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Abstract: The analyses of texture evolution of cold rolled interstitial free (IF) steel sheets during
annealing and recrystallization are presented, in which the dispersion curves of surface acoustic
waves (SAW) excited by laser-induced transient thermal grating method are measured. The results
show that the angular anisotropy of the SAW velocity changes due to the texture changes at different
stages of recrystallization. The theoretically simulated angular dispersion of SAW velocity within
individual crystal revealed that the change of SAW velocity is closely related to recrystallization
texture evolution. A model for the angular dependence of the SAW velocity in textured polycrystalline
IF steel with different oriented crystals is presented and the simulations are yielded, which show that
the results agree with those of experiments.

Keywords: recrystallization texture; velocity anisotropy of the SAW; laser ultrasonics; transient
thermal grating method

1. Introduction

The annealing and recrystallization of materials produce new microstructures under heating
conditions, and have important influences on the properties of materials [1—4], such as deformation
behavior [1,2] and magnetic susceptibility [5]. The study of the texture evolution during recrystallization
processes has attracted great attention [6-9]. Therefore, control of texture in metal materials is of major
industrial importance [6]. Conventionally, the textures were measured by X-Ray diffractometer (XRD)
or electron backscattered diffraction (EBSD) [10]. These methods have stringent requirements on
sample preparation and testing environments, even causing destruction, though they provide accurate
measurements of textures [10].

Evidently, a microstructural characterization technique that allows for continuous and nondestructive
measurements during the materials’ processing would be advantageous [6,11]. One promising method
is laser-ultrasonics (LUS) [6,12]. Since LUS can be employed and controlled at high temperature
environments from far away, it is possible to practice the measurements in real time during the
recrystallizing processes [6,12].
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On the other hand, laser-ultrasonic techniques have been used to detect of textures of different
metals or rolling alloys. Lesne [13] used Q-swiched laser excitation source and heterodyne interferometer
receiver detect the texture of rolled steel plates; it was found that the velocity of the surface acoustic
waves (SAW) wave varies with the direction of the rolling direction. Maznev [14] and Li [15] studied
the angular dependence of the SAW velocity in single crystals of silicon and nickel, respectively.
Lévesque [16] and Yin [17] determined the crystallographic texture in steel plates using laser-generated
surface waves.

Generally, {100}, {110} and {111} textures have a very direct influence on the mechanical properties
of deep-drawing materials [1,10]. Similarly, the deep-drawing property and plastic strain ratio are
closely related to the fourth-order texture coefficients. The presence of {111} texture will make the
negative value of C}! larger and beneficial to the deep-drawing property. For example, large and
negative Cj” cause transverse earring, while large and positive C> cause rolling and transverse earring
effect [1,10]. However, few researchers have analyzed the influence of each texture component on the
SAW dispersion during recrystallization; in addition, there is also a lack of online texture detection
theoretical model based on laser ultrasound.

In this work, one of the pulsed laser ultrasonic techniques, i.e., the transient thermal grating
technique [17-19], has been known as Impulsive Stimulated Scattering (ISS), which is used to study
texture evolution during recrystallization processing of cold rolled interstitial free (IF) steel sheets.
The anisotropies of angular dispersions of SAW velocities were obtained and the effect of the {100},
{110} and {111} textures of polycrystalline materials were analyzed. Meanwhile, based on the numerical
simulation of angular dispersion of SAW velocity in different orientated single crystals, the angular
dispersions of SAW velocity in textured polycrystalline metals and the influence of different texture
components on the angular dependence of the SAW velocity were analyzed. The results show that
both the experiments and simulations are in agreement.

2. Experiment

2.1. Experimental Material and Texture Analysis

The material selected for this study is cold-rolled 0.65 mm Ti-IF steel that contains >99.7% iron.
Its chemical composition is shown in Table 1. This type of steel was chosen because it was representative
for many deep drawing steels that are of practical interest, and also because its microstructure was
fully ferrite after cooling to room temperature.

Table 1. Chemical compositions of the experimental samples.

