

Ultrasonic Measurements 

Fig. 1 shows the normalized spectra of the samples recorded under different angles 
to the RD. The spectra of the single sample states are varying in shape. All spectra of the 
cold rolled sample (WH) show a number of superimposed frequency maxima with different 
shape, developing in a certain way between RD and TD. The hot dip galvanised and finally 
skin passed sample (FV) exhibits a nearly unchanged behaviour in this angular range. 
Sample V1 develops its spectrum continuously between 0° and 90° except at 45°, where the 
high frequency shoulder is missing. Finally the spectrum of sample V2 shows only small 
changes at 0° and 90° and at 45°.  

From the centre frequencies of the spectra the sound speed was derived. Fig. 2 
shows the ODF for three of the four samples, measured by XRD and the sound speed of the 
transversal waves for the different samples determined from the FFT spectra.  

Longitudinal sound waves were sent through the samples in the direction normal to 
the rolling plane (ND). The sound speed was determined by the resonance method. In 
figure 3 the spectra and the sound speeds are shown. 

Electromagnetic Measurements 

The 3MA system was used to determine direction dependent electromagnetic 
quantities. Interesting features were the maximum permeability in different directions, a 
measure for the maximum slope of the hysteresis loop and the coercitive field Hc of the 
material, being determined from three of the four 3MA methods. Figure 4 shows the 
diagrams for the maximum permeability and Hc from the harmonic analysis. 
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Discussion and comparison to XRD results 

The propagation of ultrasound and the speed of longitudinal and transversal sound 
waves in solids depend mainly on the elastic properties and the micro structure of the 
material. Part of the microstructure are texture and grain orientation, so direction dependent 
changes of the sound speed can be ascribed to texture. Examination of the samples 
exhibiting different microstructures were performed with longitudinal waves in ND and 
shear waves under 35° to the ND. Due to large dispersion effects at sound propagation in 
thin material, the absolute value of the determined sound speed cannot be compared to 
literature, so only qualitatively direction dependent differences were brought into focus [5]. 

Figures 2a-c show ODF sections at φ2=45° for three of the four samples examined. 
The hot dip galvanised material (FV) exhibits a texture with a weak alpha and gamma fibre 
and a sound speed with no remarkably changes over the whole angular range between RD 
and TD (figure 2d). This sample has the highest absolute value of the speed, because of a 
larger grain size the influencing the sound speed [6]. 

Sample V1 annealed according to the process in the galvanising line shows a more 
pronounced texture than the sample FV. Especially the gamma fibre is stronger and the 
ODF in the region of the alpha fibre (φ1 near 0°) shows differences for the angle Φ between 
0° and 70°. Also in the region of the gamma fibre (Φ near 55°) minor differences are 
obvious. The sound speed of the shear waves shows a difference between RD and TD. 
Between 0° and 45° the speed does not change noticeably, a minimum lies at 60° followed 
by an increase to the highest value at TD.  

Sample V2 was prepared using a special annealing cycle. This sample had a strong 
gamma fibre nearly symmetrical to Φ=50° and two maxima at Φ=50°, φ1=5° and Φ=54°, 
φ1=60°. The sound speed shows a more symmetric behavior, a continuous decrease to a 
minimum at about 45° and then a continuous increase to TD, higher than the value at RD.  

A relation of the measured sound speeds to the ODF can be found as follows. Due 
to the specific propagation angle of 35° to the ND and rotation of the sound direction from 
0° to 90° to RD (φ1) mainly grain orientations influence the sound speed with directions 
according to the gamma fiber. 

In the FV sample only minor changes of the sound speed can be found as a function 
of angle to RD, as the ODF has weak intensity and is nearly not varying along the gamma 
fiber. The ODF of sample V1 shows only small differences along the gamma fiber between 
RD and TD. This difference is also found in the sound speed. The minimum position of 
sound speed is at about 60°. The nearly constant value between 0° and 50° corresponds to 
the small variations along the gamma fiber. Also at sample V2 correlations can be found 
between the ODF along the gamma fiber and the course of the sound speed between RD 
and TD. The large minimum in sound speed between about φ1=25° to about φ1=50° can be 
found also in the ODF. Also the difference between RD and TD show up in the ODF. For 
the sample WH the ODF is not available. The sound speed shows a strong increase for 
angles higher than 60° to RD. This is due to the dislocation lines mainly ordered 
perpendicular to RD while cold rolling. Sound directions parallel to dislocation lines (90° to 
RD) were diffracted less often by passing interfaces, so the effective sound path is shorter 
and the speed higher.  

