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Abstract

:

The paper summarizes the creation of a robust online grain size gauge for a hot strip mill. A method and algorithm for calculating the grain size from the measured ultrasonic attenuation is presented. This new method is self-calibrating, does not rely on a geometrical reference sample and can cope with the effects of diffraction on the attenuation. The model is based on 52 quenched samples measured with more than 23,000 laser ultrasonics shots and has a correlation coefficient R2 of 0.8. Typical online laser ultrasonic measurements from the hot strip mill and the calculated grain size versus length are presented for a couple of steel strips.
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1. Introduction


The properties of high-strength steel, and many other steels, depend to a large extent on the austenite grain size prior to cooling. It is, therefore, very desirable to be able to characterize the austenite microstructure during the hot rolling process. However, the temperatures of the material of interest in a hot strip mill ranges between 800–1200 °C, and the material moves at 1–10 m/s. Due to these severe conditions, the only method capable of measuring the microstructure in bulk is laser ultrasonics (LUS), which is a non-contact measurement technique for generating and detecting ultrasonic waves in a material using lasers. There are a few variations of how this technique can be employed. However, the most common setup is to use a short-pulsed Q-switched laser directed to the surface of the material to generate the ultrasound and use another laser to detect the response. The short high-energy pulses of the Q-switched laser create plasma on the surface, which, due to thermal expansion, generates an ultrasonic shockwave that propagates through the material. The ultrasonic response is then measured by analyzing the Doppler shift of the surface reflection on the material usually from a single-longitudinal-mode laser. A more thorough description of the LUS technique can be found elsewhere in the literature, e.g., Scruby and Drain [1].



The laser ultrasonic technique that was developed in the 1980s and the 1990s has been commercially employed in the metal industry to monitor the wall thickness during the production of seamless tubes [2] since the beginning of the 2000s. There are currently tens of these LUS-based thickness gauges installed in tube mills around the world.



The research community has furthermore shown the potential for measuring material properties in-line with LUS [3,4,5,6,7,8]. More recently, it was also shown that LUS has the possibility of reliably measuring grain size during the hot rolling of steel strips in a hot strip mill [9,10,11]. The work presented herein summarizes the creation of a new LUS grain size gauge installed in the hot strip mill at Borlänge in Sweden. This first permanent system to monitor the microstructure during hot rolling was installed in 2022, positioned after the last stand and before the run-out table, in the SSAB mill.



In order to develop a gauge with a robust grain-size calculation, a new model and algorithm has been developed, which is corrected for temperature and does not require a reference sample [12]. Additionally, the grain size gauge has been equipped with optics for a long working distance of 600 mm and suitable protection for the harsh environment.



Grain-Size Measurement with Laser Ultrasonics


Ultrasonic attenuation has been used to characterize microstructure in polycrystalline materials for a long time and there are numerous proposed methods. Some of the suggestions for analyzing laser ultrasound include monitoring the rise-time of the echoes [13]; the multiple echo method [14,15], wherein the attenuation between two echoes are compared; and later the single echo method [16], which is an ingenious way of circumventing the diffraction effects and thus calculating the grain size rather accurately. In addition, more exotic methods have been proposed, such as backscattering amplitude analysis [17] and machine learning [18]. These methods have their individual strengths and weaknesses, and the conditions for which they are robust and valid depend on the experimental setup, as well as the material properties of the object being studied. Currently, there is no method that is universally supreme. Instead, one must select that method that fits best for the requirement of the application of interest and apply the appropriate assumptions/simplifications.



In the present paper, the frequency-dependent attenuation is considered to calculate the grain size. Generally, four steps are involved to acquire the average through-thickness grain size, which is illustrated in Figure 1a–d below. Figure 1a displays a schematic of a sample cross-section where the ultrasound is generated by laser ablation on the surface, which creates a shockwave in the material. The ultrasonic response of a sample is acquired by recording the surface vibration amplitude as a function of time for several backwall echoes, illustrated by Figure 1b. The cross-section of the sample illustrates the ultrasonic wave as the first backwall echo reaches the surface, which corresponds to the second peak in the A-scan. In Figure 1c, a theoretical plot of the measured frequency-dependent ultrasonic attenuation for the echoes is displayed. Finally, the grain size is acquired with a calibration curve, which transfers the measured 3rd order attenuation b to a grain size value, as illustrated in Figure 1d.