Si Al Mn P C S (0] N Ti
0.014 0.054 0.12  0.0080 0.0034 0.0080 0.0027 0.0028 0.064

The total reduction rate of cold rolling is 78.3%. The cold rolled plates are annealed in a furnace,
according to the following sequence: room temperature charging, heating to a holding temperature of
710 °C with a rate of 60 °C/h, then taking out one sample after different holding times and quenching
it in water as shown in Figure 1a. Next, the sample plates were cut to 20 mm X 25 mm size for
texture analysis. All the samples were measured using a Bruker D8 series X-Ray diffractometer (XRD);
the volume fractions of {100}, {110} and {111} textures were calculated [10] and are shown in Figure 1b.

Figure 1b shows the evolution of the {100}, {110} and {111} texture volume fraction during
annealing processing of the IF steel plates. The volume fraction of the {100} and {111} texture
components did not change very much during the recovery process, as the holding time was less
than 10.5 hours. However, during the recrystallization process (between 10.5-11.5 h), the {100}
component started to decrease rapidly (from 7.51% to 2.58%) and the {111} component started to
increase rapidly (from 12.41% to 19.56%). After that, the volume fractions of the {100} and {111} texture
components varied slightly in the grain growth stage. However, the volume fraction of {110} remained
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nearly unchanged in the whole process of the annealing. To simplify the description, three samples
(sample 6, 7, 8), which can represent three typical stages of the recrystallization process, were selected
and analyzed.

Recovery Recrystallization Grain growth
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Figure 1. Samples in annealing processing: (a) samples with different annealing process shown in
circle symbols; (b) texture volume fraction of the {100}, {110} and {111} texture components.

2.2. Laser Ultrasonic Detection Method

An ISS setup [17-19] was used, shown in Figure 2. SAWs are excited by an impulsively stimulated
thermal grating, which are generated by optical absorption of two crossing pulsed laser beams (pulse
width: 10 ps, wavelength: 1064 nm, repetition rate: 1 kHz, energy: 30 pJ/ pulse) on the surface
of sample. The spacing of the thermal grating, which imposed the SAW wavelength A, could be
modified by the parameters of optical grating and the telescope system in the optical path. Following
the same optical path as the pumping laser, a probing laser beam (cw, 532 nm wavelength, 100 mW
power) was also diffracted by the optical grating and then focused by the telescope system onto the
sample. The probing beam was diffracted again by the thermally and acoustically induced surface
ripples, so that SAW induced amplitude and phase changes of the weak diffracted probe beams were
amplified by heterodyning with the strong transmitted beams. Both the probing laser beam incident
on the sample and the reflective diffraction beam travelled through a quarter wave plate, so that the
polarization of the reflected beams was perpendicular to the one of the incident beams, and the reflected
beams were directed off the path of the incident beam by a polarizing beam splitter. Mirrors were used
to guide the two pairs of mixed diffracted /transmitted probe beams to a pair of photodiodes, whose
differential signal was coupled to a wide band preamplifier and then displayed on an oscilloscope.
The detected intensity difference between the reflected probing beams was proportional to the normal
displacement at the sample surface. Based on the differential signal recorded by an oscilloscope, the
main signal frequency component f( can be determined from its Fourier transform (right upper of
Figure 2). Together with the wavelength A and the value of f, the propagation velocity c = Af( of the
related surface acoustic wave could be determined.
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Figure 2. Experimental setup.

2.3. Experimental Results

2.3.1. Angular Dependence of the SAW Velocity

Figure 3 depicts the measured angular dependence of the SAW velocity for SAW propagation
angles between 0° to 180° (step of 5°) with respect to the rolling direction, for IF steel in three different

stages of recrystallization samples 6, 7 and 8, respectively.
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Figure 3. Angular dependence of surface acoustic waves (SAW) velocity in beginning (sample 6),

during (sample 7) and after completion (sample 8) of recrystallization.

For sample 6, which was in the nucleation stage (start of recrystallization), the SAW velocity varies
between 2978 m/s and 3031 m/s (difference of 53 m/s), the highest SAW velocity was in the rolling
direction and the lowest SAW velocity was in the 85-90°. The SAW velocity of sample 7 ranges from
2913 m/s to 3024 m/s (difference of 111m/s). Compared to sample 6, the SAW velocity of sample 7
was lower, mainly in 90° with respect to the rolling direction. Compared to samples 6 and 7, the SAW
velocity in sample 8 was much lower in all directions, which was between 2825 m/s and 2893 m/s.
The difference between the minimum and maximum, 68 m/s, is slightly larger than the one of sample 6

and substantially smaller than that of sample 7.