Calculations of local elastic moduli using given elastic constants for iron from 
literature [9] and given texture configurations were performed. From those the sound speed 
for shear and pressure waves in different directions can be calculated for large samples (fig. 
5). A direct comparison to the sound speeds found in the examinations shown above, have 
to take into account the sample thickness and the strong dispersion in thin samples, so 
sound speeds from experiment and calculation can be compared only qualitatively. 
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The measuring positions for an incident angle of 35° and from RD to TD are 
indicated in figures 5c,d. In the case of V1, resembling the situation of 10% gamma fiber 
(fig. 5a,c), the course of the sound speed shows small variations and a minimum speed at 
about 45° to RD. Also the speed at 0° tends to be lower than the speed at 90°. In V2, similar 
to 30% gamma fiber (fig. 5b,d) the course of the sound speed is more pronounced and the 
sound speed at RD tends to be below the sound speed at TD. 

Longitudinal ultrasound or pressure waves were applied in ND at the samples FV, 
V1 and V2. The sound speed was determined using FFT (fig. 3a-c). A comparison of V1 
and V2 shows, that V2 has a higher speed than V1 at nearly comparable grain sizes and 
microstructures. The reason is the higher amount of crystallites oriented in <111> direction 
parallel to the ND in V2 compared to V1. In the most densely packed <111> directions the 
sound speed is higher and therefore sample V2 has a higher sound speed. The rather high 
speed of sample FV is due to a much larger grain size compared to the samples V1 and V2. 
For the same grain size, sample FV it should be expected that the sound speed should be 
lower than that for V1. The increasing order of the structures from sample FV to V1 and V2 
can also be seen in figures 3a-c from the full width at half maximum (FWHM) of the 
spectra. The FWHM decreases with growing amount of <111> orientation in the samples.  

Direction dependent electromagnetic measurements were performed with a 3MA 
device. In any case the measured quantities are more or less properties of the hysteresis 
loop. Examples for the electromagnetic data are the maximum permeability (µmax) from 
differential permeability and the coercitive field Hco from harmonic or distorsion factor 
analysis. The maximum permeability is lowest for the cold rolled material (WH) and shows 
only minor variations over the angular rage from RD to TD. For the galvanised material 
µmax tend to higher values, but also no direction dependent behaviour could be found. The 
coercitive field Hco has the highest value for the cold rolled material and the skin passed 
material FV due to the rolling induced dislocations, as it is well known from rolled 
material.  

Textures of the samples V1 and V2 have a high degree of crystallites with <111> 
planes parallel to the rolling direction. Figures 5c,d show the sound speeds of the model 
textures and implicitly the crystallographic orientations. The electromagnetic measurements 
were performed on the outermost line of the polar diagrams, figures 5c,d, between RD and 
TD, where there is a kind of symmetry at 45° to RD. This kind of symmetric behaviour was 
also found in the µmax data, where the annealed samples V1 and V2 show a strong 
maximum for µmax at about 40° to 60° to RD. The coercitive field Hco shows a continuous 
and shallow increase from RD to 90° to RD. In RD for both samples Hco is lower than in 
TD. It shows that the maximum permeability µmax is very sensitive to textural effects and 
can be used for their verification 

Outlook 

Steel sheet samples of different textures were examined with NDT methods. Sound 
speeds of shear waves showed direction dependent behaviour. An identification of the 
textural state, e.g. the extend of the alpha or gamma fibre, seems to be possible according to 
the measurement results. With NDT methods only specific ranges of the ODF can be tested 
depending on the type of sensors. To verify a specific type of texture characteristic regions 
of the ODF have to be identified and the ultrasonic parameters like incident angle, 
frequency and wave type tuned to them. Electromagnetic measurements can give 
supplementary data because they are sensitive for direction dependent magnetic properties 
parallel to the rolling plane. 
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b)  
 

c)  

 

d)  

Fig. 1: Normalised FFT spectra of ultrasonic transversal waves under 35° to the normal of the 
rolling plane a) sample WH, cold rolled, b) sample FV, hot dip galvanised, c)  
sampleV1 and d) sample V2, recorded from RD to TD in steps of 15° 
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a)  

 

b)  
 

c)  

 

d)  

Fig. 2:  ODF with φ2=45° for the samples FV(a), V1 (b) and V2(c), sound speed from FFT 
spectra for the samples WH, FV, V1 and V2 

 
 
 
 

 

a)  

 

b)  
 

c)  

 

d)  

Fig.3  Spectra of longitudinal ultrasound waves for the samples  a) FV,  b) V1 and c) V2  
and d) sound speed determined for the three samples 

 
 
 
 
 
 
 



 

8 

 
 

a) b)  

Fig. 4: 3MA data a) µmax and b) Hco for the samples WH, FV, V1 and V2 

 
 

 

a)  

 

b)  
 

 

c)  

 
 

d)  

Fig. 5: a) Model texture with 10% gamma fiber, 90% alpha fibre, b) model texture with 30% 
gamma fiber, 70% alpha fibre, c) sound speed distributions for the model structures 
in the rolling plane. The circles indicate measuring positions under 35° incident 
direction of the ultrasound 

 


