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Nondestructive tertiary mill-scale thickness measurement on commercial hot-rolled steel strip: terahertz time-of-flight tomography
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Terahertz time-of-flight tomography is shown to enable the nondestructive and noncontact measurement of tertiary mill-scale thickness L down to ~ 10 m on production hot-rolled steel, building on our recent work on thickness evaluation of laboratory-produced steel coupons. The measured L shows good agreement with values obtained from cross-section scanning electron microscopy. Compared to the destructive SEM approaches as well as conventional single-point techniques, such as Eddy-current measurement which requires direct contact with the surface of production steels, our results suggest that terahertz time-of-flight tomography has promise for in-line nondestructive thickness characterization and quality control of tertiary mill scale on steel products in a production environment.

Introduction

Mill scale, a mixture of iron (II) oxide FeO (wüstite), iron (III) oxide -Fe2O3 (hematite), and iron (II, III) oxide Fe3O4 (magnetite), forms on the exteriors of steel sheets during the hot rolling and subsequent cooling process [START_REF] Krzyzanowski | Oxide Scale Behaviour in High-Temperature Metal Processing[END_REF][START_REF] Chen | [END_REF][3][4]. In general, wüstite is the dominant phase within the mill scale [5][6][7][8], and the proportion of each iron-oxide constituent varies significantly with the manufacturing conditions and processes, such as the finishing and coiling temperature [6,9], the oxygen pressure [10], as well as finishing temperature [6].

As a green byproduct of manufacturing hot-rolled steel, a defect-free mill scale can provide some corrosion resistance between production and further processing (such as coating), which might be carried out at a different site than the production. Because of the brittle nature of the mill scale compared to steel at room temperature [START_REF] Samuels | Metallographic polishing by mechanical methods[END_REF], cracks may be introduced in the mill scale before subsequent coating processes. The corrosion process accelerates due to crevice corrosion between the mill scale and steel once the steel products are exposed to atmospheric moisture and oxygen [START_REF] Doi | [END_REF]. Moreover, the presence of mill scale can deteriorate the surface quality of the steel product caused by rolled-in scale defects or roughened surfaces. Therefore, the mill-scale layer should be removed prior to coating or other processing.

Abrasive shot blasting and grinding are commonly used to remove the mill scale prior to coating [START_REF] Katsuki | Method for descaling hot-rolled stainless steel strip[END_REF]. As an aggressive process, shot blasting and grinding might result in partial deformation and may require water treatment to avoid environmental contamination. An alternative is chemical removal, i.e., pickling. The solutions often include sulfuric and hydrochloric acids. Because of the associated air-and waterpollution hazards, as well as the expense of waste acid treatment, several novel acidfree descaling processes, are also proposed recently, such as the reduction of oxide scale under hydrogen [START_REF] Guan | [END_REF], or carbon monoxide atmosphere [15], as well as electro-plasma techniques [16]. Regardless of the technique employed, however, knowing the thickness of the mill scale present enables one to optimize the mill-scale removal process and thus reduce costs and possible damage to the steel, as well as environmental hazards.

Therefore, understanding the physical properties of mill scale formed on steel, such as thickness and composition, is desired. In Ref. [17], based on historical data analysis, an algorithm making use of a decision tree and rectangular basis function network has been proposed employing the coiling and pickling process parameters to estimate optimal pickling parameters to minimize the risk of under-pickling. The proposed approach, however, fails to rectify over-pickling. Terahertz (THz) imaging is a promising technology for many nondestructive evaluation (NDE) tasks which can have some advantages over conventional techniques, such as ultrasonic testing [18][19][20], Eddy-current measurements [21][22][23], and x-ray imaging [24,25] for electrically insulating materials. For example, in contrast to the Eddy-current approach, THz imaging is capable of providing the thickness distribution of the mill scale over an entire steel plate in a noncontact manner, rather than at several limited points. In addition, unlike x-rays, THz radiation is nonionizing and presents no known health risks to human technicians.