The total ultrasonic attenuation  α  can be described by the sum of three parts as:


  α =  α  a b s   +  α  d i f f   +  α  s c a t    



(1)




where    α  a b s     is the material absorption stemming from, e.g., internal friction,    α  d i f f     is the frequency-dependent attenuation due to diffraction, and    α  s c a t     is the frequency-dependent attenuation describing the average grain-scattering effects that in turn are dependent on the material properties, such as the anisotropy, texture and the average grain size. The LUS measurement of attenuation in the material is a sum of all of the scattering events at the grain boundaries, where the reflected/scattered/refracted waves reach the area of the detection laser. Scattering in polycrystalline materials has been described in the literature by, e.g., [19] and is simplified to the following relation between the average grain size   D ¯   and the attenuation due to scattering:


   α  s c a t   ~ K  ( T )    D ¯   n − 1    f n  ,  



(2)




where  n  is dependent on the scattering regime (Rayleigh n = 4, stochastic n = 2), and K(T) accounts for the temperature-dependent anisotropy. The frequency range considered here is roughly 1–40 MHz, which is in between the stochastic and the Rayleigh regimes. It has been shown that fixing the exponent to n = 3 gives a reasonable linearization of the problem [20,21,22,23,24]. Additionally, if only high enough frequencies are considered in the calculation, then the effects from diffraction are small in comparison and can be neglected. The result of this is that the total attenuation can be written as:


  α = a + b  f 3  ,  



(3)




where


  b = K  ( T )    D ¯  2  ,  



(4)




and  a  is a constant offset which contains the material absorption and other constant contributions. For the actual grain-size calculations, only the third-order frequency-dependent attenuation  b  is considered, and the first parameter  a  is disregarded. For convenience, the average grain size can be expressed as


   D ¯  = Γ  ( T )   b ′  ,  



(5)




where    b ′  =   1000 b     and   Γ  ( T )  =    1  K  ( T )        is a transfer function from attenuation to grain size containing the material- and temperature-dependent factors, such as anisotropy/texture.



The challenge of calculating the grain size from laser ultrasonic measurements consists of knowing the transfer function, i.e., the calibration curve, which can be obtained theoretically or, as in the present paper, experimentally, by comparing the measured attenuation on several samples with accompanying microscopy for the determination of the actual grain size.





2. Materials and Methods


2.1. The Generation Event Method


The ultrasonic method/algorithm developed herein is an adaptation of the multiple echo method, wherein the frequency-dependent attenuation is evaluated, after which the grain size is calculated using a calibration curve. The unique aspect of this new method is that the reference spectrum that is used for the attenuation calculation is the actual generation event. Typically, with epicentric LUS measurements, the surface movement during the generation/ablation is too large to fit within the dynamic range of the interferometer. This is especially prominent when the sample is at room temperature, since the surface moves significantly due to the thermal expansion. However, during a trial measurement campaign in a hot strip mill in 2018 [10], it was empirically observed that the LUS measurement conditions in the hot strip mill were so favorable that the surface movement of the generation/ablation could be fully measured. Figure 2 shows ten LUS measurements on a strip, where the generation event is the first peak at 0.7 µs and the three following peaks are the consecutive backwall echoes with a peak-to-peak separation of ~2.4 µs. The measurement of the whole strip contains more than a thousand shots, but only ten A-scans are shown for clarity.



The reason why the generation event could be measured in the mill is believed to be due to the material temperature at the generation spot being close to the melting temperature, which limits the available surface movement by thermal expansion. During ablation, the uppermost part of the surface is heated to the melting point. Considering that surface movement is proportional to the temperature change ΔT, the change at the generation point for a sample starting at room temperature is almost 1000 degrees larger than for the strip in the mill, which starts at ~1000 °C.