Typically, the SAW velocities curves shown in Figure 3 are expected to be symmetric around
90° [13,16,17]. However, in experiments, there are several factors that may cause errors, such as: (1) the
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measured samples were cut to small pieces from rolled coils. The cut orientation may not be precise.
(2) The samples were fixed on the rotating stage with some errors. (3) The microstructure and the
residual stress may cause non-perfect SAW angular dependence curves.

2.3.2. Texture Evolution during Recrystallization

As is well-known, low carbon steels have a weak or near random texture in the hot band state,
strong {100} texture and weaker {111} texture in the cold rolled state, but strong {111} texture in the
recrystallized state [2]. With the change of texture type and orientation density, the fourth order texture
coefficients also changes [20].

Figure 4 shows the density f(g) of Orientation Distribution Function (ODF). Figure 4a is the most
important orientations in bec materials in the ¢, = 45° section [10]. The measured ODF by XRD in
the beginning, during and at the end of recrystallization are displayed as contour lines and shown in
Figure 4b—d, respectively.
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Figure 4. Orientation Distribution Function (ODF) measured by X-Ray diffractometer (XRD): (a) most
important orientations in bcec materials in the @, = 45° section; (b) start of recrystallization, sample 6;
(c) nucleation and growth, sample 7; (d) end of recrystallization, sample 8.

As can be seen from Figure 4, there is a strong {100} texture (in the top of Figure 4a) at the start of
recrystallization. With the development of recrystallization processing, the density of the {100} and
{111} textures decreased and increased, respectively. The volume fraction of the {100}, {110} and {111}
textures and the fourth order texture coefficients at three different stages of recrystallization (samples 6,
7 and 8) are also calculated and shown in Table 2.

The volume fraction of the {111} and {100} textures increased and decreased with increasing
holding temperature, respectively. Before the start of recrystallization (in recovery stage), the volume
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fractions of {111} texture and {100} texture were 12.41% and 7.51%, respectively. In the recrystallization
nucleation and growth stage, the volume fraction of {111} texture increased to 13.67% and the volume
fraction of {100} texture decreased to 5.50%. After recrystallization, the volume fraction of {111} texture
increased to 19.56%, and the volume fraction of {100} texture decreased to 2.58%.

Table 2. Evolution of texture volume fraction and fourth order texture coefficients
during recrystallization.

Sample Stage {100Y/% {110¥/% {1114/%  Ci! c? c?
#6 start of recrystallization 7.51 2.94 12.41 —0.022 —0.805 —0.543
#7 nucleation and growth 5.50 4.45 13.67 —1.433 —1.150 0.218
#8 end of recrystallization 2.58 2.42 19.56 —2.378 —0.385 0.494

2.4. Analysis of Angular Dependence of the SAW Velocity during Recrystallization

It is well known that the texture of metallic polycrystalline materials affects the anisotropy
of ultrasonic surface wave velocity [9]. As can be seen from Figure 3 in Section 2.3.1 and Table 2
in Section 2.3.2, for sample 6, which is in the nucleation stage (start of recrystallization) with the
highest SAW velocity among the three samples, its main textures are {100} (7.51%) and {111} (12.41%).
In sample 7, which is in the growth stage of recrystallization, the SAW velocity was lower than that of
sample 6, mainly in the 90° rolling direction; the volume fraction of the {100} texture decreased to 5.50%,
while the volume fraction of the {111} texture increases to 13.67%. There was also a slight increase
of the volume fraction for {110} texture (from 2.94% to 4.45%). After completion of recrystallization,
fo sample 8, the recrystallization texture was dominated by {111} texture (volume fraction up to
19.56%); the volume fraction of {100} texture declined to 2.58%. The volume fraction of {110} texture
did not change much (2.42%). Compared to samples 6 and 7, the SAW velocity in sample 8 was lower
in all directions.

The maximum SAW velocity, minimum SAW velocity, mean SAW velocity and the standard
deviation of SAW velocity, as well as the volume fraction of main texture and fourth order texture
coefficients are shown in Figure 5.