To ascertain the applicability of THz imaging to the mill-scale thickness problem, the electric and dielectric properties of the mill scale in the THz band should be investigated first. Hematite and wüstite are low-loss dielectrics (electrical insulators), while the magnetite is electrically conductive at room temperature [26,[START_REF] Hasegawa | Thickness measurement of iron-oxide layers on steel plates using terahertz reflectometry[END_REF]. Magnetite will undergo a phase transformation to an insulator for temperature below 120 K (Verwey point) or at a pressure up to 40 GPa, although it is unrealistic in a production environment [START_REF] Hasegawa | Thickness measurement of iron-oxide layers on steel plates using terahertz reflectometry[END_REF][START_REF] Schlegel | [END_REF]. The electrically insulating properties of wüstite and hematite suggest that mill scale might overall be transparent to THz electromagnetic radiation, despite the presence of minority conductive magnetite phase, suggesting the feasibility of THz reflectometry for mill-scale thickness measurement.

In Ref [29], a novel hybrid model of principal component analysis (PCA), particle swarm optimization (PSO), and extreme learning machine (ELM), was proposed to obtain the thickness of thin oxide scale ranging from 0 µm to 15 µm. In our previous work [30], mill-scale films with thickness down to 5 m were characterized successfully in a nondestructive and noncontact fashion using THz time-of-flight tomography (TOFT) in conjunction with advanced signal-processing techniques. In that work, all the steel coupons investigated were fabricated under laboratory conditions, therefore all manufacturing parameters, including finishing temperature, the content of oxygen in the atmosphere, as well as the cooling rate, were controlled precisely. The success of characterizing laboratory-produced mill-scale films lead to the question: Is THz TOFT likewise successful in characterizing L for tertiary mill scale on production steel plate rather than under controllable laboratory conditions?

This study presents the utilization of THz TOFT to characterize tertiary mill scale (henceforth simply mill scale) thickness L on hot-rolled production steel strip in a nondestructive and noncontact fashion. The observed inhomogeneity of the mill scale is also discussed.

The sequel of this paper is organized as follows. In Section 2, we outline the experimental approach and describe measured samples in detail. Section 3 presents THz results and the comparison with cross-sectional observations. In Section 4, we conclude.

Material and Experiment Setup

Materials

The samples were commercial low-carbon hot-rolled steel strip cut from the border of one production steel plate fabricated by ArcelorMittal Maizières Research SA under the production environment with an atmosphere of 20.9 % oxygen and 15 % water vapor, and its dimensions are 31.2 cm × 5 cm × 4 mm in length, width, and thickness, respectively. After the hot rolling process, the production steel plate is cooled to the desired temperature by spraying water on both sides of the steel plate. Once reaching the desired temperature, the production steel plate is naturally cooled to room temperature in ambient air at a slow rate, and the tertiary mill scale forms on the hotrolled steel substrate during the entire cooling process.

Experiment equipment

THz TOFT (TPS Spectra 3000 from TeraView Ltd., Cambridge, UK) is employed in this study. A schematic diagram is shown in Figure 1. The generation of pulsed THz radiation is based on a photoconductive switch. Quasi-single-cycle THz pulses with bandwidth ranging from 60 GHz to 3 THz are generated in a biased GaAs antenna excited by an Er-doped fiber laser which emits 780 nm pulses with sub-100 fs pulse duration at a repetition rate of 100 MHz and has an average output power > 65 mW.

Coherent detection of the reflected THz radiation is performed in a similar photoconductive-antenna circuit. By gating the photoconductive gap with an ultrafast optical pulse synchronized to the THz emission, a current proportional to the terahertz electric field is measured. A delay line is incorporated into the probe beam to change the difference in the optical delay between the incoming THz pulse and the probe laser pulse at the receiver. A bias is also applied across the emitter and receiver to generate a time-gated output signal.

In this study, the THz measurements were carried out in an air-conditioned laboratory at 22 o C with humidity < 48 %. Before the THz measurement, the reference pulse, i.e., the THz pulse produced by the apparatus, was recorded by setting a bare metal plate (i.e., an excellent THz reflector) at the sample position. The fringes after the main THz pulses and the sharp absorption lines in the measured spectra correspond to the excitation of rotational modes of atmospheric H2O molecules during the propagation of THz pulses [32,33]. The sample was raster-scanned by a set of motorized stages moving in the x-and y-directions. Balancing measurement duration and transverse resolution, we employed a step size, corresponding to the distance between two adjacent pixels, of 1.5 mm. The recorded reflected temporal signal at each pixel contains 4096 data points (for a sampling period Ts = 0.0116 ps) and is averaged over 10 shots per pixel to reduce the effect of noise. The surface morphology, as well as the microstructure of the mill scale film, are examined and analyzed using scanning electron microscopy (SEM) and energy-dispersive spectrometry (EDS). Oxide-phase distribution of the mill scale strip on steel substrate is obtained using x-ray diffraction (XRD) (D2 Advanced X-ray Diffractometer, Bruker, Germany) scanned with 300 W Co anode radiation produced by a ceramic x-ray tube.