Figure 3a displays the frequency content of the ten generation events presented in Figure 2, as well the consecutive backwall echoes. The data clearly shows that the higher frequencies are attenuated more than the lower frequencies. In the method/algorithm developed herein, the measured generation event serves as the reference spectrum for the following attenuation analysis. Therefore, the online system is self-calibrating in the sense that if the generation laser pulse characteristics, or any of the environmental factors, change, then the system will automatically adapt. This is because the spectrum for the generation event that is used for evaluation will mirror these changes. However, using the generation-event spectrum as a reference requires that the method for calculating the grain size can cope with the effects from diffraction, which is mainly managed by using only adequately high frequencies when fitting the data to Equation (3). Additionally, if the grain size is relatively small, then the US attenuation will be low, and several echoes will have a high enough signal-to-noise ratio (SNR) and can serve as input to the attenuation analysis. If, on the other hand, the grain size is relatively large, the grain scattering effects will be larger than the diffraction effects. In this case, the measurement may only contain one backwall echo, but since the measured attenuation is then mainly due to grain scattering, most of the measured frequencies in the spectral analysis of the echo can be utilized in the attenuation analysis when fitting the data to Equation (3). Figure 3b displays the calculated attenuation (solid line) of one of the echoes presented in Figure 3a together with the result of the least square fit of the data to Equation (3) (dashed line with square markers). The result of the fit is only shown in the frequency region of consideration for the least square fitting.



To translate the measured attenuation to a grain size, a calibration curve is required, which is established by measuring the frequency-dependent attenuation on several samples with LUS in the hot state, and then quenching the samples from which the prior austenite grain size (PAGS) can be determined. Several definitions of grain size are available, e.g., grain size by American Society for Testing and Materials (ASTM) number, equivalent circle diameter (ECD or EQAD) and mean circular intercept length, and additionally these methods can be area-weighted, depending on the interest. In the present work, the mean linear intercept (MLI), including annealing twin boundaries, is used as the definition of grain size. While the twin crystals have the same ultrasonic impedance for normally incident longitudinal waves, the grains have almost random orientation, so that only a very small fraction of all of the twin boundaries meet this condition. Hence, the twin boundary should be treated as all other boundaries in terms of ultrasonic propagation.



The calibration curve is attained by comparing the known grain size to the LUS measurements at different temperatures, and a least square regression is performed to determine the function   Γ  ( T )    from Equation (5). The regression includes the austenite grain size determined with electron back scattering diffraction (EBSD) for the stainless steel samples that are austenitic at room temperature as well as in a hot state. The low alloying samples were also part of the regression, but since they underwent a phase transformation during quenching, their prior austenite grain size was analyzed with the martensite parent grain reconstruction (MPGR) technique [25]. The grain boundaries are defined in this work as a misorientation of >5°.



Various low-alloy steel and stainless steel samples were measured in the thermomechanical simulator GLEEBLE 3800 at Swerim in Stockholm with the ancillary in-house laser ultrasonics GLUS® for microstructure monitoring during thermal cycles. The samples had thicknesses between 3 and 5 mm, and most of them were flat, with a few exceptions, which were standard GLEEBLE cylindrical compression samples with a diameter of 10 mm. The samples were measured in either transmission or reflection mode, i.e., the lasers were directed at opposite sides or on the same side of the sample, respectively. For the GLUS measurements, the generation event could not be reliably measured, especially for the samples measured in transmission. Therefore, the reference spectrum used for the attenuation analysis of these samples was the average of the generation events measured in the mill during 2018 with the same lasers.



The various samples were annealed between 900 and 1200 °C for 2–3 min, after which they were held at ~900 °C for a few seconds before they were either quenched with air or naturally cooled down. The stainless steel samples are almost entirely austenitic from room temperature to annealing temperatures, so the ultrasonic response could be monitored during their natural cooling down to 100–200 °C. Some of the low-alloy samples were cooled close to their phase-transformation temperatures before quenching.




2.2. The Online Grain Size Gauge


A robust grain-size-calculation method was developed in this work for measuring the grain size in a hot strip mill in an automated fashion. In addition to the necessary protections in the obviously harsh environment, the prerequisites for a grain size gauge suitable for a hot strip mill after the last stand include a large standoff distance (>0.5 m), measurable thickness from a few mm to ~15 mm, measurable grain-size range from a few µm to several tens of µm and, preferably, a self-calibrating system.



This new LUS-based grain size gauge consists of a nanosecond-pulsed generation laser and a microsecond-pulsed detection laser. The generation laser is a Q-switched, flashlamp pumped laser delivering optical pulses at 20 Hz with a pulse energy up to 200 mJ and with a pulse length of 6 ns at a wavelength of 532 nm. The detection laser system comprises a single longitudinal-mode laser emitting at a 1064 nm wavelength that is amplified by a flashlamp-pumped Nd:YAG crystal delivering pulses of ~100 µs length and a peak power of 600 W. The reflected detection laser light is sent to a GaAs two-wave interferometer [26,27] to convert the frequency-modulated light into amplitude-modulated light that can be detected by photodiodes. The GaAs crystal is optically pumped by the same amplified single longitudinal-mode laser.