As can be seen from Figure 5, in the recrystallization process, the negative value of C}! showed a
significant increase trend (see Figure 5b), which was mainly caused by the increase of {111} texture
volume fraction (see Figure 5a), because the change of {111} texture only affected the value of Cil [20].
At the same time, the maximum, minimum and average velocities of SAW showed a downward trend
(see Figure 5c), which was the same as the volume fraction change trend of {100} texture and opposite to
that of {111} texture (see Figure 5a). This may indicate that the decrease of the SAW velocity in IF steel
during recrystallization was due to the increasing volume fraction of {111} texture and the decreasing
fraction of {100} texture. The standard deviation of SAW velocity (see Figure 5d) increased first and
then decreased, which is the same trend as the volume fraction of {110} texture; this may indicate that
the standard deviation of SAW velocity is directly related to the volume fraction of {110} texture.

Thus, the experimental results show that the texture of metallic polycrystalline materials can be
probed by determining the anisotropy of the ultrasonic surface wave velocity.
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Figure 5. Characteristics of samples in the beginning (sample 6), during (sample 7) and after completion
(sample 8) of recrystallization. (a) The volume fraction of the {100}, {110} and {111} textures; (b) the
fourth order texture coefficients; (¢) The maximum, minimum, mean values of SAW velocity; (d) the
standard deviation of SAW velocity.

3. Numerical Simulation

3.1. Angular Dispersion of SAW Velocity in Single Crystal

The anisotropy of polycrystalline materials is a manifestation of the anisotropy of single crystal in
the state of texture. In order to get more insight in the effect of recrystallization on the angular
dependence of the macroscopic SAW velocity, we have also studied the SAW velocity angular
dispersion within individual crystal with different orientations. The theoretically simulated [21,22]
angular dependences of the SAW velocity (111), (110) and (100) orientated single crystals are shown in
Figure 6. In theory, all information is available to calculate the determinant of the boundary condition
matrix R. This value is retained for all velocities and angles. The colors blue and yellow represent
increasing values of | AR . Since in numerical calculations demand that AR = 0 can never be fulfilled
exactly, the SAW velocities (Black solid lines) are sought that minimize | ARI.

The crystal orientation has a pronounced effect on the SAW velocity and its angular dispersion.
The SAW velocity in (100) was the highest (from 2806 m/s to 3146 m/s) and it had the smallest angular
contrast (340 m/s). Furthermore, (111) had the lowest SAW velocity (from 2307 m/s to 2710 m/s)
and a slightly higher angular contrast (403 m/s). The SAW velocity of (110) lied between both values
above (from 2308 m/s to 3057 m/s); however, the difference between the maximum velocity and the
minimum velocity is the largest (750 m/s).
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In the texture state, the anisotropy of polycrystalline materials is induced by the preferred
orientation of single crystal. The theoretically simulated angular dependences of the SAW velocity
for (111), (110) and (100) orientated single crystals were consistent with the experimental results in
Figure 5. These differences also confirmed that the decrease of the SAW velocity in IF steel during
recrystallization was due to the increasing volume fraction of {111} texture and the decreasing fraction
of {100} texture. A large volume fraction of {110} texture led to a large standard deviation of SAW

velocity of sample 7.
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Figure 6. Simulated angular dispersion of SAW velocity in a single crystal of interstitial free (IF) steel:
(a) (100) plane; (b) (110) plane; (c) (111) plane.

3.2. Angular Dispersion of Velocity in Textured Polycrystalline Metals

The elastic anisotropy of polycrystalline metals can be interpreted as a texture which is dependent
statistical average over the values of the anisotropic constituting single crystal grains. The theoretical
relationship between the fourth order texture coefficient C;” and Young’s modulus E was described by
Bunge [23]. It was stated that Young’s modulus E measured in a certain direction with respect to the
rolling direction (described by the angle 0) can be written as:

E(0) = E; + E;CL! + EoC1? c0s 20 + E3C}° cos 46 (1)

whereby E; is the average mean value of Young’s modulus, and E;, E; and E3 are constants
corresponding to three single crystal elastic constants. From Equation (1), we started to derive
a model for the angular dependence of the SAW velocity, which can then serve as parameters to fit the
laser ultrasonic experimental data.