Result and Discussion

Figure 2 shows photographs of the obverse and reverse of the low-carbon hot-rolled production steel plate after cooling. The entire plate presents a blue-grey appearance, which is the distinctive color of mill scale, while several edge regions with dark-grey appearances can also be observed. Moreover, some rust-like strips, corresponding to the position of rolling stands interacting with production steel plate, are also observed on the surface of the plate, which might result from the use of high-pressure water to remove the primary oxide scales on the steel slab during descaling. Because it is inconvenient to investigate such a large size of steel plate, the plate is then cut into several small coupons for subsequent characterization as shown in Figure 2(a). Four coupons from the border of the steel shown in Figure 2(b), namely #0848, #0849, #0850, and #0851, respectively, are used for THz measurements. These coupons were stored under low vacuum to isolate them from atmospheric moisture and other contaminants before and after measurements.

Thickness measurements of the mill scale on both sides of the steel strip are carried out first using SEM as a reference. A surface polishing procedure is necessary before the SEM measurement using ~ 1 μm grit sandpaper in a grinding machine. In this study, the side marked with a numerical label is defined as the obverse, while the side without a numerical label is the reverse. The position we selected for SEM measurement is at the left border steel strip # 0851 indicated by a red arrow in Figure 3. Figure 4 presents the morphology seen in cross-sectional SEM on the obverse, even though the mill-scale thickness depends somewhat on position (see below). Relatively rough air/mill-scale and mill-scale/steel interfaces are found, and the thickness L of mill scale is ~8 μm in the SEM measurement.

The elemental composition is also confirmed by energy-dispersive x-ray spectroscopy (EDS). EDS results at the same position as Figure 4 are presented in Figure 5. Fe and O are the two dominant elements present, demonstrating that the mill scale layer is a hybrid of iron-oxide compounds, even though neither the specific compounds present, nor their ratios are determined by this experiment. Except for Fe and O, small amounts of C, Si, and Mn are also detected, validating that the steel is a low-C alloy but with additional alloying elements. Those contaminant elements are assumed to be in their most stable forms in steel products. In general, Mn, Si, and C are key trace alloying elements during steelmaking for improving the mechanical properties, such as tensile strength, hardness, and weldability [34].

Unlike the amorphous structure of most corrosion products, mill scale presents a crystalline structure. Therefore, crystalline phases of mill scale are identified after sample preparation, elemental analysis, and SEM thickness characterization. The x-ray diffraction (XRD) data are presented in Figure 6. Similar to the XRD results of laboratory-prepared steel coupons [30], hematite, magnetite, and wüstite are the most abundant phases found in the x-ray diffractograms with hematite and magnetite originating from the transformation of wüstite [31]. Since the mill scale is quite thin, as shown in Figure . 4, Fe phases are quite prominent in the x-ray diffractogram compared to the case for a thicker mill-scale film (28.5 μm) in Ref. [30]. Because it is hard to differentiate the Fe phases in the mill-scale iron oxide phases from the steel substrate, Fe phases are not taken into consideration when estimating the weight fraction of each iron phases in the mill scale through Rietveld refinement principle [35]. Figure 7 displays the average weight fraction of various oxides phases present on the obverse and reverse of coupon #0848-0851 based on the XRD data in Figure 6. It shows that the weight fraction of wüstite is comparable to magnetite (~45 wt%) and is relatively smaller than the value in laboratory coupons in Ref. [30].