Figure 4a shows the layout of the hot strip mill and the placement of the LUS system. The hot strip mill process in Borlänge starts with a reheating furnace that heats the slabs to ~1250 °C, while the slabs are shifted through the furnace by walking-beams from one side to the other. After the slabs are heated, they are descaled before entering the roughing mill, where the slabs are reduced to ~3 cm thickness. After the reversible roughing mill, the material is coiled in a coil box, which evens out the temperature along the strip. The material is then passed on to the finishing mill, where the strip is reduced by the six consecutive stands to the final thickness between 2 and 15 mm. Figure 4b shows a photograph of the installed EMG iLUS grain size gauge, developed by the Swedish metal research institute Swerim and manufactured by the German company EMG Automation GmbH, just before the runout table.



The measurement head is the yellow box in the center of the image; in Figure 4b, it is mounted on a translation stage and moves up toward the hot strip between two strip guiding rollers during the grain-size measurement. The head contains the generation laser, whereas the detection laser is positioned in a cabinet a few meters away, and the laser light from it is guided through fibers to the optics inside the measurement head. The light from both lasers is re-focused onto the same spot on the strip, and the working distance of the measurement head is just over half a meter. On top of the head, a black funnel is visible, which has an integrated air-knife to protect the optics from dirt and water.





3. Results and Discussion


3.1. Grain-Size Calibration Curve


After the thermal treatment and EBSD/MPGR analysis of the samples as described in the methods section, the ultrasonic response of the relevant part of the GLUS measurements were extracted, i.e., the part of the annealing cycle wherein the samples had attained a stable-enough grain size. The attenuation from this relevant part of all of the GLUS measurements was then fed into a weighted least square analysis to solve for a function   Γ  ( T )    that translates the measured attenuation to a grain size. Each calculated attenuation in the LUS measurement was weighted by the signal-to-noise ratio of the echoes used for the attenuation calculation, the width of the frequency span, and the R2 of the 3rd-order polynomial fit of   b ′   i.e., the least square of Equation (3).



A few different transfer functions i.e., versions of Equation (5), were tested, and the simplest and best solution to the data at hand was the following equation, which describes the average grain size   D ¯   as a function of spectral attenuation    b ′    and temperature  T :


   D ¯   (  T ,  b ′   )  =   b ′    c 1  +  c 2   Z A   ( T )    .  



(6)







The function    Z A   ( T )    is the Zener A-parameter, which is a temperature-dependent variable describing the amount of crystal anisotropy:


   Z A   ( T )  =   2  C  44      C  11   −  C  12     ,  



(7)




where    C  i j     refers to elastic constants in Voigt notation that vary with temperature and is usually enhanced at elevated temperatures [28]. The material anisotropy effect on attenuation is well known [19] and has been suggested for laser ultrasonics earlier by, e.g., [23,29]. The need for an offset parameter    c 1    is attributed to the many assumptions and simplifications made and partly to the measurement system, i.e., the total frequency response of the optical and digital components and the postprocessing of the data. However, the constant    c 1    is relatively small in comparison to    c 2   Z A   . Below, in Figure 5, the average grain size calculated with the measured frequency-dependent attenuation together with Equation (6) is compared to the measured grain size by the EBSD and MPGR techniques.



For an ideal model, the plotted points in the above figure would be positioned exactly on the diagonal 1:1 line. The graph is based on 52 different LUS measurements containing a total of ~23,000 A-scans. For each A-scan, the spectral attenuation was calculated for each of the available P-echoes that could be automatically located. These   b ′   values were then averaged to one single value and served as input for the weighted least square fit. When the final grain-size calibration curve is compared to the microscopic grain size, c.f., Figure 5, the residual, R2, is just over 0.8. Some of the points have significantly larger error bars, which is mainly attributed to the GLUS measurements that, for those samples, were performed in transmission and which can result in significant oxide growth during the measurement. This oxide scale can have the disadvantage of the reflected intensity of the detection laser being lower. Furthermore, it is also believed to lead to the laser being screened from the actual sample surface that deteriorates the frequency content in the measurement. One should also note that the statistical grain-size distribution will also affect the perceived attenuation as predicted in [19], which is not taken into consideration herein; hence, some small variation in the vertical axis is expected due to this.