In polycrystalline materials, Young’s modulus E, the shear modulus G and Poisson’s ratio ¢ can
be expressed in terms of the density p and of the velocities V; and V1 of the longitudinal and shear
waves, respectively, as follows [20]:

,3VZ — 4V

=pvi—_L T 2
pTVLZ—V% ()

E
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Since the velocities of the longitudinal and transverse waves were measured, the elastic moduli
can be determined. In the case of surface acoustic wave measurements, one has access only to the SAW
velocity, for which Viktorov [20] proposed an approximate relation with the moduli:

G (0.87+1.12c
v =S 0E+1120) ©)
Y 1+0
Combining Equation (5) with Equation (3), the ratio between the SAW and shear velocities can be
expressed in terms of Poisson’s ratio:

Ve _ 0.87+1120

VT B 1+o0 (6)

The Poisson’s ratio of the experimental materials used in this paper was between 0.24 and 0.28 [24],
then the ratio of the SAW and shear velocities is between 0.9184 and 0.9247. Thus, the ratio between
the SAW and shear velocities can be expressed as a proportional constant Crr, This was set to 0.92 in
this calculation [21]. In more compact form, Equation (6) can be converted to

Vg = CrrVr ()

Additionally, by substituting Equation (4) into Equation (6), the ratio between the SAW velocity
and the shear velocity can be expressed in terms of the ratio between the shear and longitudinal
velocity [21]:

2
1%
ve 0718 (i)
Vr o v\
0.75— (vF)
Assuming that Crr is known, the longitudinal velocity can be expressed in terms of the
SAW velocity:

®)

V& 1-— CRT
V= =Ry R 9
FT Crr \/0.718 —0.75Crr ©)

By substituting Equations (7) and (9) into Equation (2), a linear relation between E and the squared
SAW velocity is obtained [21]:
E= achRz (10)
0.128

where & = 5o 50350
. RT™—Y- RT
Combining Equation (10) with Equation (1), the angular dependence of the SAW velocity can be

expressed as:
E(6) Ei+ E1Ci1 + EzCi2 cos 26 + E3Ci3 cos 46

ap xp
By using Equation (11), the angular dependence of the SAW velocity affected by the texture can

Vr(0)* = (11)

be calculated and shown in Figure 7.

The angular dependence of the SAW velocity affected by texture can be calculated by using
Equation (11). The maximum error between the calculated value (2861 m/s) and the experimental
value (2825 m/s) for sample 8 is 1.3% which was 105° with a rolling direction. The calculated results
were in good agreement with the experimental measured values.
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Figure 7. Evolution of the angular dependence of the SAW velocity: experimental data (the black dot
for sample 6, the red diamond for sample 7 and the blue triangle for sample 8) and calculated results
according to Equation (11) (the black solid line is sample 6, the red solid line is sample 7 and the blue
solid line is sample 8).

4. Conclusion

The laser-induced transient thermal grating experiments show that the texture of polycrystalline
materials (cold rolled IF steel) affects the angular dependence of the SAW velocity during
recrystallization. The sample in the nucleation stage (start of recrystallization) showed the highest SAW
velocity and the strongest {100} texture. As recrystallization progresses, the SAW velocity decreased as
the volume fractions of the {111} increased and {100} textures decreased. Additionally, the maximum,
minimum and average velocities of SAW showed a downward trend, which is similar to the volume
fraction change trend of {100} texture and opposite to that of {111} texture. The standard deviation of
SAW velocity increased first and then decreased, which is a similar trend as the volume fraction of
{110} texture.

The theoretically angular dependences of the SAW velocity (111), (110) and (100) orientated single
crystals were simulated. The results reveal that the decrease of the SAW velocity in IF steel was
due to the increasing of {111} texture during recrystallization. We presented a model for the angular
dependence of the SAW velocity for polycrystalline materials. The calculated results by the model
match the experimental results. The results can be used to practice the measurements in real time
during the recrystallization processing and to optimize the heating treatment parameters.
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Abbreviations

The following abbreviations are used in this manuscript:

IF
SAW
XRD

interstitial free steel
surface acoustic waves
X-Ray diffractometer

EBSD electron backscattered diffraction

LUS
ISS
ODF

laser-ultrasonics
Impulsive Stimulated Scattering
Orientation Distribution Function
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