Based on detailed discussions of scale structures presented in Ref. [15,31,36], the structure of the mill scale undergoes structural change and the thickness of the mill scale continues to grow during the coiling and cooling process. Due to the thermodynamical instability of wüstite phases, when the temperature was below 570 o C, wüstite decomposition follows the following reaction:

4FeO → Fe 3 O 4 + 𝛼 -Fe (1) 
The eutectoid products comprised of magnetite and iron are formed. When the temperature reaches 570 o C, the reverse chemical reaction occurs:

Fe 3 O 4 + 𝛼 -Fe → 4FeO (2) 
The wüstite transformation behaviors largely depend on the wüstite formation temperature, cooling rate, as well as oxygen content. Different from coupons prepared under laboratory conditions, more wüstite in mill scale film were consumed to form iron and magnetite when the steel products were cooled in ambient air, demonstrating the different transformation behaviors of wüstite compared to coupons prepared under laboratory condition. The wavy scale/steel substrate interface, as well as the thickness fluctuation of mill scale observed in Figure 4, might result from the precipitation of Fe 3 O 4 and 𝛼 -Fe near the mill scale/steel substrate interface [37]. Although the nonuniform temperature distribution on the entire production steel plate might also contribute to a subtle variation of the composition and structure of the mill scale [START_REF] Chen | [END_REF] (In general, the thickness of formed mill scale at the edge of production steel plates seems to be thin owing to the relatively low finishing temperature), because all investigated steel strips are from the same side of the edge region of the steel plate in Figure 3, minor discrepancy of XRD results and surface appearances among steel strip #0848-0851, is found.

THz TOFT was applied next for nondestructive characterization of the structure of coupon #0848-0851. Figure 8 present a typical temporal reflected signal r(t) from the obverse of #0848. Similar results are also found in #0849-0851 and not presented here.

A high visual similarity of the waveform between r(t) and reference signal i(t) produced by the apparatus is found, indicating that the mill-scale thickness L is below the axial resolution of our experiment. After amplitude normalization of i(t), a difference of amplitude between i(t) and r(t) is observed, which suggests the presence of echoes hidden within r(t), even though these echoes are not visually evident. Based on the effective bandwidth of our THz system, the minimum optical thickness L in air that can be resolved directly from the temporal reflected signal is limited to ~100 μm, which is much larger than L in the mill scale as seen in SEM. We thus employ an advanced signal processing technique to reconstruct the detailed stratigraphy hidden within the raw data.

According to the previous experience of investigating steel coupons fabricated under laboratory conditions presented in Ref. [30], the approach we resort to reconstruct the impulse response function h(t) is autoregressive spectral extrapolation (AR). The impulse response h(t) is the conceptual response in terms of the reflected signal we would measure for an incident Dirac- function incident pulse i(t). AR aims at extrapolating the entire transfer function H(f) where signal-to-noise ratio (SNR) is poor, the Fourier transform of h(t) with f the frequency, based on raw data within a frequency band where SNR is sufficiently high so that the data is reliable [38,39]. Superior to conventional deconvolution approaches, such as frequency wavelet domain deconvolution [40] , the bandwidth of the impulse response function h(t) is not be narrowed to enhance SNR of the transfer function H(f); contrary to sparse deconvolution [41], because AR does not require a large number of computational cost to achieve super-convergence, it seems more suitable for rapid diagnosis of the quality of fabricated steel products.

An example of the experimental (red) and reconstructed (blue 1. A relatively large thickness standard deviation (𝜎) of mill scale is found, compared to the steel coupons fabricated under the laboratory condition, demonstrating that the manufacturing process in a production environment is more complex and is not as controllable as in a laboratory environment, even with the same experimental conditions.