An example of the GLUS-measured grain size as a function of time during the annealing of 304 stainless steel at various soaking temperatures is shown in Figure 6a below. Each point in the graph is a calculated grain-size value for the available echoes in one A-scan. The starting material was cold-rolled with a pancaked structure and was heated at 10 °C/s up to the soaking temperature. The timing of the measurements is shifted to be aligned to the point of recrystallization, which occurs as the temperature reaches ~890 °C. The samples displayed in Figure 6 were then cooled and cut in the center of the ultrasonic path and EBSD-analyzed.



Preliminary results indicate that this grain-size calibration curve could also be directly employed on polygonal ferrite by using the single-crystal elastic constants [30] in the Zener anisotropy factor calculation as foreseen in [19]. The method has only been tested on a limited number of ferrite samples and needs a more thorough investigation before the valid range of this grain-size calibration curve is established for ferrite.




3.2. Online Measurements


The grain size gauge consists of one measurement head and four smaller cabinets containing:




	
the climate control for the head and driver for the generation laser,



	
the interferometer and the control computers,



	
the detection laser, and



	
the electronic wiring and control unit for the motors.








The control computer communicates with the mill and moves the head into measurement position and turns on the lasers when a strip is present. The control computer collects the ultrasonic response and the necessary mill data and stores it in a database that is then accessed by the analyzing computer. This second computer extracts the relevant information from the A-scan and calculates the grain size, which is then written back to the database and/or is sent to the mill control system. The algorithm finds the longitudinal echoes and decides which part of the spectrum should be utilized in the attenuation calculation.



Below, in Figure 7, some bandpass-filtered A-scans from the grain size gauge are displayed. The ultrasonic generation occurs at time ~0.7 µs, and at ~2 µs, the first back wall echo is present. The consecutive echoes have a separation of ~1.2 µs, and their amplitude is clearly attenuated, which is expected from both the grain scattering and geometric effects, as well as the shedding of energy into other waves, such as shear waves. In between the main longitudinal echoes, much smaller negative peaks are visible, which are the mode-converted PS-waves.



The signal-to-noise ratio of this system is above 400, but it is expected to deteriorate slightly with time together with the output of the lasers. The grain size gauge has some overcapacity in terms of the generation laser, which is currently operated at around 50% of the maximum output power. Therefore, up to 50% degradation of the generation laser system can be fully compensated by the control computer by allowing more laser light through the internal attenuator. The calculated mean linear intercept grain size including twin boundaries from two online LUS measurements are displayed below in Figure 8. The strips had a length of 1000 m and 650 m and had average grain sizes of just over 5 and around 6 µm in (a) and (b), respectively. The head and tail end of the strip are not measured to provide extra-large safety margins, and, hence, the first and last part of the strip are not displayed. In principle, the lasers could start as soon as the system detects hot material above the gauge by using the detection laser as a material detector [31], which could potentially allow the LUS grain size gauge to make the first measurement just a few millimeters into the strip head end.



Both measurements display a slightly increasing grain size along the length of the strip, which could be the result of a variation in rolling speed. Changing the zoom during rolling implies that the grain-size measurement will be performed at a different time from the last stand comparing the head and the tail end of the strip. Since the material usually experiences a time dependent recrystallization the head and tail end of the strip will be at slightly different stages of the recrystallization kinetics if the rolling speed varies.



The observant reader will notice a small periodicity with ~9 periods along the length of the strips, which are the consequence of an earlier processing step in the hot strip mill. This is likely an effect of skid marks. As mentioned earlier, when the slab is heated in the re-heating furnace, it travels through the furnace from one side to the other on walking beams. These beams are actively cooled to survive the high temperature in the furnace, and one outcome of this is that the slabs are heated unevenly, giving rise to temperature deviations called skid marks. The use of the coil-box prior to the finishing mill neutralizes this temperature difference to the extent that the effect is barely noticeable for most materials. It is not seen in temperature measurements on the final strip but is detected by the LUS measurement.