)
Correlating the thickness distribution of mill scale film with the striations on the production steel strip was also carried out. Note that one might take fast-scan THz measurements with a distance interval of a few centimeters to vastly speed up the millscale thickness measurement. Figure 11 shows the thickness information L of the mill scale as a function of position on the reverse of steel strip #0849 along the long axis of the steel strip. Owing to variation in coiling and finishing temperature, thickness of mill scale seems to be position dependent. Moreover, significant variation in the thickness of mill scale on the order of 1 m, as shown in Fig. 11, might result in under-or overpickling, leading to heat uneven transfer and wear to rollers, the reduction of mechanical strength, and the adhesion failure of the scale that might further affect possible corrosion before finishing. One obvious dark between x = 14 to 18 cm, is found in Figure 11, which might be contaminated by oil/grease from bearings or hydraulics or spray of oil-containing fluids onto finishing work rolls [44,45]. In addition, THz TOFT fails to identify mill scale in the region x = 17 to 23 cm in Fig. 11, which might originate from a local region with very small L or perhaps an area with anomalously high magnetite and/or anomalous iron composition. Even though the difference in chemical stoichiometry and weight fractions of each iron oxides phase between this light-grey region and other blue-grey regions is not that significant, according to XRD results, the appearance of the light-grey surface might be associated with the deposition of fine iron particles within iron/magnetite eutectoid because of the decomposition of wüstite [START_REF] Chen | [END_REF], strongly reflecting the incident THz signal in turn.

Conclusion

In this study, THz TOFT was carried out soon after production (descaling and subsequent hot rolling) using a commercially available THz system to reconstruct tertiary mill-scale thickness L down to the 10-m range on production steel plates.

Based on our previous experience of investigating steel coupons prepared under laboratory conditions in Ref. [30], an advanced signal-processing technique, namely autoregressive spectral extrapolation, was incorporated to beat the limitations of THz wavelength and enhance the resolution in depth. In addition, by studying the THz TOFT signal as a function of transverse position over the samples, we find texture at the millscale/steel interface on the 1-m scale in the axial direction and the 1.5-mm scale in the transverse direction. THz results seem to match well with destructive cross-section SEM observations. Owing to the uneven thermal distribution, wüstite decomposes into magnetite and elemental Fe particles in some regions, giving rise to dark-and lightgrey striations on the surface of the coupons. The presence of elemental Fe particles, because of its conductive nature, inhibits the propagation of THz signals into the mill scale further. In summary, our work militates for the consideration of THz TOFT on thickness measurement as well as quality control of tertiary mill scales in the shopfloor environment. 

  transfer function H(f) is shown in Figure9(a). Noisy data (red curve) in the low-and high-frequency regions are tamed in the AR reconstruction (black), in effect leading to enhancement of SNR over the entire relevant band of H(f). The corresponding reconstructed h(t), obtained from the inverse Fourier transform of the AR reconstructed H(f), is shown in Figure9(b). Compared with the raw reflected signal r(t) (red), the width of reconstructed h(t) (black) drops significantly, and two echoes corresponding to the air/mill scale and mill scale/steel interfaces, are identified clearly. The mill-scale thickness L at the measurement position is L = ct/(2n) where c is the speed of light and t is the optical delay between successive echoes in the reconstructed h(t) in Figure9(b). Owing to the mixed nature of the mill scale, its refractive index n can be estimated approximately based on the refractive indices of each iron phases, which are ~5.0[42] (~4.7[43]) for wüstite and ~5.5[START_REF] Hasegawa | Thickness measurement of iron-oxide layers on steel plates using terahertz reflectometry[END_REF] for hematite in the experimental band. According to the weight fractions of the iron oxide phases discussed above as well as filling factors, the refractive indices of mill scale n ≈ 5. The inferred mill-scale thickness L (~10.5 µm) is in excellent agreement with the value measured by destructive cross-sectional SEM results in Figure4, as well as the value (~ 10 µm) estimated by ArcelorMittal based on the manufacturing parameters, in particular, the growth and cooling duration as well as finishing temperature. Owing to the position-dependent thickness of mill scale, the error between THz results and destructive SEM results, might originate from the refractive indices of mill scale we assumed, as well as the complex manufacturing process.We estimate L for both the obverse and reverse of all coupons. Owing to the size limitation of the measurement stage, for #0848, #0849, and #0850, binary B-scans begin ~ 4 cm from the left edge of the plate [right edge of the plate in Figure2(a) and (b)] and ends ~ 5 cm from the right end [left end of the plate in Figure 2(a) and (b)]. A pronounced bend induced by shearing to obtain the investigated coupon accidentally, which is difficult to measure, occurs at the end of sample #851.Figure 10(b) shows a binary B-scan image from the THz TOFT experiment with AR reconstruction, where a valid peak is assigned a value of "1" and the other positions are assigned a value of "0", regardless of the sign or height of the peak, along the long axis of the obverse of #0848. Similar results (not shown) were also found in the reverse of steel strip #0848 and both sides of steel strips #0849-0851. The comparison with the THz B-scan based on the raw signals in Figure 10(a) shows that the binary THz B-scan unlocks a wealth of information absent in the raw B-scan. A wavy mill-scale/steel interface is also observed in the THz B-scans, which seems consisted with SEM measurement in Figure 4. The optical distance between the two echoes in Figure 10, proportional to L, varies along the section studied. The mean and standard deviation of L of both obverse and reverse of #0848-0851 are presented in Table

Figure 1 .