These new online grain-size measurements can enable a new paradigm for material development. The new data can be used as feedback information to the mill directly or for adjustments of the setup calculation to the next strip of the same grade. The data are also expected to be valuable as input when creating new material models and to result in more rapid development of new alloying concepts. Additionally, this new grain size gauge has the potential to improve quality control by identifying deviations in the production, to indicate if there are parts of the strip that should be directly internally recycled. This new information is also expected to be utilized as feedforward information in the later material processing steps.



The grain size gauge currently assumes that the laser ultrasonic measurements are performed on a defect-free strips. The current hot strip mill produces material with high quality and high uniformity. Just before the laser ultrasonic measurement, the strip is de-scaled, removing the oxide scale which enables the grain size gauge to measure reliably. In less favorable conditions, however, defects in the strip such as inclusions and delaminations could deteriorate the measured response. Oxide scales that are not removed by the de-scaler could also have a negative effect on the measured frequency response. The effects of this oxide screening, inclusions or delaminations have not yet been observed in the measurements.



However, the presence of any of the errors described above would only result in one faulty measurement since the steel strip is continuously moving in front of the LUS gauge. Furthermore, the model and algorithm only evaluate the grain size if the signal response has a high enough signal-to-noise ratio, which allows it to cope with the worst errors introduced by the unlikely defects.





4. Conclusions


A new online grain size gauge based on laser ultrasonics has been installed in a hot strip mill and presented. It is a unique solution for austenite grain-size measurement during hot rolling with:




	
Grain-size calculation performed with a new reference object-free model/algorithm utilizing the generation event as a reference spectrum.



	
The model used for grain-size calculation is based on 52 samples that are evaluated with EBSD/MPGR and is correlated with more than 23,000 LUS measurements. The correlation coefficient R2 of this model is 0.8.



	
Calculated grain sizes from online LUS measurements provide the ability to detect small variations in austenite grain size along the strip in situ.








This gauge creates new possibilities for the process control in the mill by enabling new information for feedback and feedforward control by optimizing the grain size. The gauge is also expected to accelerate the material development of new alloying concepts by rapid prototyping facilitated by the new grain-size data.
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Figure 1. Schematic of the principle for laser ultrasonic grain-size measurement. (a) The ultrasound is generated in the sample by a generation laser hitting the surface with a short optical pulse. (b) The ultrasonic response of the sample is acquired with the detection laser collecting several backwall echoes. (c) The frequency-dependent attenuation is calculated for the backwall echoes. (d) The third-order frequency-dependent attenuation b is transferred by a calibration curve plotting known attenuation vs. grain sizes. 
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Figure 2. Ten typical bandpass−filtered A−scans from an online measurement in a hot strip mill [10]. The first peak at 0.7 µs is the generation event, and the following peaks are the consecutive backwall echoes. 
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Figure 3. (a) Plot of frequency content in the generation event and the consecutive echoes from the A-scans shown in Figure 2. (b) The calculated attenuation as a function of frequency (solid black line) for the 2nd backwall echo of one of the A−scans in (a), The fitted 3rd-order attenuation (dashed line with square markers) is also plotted. The fitting is only performed in the region where the SNR sufficiently large and the frequencies are high enough for the diffraction to be negligible. 
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Figure 4. (a) Illustration of the hot strip mill in Borlänge, Sweden. The different components are denoted from the reheating furnaces on the left to the downcoilers on the right. The position of the new LUS grain size gauge is marked by the yellow arrow just before the runout table. (b) Image of the LUS grain size gauge, produced by EMG Automation GmbH. 
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Figure 5. Calculated LUS grain size versus the mean linear intercept-length grain size, as measured by EBSD and MPGR, including the twin boundaries. The error bars in the vertical direction represent the standard deviation of all of the LUS shots considered when calculating the average grain size. 
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Figure 6. (a) Graph of the measured grain size as a function of time at the soaking temperature for six of the stainless steel samples. (b–g), EBSD inverse pole figure (IPF) maps of the samples post annealing at 900–1150 °C, respectively. The micrographs are, for pedagogic reasons, cropped and resized to share the same size scale. 
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Figure 7. A few typical bandpass−filtered A−scans from the online LUS-based grain-size gauge installed in the Borlänge hot strip mill. 
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Figure 8. Calculated grain size along the length of a 1000 m (a) and 650 m (b) long strip as measured by the online LUS grain size gauge. The head and tail end were not measured due to extra safety margins employed during the first few LUS measurements performed with the new grain size gauge. 
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