 1 Figure 1. Schematic diagram of THz TOFT experiment in reflection.

Figure 2 .

 2 Figure 2. Photograph of (a) obverse and (b) reverse of production steel plate after cooling to room temperature. The coupons studied here were cut from this plate as in Figure 3.

Figure 3 .

 3 Figure 3. (a) Photograph and (b) schematic diagram of production steel plate from which coupons studied here were cut. Note that all coupons used for THz measurements are from the bottom edge of the steel plate in the figure. The dimensions of the coupons are 31.2 cm × 5 cm × 4 mm. A red arrow in (b) indicates the region on coupon shown in cross-sectional SEM in Figure 4.

Figure 4 .

 4 Figure 4. Cross-sectional SEM of the obverse of coupon #0851. The two green lines correspond to the air/mill scale mill scale/steel interfaces, respectively. The thickness of the mill scale at that position is L ~ 8 µm.

Figure 5 . 4 .

 54 Figure 5. EDS at the same position as in Figure 4. White regions in the EDS elemental energy spectra reveal the presence of Fe, O, Mn, Si, and C elements under analysis. Fe and O are two predominant elements in mill scale, and some trace elementals, such as Mn, Si, and C are also identified.

Figure 6 .

 6 Figure 6. Typical x-ray diffractogram of obverse (red) and reverse (black) of coupon (a) #0848, (b) #0849, (c) #0850, and (d) #0851.

Figure 7 .

 7 Figure 7. The estimated proportion of oxide phases in mill scale based on XRD data of obverse and reverse coupon (a) #0848, (b) #0849, (c) #0850, and (d) #0851.

Figure 8 .

 8 Figure 8. Comparison of reference signal i(t) (black) and reflected signal r(t) (red) at a typical point on the obverse of coupon #0848 after amplitude normalization. Note that the waveforms of i(t) and r(t) bare superficial resemblance, necessitating the application of signal processing to reconstruct impulse response function h(t).

Figure 9 .

 9 Figure 9. (a) Comparison of transfer function H(f) at a typical point on the obverse of coupon #0848 obtained from the division of the Fourier transforms of r(t) and i(t) (red) and reconstructed by AR (black). (b) Comparison of h(t) reconstructed by AR (black) by inverse Fourier transform of the reconstructed transfer function H(f) and experimental reflected signal r(t) (red). The inset shows the origin of the two echoes in the deconvolved signal: one from the air/mill-scale interface and the second from the mill-scale/steel interface.

Figure 10 .

 10 Figure 10. Comparison between (a) the THz B-scan based on raw data and (b) binary B-scan of AR reconstructed h(t) at the center of the obverse of coupon # 0848 aligned with the long axis. Spacing between pixels is 1.5 mm. Mill-scale thickness L = ct/(2n).

Figure 11 .

 11 Figure 11. Thickness L at the center of the reverse of coupon #0849 as a function of position along the long axis.

Figures ( 1 )

 1 Figures

  

  

  

  

  

  

  

  

  

Table Caption Table I

 CaptionI Summary of the mean  and standard deviation of 𝜎 mill-scale thickness L for coupons along the center of the long axis from AR reconstruction. The large standard deviation for both sides of all samples result from the failure of measuring the thickness of mill scale at some positions.

	Coupon	𝝁 (𝛍𝐦)	𝝈 (𝛍𝐦)
	#0848 obverse	12.07	2.82
	#0848 reverse	12.84	2.74
	#0849 obverse	12.11	2.94
	#0849 reverse	13.87	2.17
	#0850 obverse	11.16	2.57
	#0850 reverse	13	2.03
	#0851 obverse	10.47	2.11
	#0851 reverse	9.93	0.89
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