Contactless 3D Surface Characterization of Additive Manufactured Metallic Components using Terahertz Time-domain Spectroscopy
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Abstract: Terahertz time-domain spectroscopy has experienced a great progress in imaging, spectroscopy and quality inspection, e.g. for semiconductor packaging or in the automotive industry. Additive manufacturing alloys (also known as alloys for use in 3D printing) have risen in popularity in aerospace and biomedical industries due to the ability to fabricate intricate designs and shapes with high precision using materials with customized mechanical properties. However, these 3D-printed elements need to be polished thereafter, where the surface roughness is inspected using techniques such as the laser scanning microscope. In this study, we demonstrate the use of terahertz time-domain spectroscopy to assess the average roughness profile and height levelling of stainless steel for comparisons against the same parameters acquired using laser scanning microscopy. Our results highlight the potential of the proposed technique to rapidly inspect 3D-printed alloys over large-areas thus providing an attractive modality for assessing surface profiles of AM manufactured terahertz components in the future.
1. Introduction
Terahertz (THz) radiation is a portion of the electromagnetic spectrum situated between microwaves and infrared with frequencies between 0.1-10 THz, corresponding to vacuum wavelengths between 30-3000 µm. Interest in the THz range has experienced an exceptional growth in the latest years, due to the increased maturity of this technology as well as to the strategic importance of unique applications at this frequency range such as imaging and spectroscopy [1], biological applications [2], next generation wireless communications [3, 4] and contactless non-destructive industrial applications [5]. This progress has been in part enabled by the developments made in compact THz sources, such as resonant tunneling diodes [6], quantum cascade lasers [7], as well as the increased efficiency, robustness and versatility of THz time-domain spectrometers (THz-TDS) [8]. It is these latter THz systems that have demonstrated suitability for spectroscopic and industrial applications, e.g. in the automotive and aerospace sectors [9], pharmaceutical [10] and semiconductor packaging quality control [11, 12]. The non-ionizing nature of THz radiation is particularly attractive in manufacturing quality control, where unlike X-rays, can be realized without posing as a health hazard to the operating personnel. This has motivated numerous industrial applications. For example, THz-TDS has been used as an effective tool in revealing sub-surface features in multi-layers structures in optically opaque dielectrics [13] and polymers [14, 15], measuring the electrical conductivity in semiconductors [16, 17], characterizing the crystallization of polymer [18, 19], extracting charge transfer speed in electronics [20], and investigating states of water in polymers [21]. 
Nevertheless, most of these experiments were conducted on samples with smooth surfaces, without taking scattering into account. This is a topic that drawn interests fundamentally [22-33]. Scattering is strongly related to the surface average roughness (Ra) [22-25], which is an important limiting factor for THz measurements. Frequency-dependent amplitude changes resulting from specular reflections were correlated to the surface roughness for metallic surfaces, using Fourier transform far-infrared systems [23] and THz-TDS sources [24], dielectrics [28-30] and coatings [31]. In dielectric materials, the frequency dependence of the scattering losses can negatively affect specific spectral features, e.g. in explosives [28]. Hence, more complex theoretical models were proposed, by using wavelet analysis [29] or cepstrum filtering [30], to tackle this issue. Scattering is one of the ultimate limits for the development of efficient integrated THz platforms as well. THz miniaturized components and waveguides have been realized with several approaches [34-43], from surface plasmons [35], to micromachining [36, 37], hollow waveguides [38], photonic crystals [39], 3D printing [40-42] and Additive Manufacturing (AM) [43].
Additive Manufacturing is a cutting-edge technique popular for simplifying the fabrication of complex design geometries in modern manufacturing. Selective laser melting (SLM) is one AM method used to fabricate components from metal feedstock materials with high density and excellent properties by utilizing a laser to selectively melt metal powder [44, 45]. Metallic samples prepared by SLM suffer from poor surface uniformity due to the surface laser effects, which prohibit applications in biomedical devices and aerospace industry where a perfect control of surface profile is required [46-48]. To overcome this problem, Mohammad et al. and Han et al. have reported that electrochemical polishing (EP) can be applied as an effective additional step to remove surface imperfection using an environmental-friendly solvent [49, 50]. Many techniques have been proposed to characterize Ra, such as contact scanning profilometry [51, 52], X-ray micro-CT [53], atomic force microscope (AFM) [54] and laser scanning microscope [55] etc. However, most of these techniques are time-consuming where a complete range scanning is required but also facing the challenge of losing data at the peak and valley areas on the rough surface as they are out of the measuring limitation. In general, the Ra values of as-fabricated SLM samples are in the range of 25-100 µm, which is not within the range normally covered by these techniques. Thus, a more effective technique designed for evaluating the surface where Ra is in the range of tens of µm is required. 
THz radiation has not previously been used to inspect the surface roughness on AM alloy components realized via SLM. Here, we exploit its sensitivity to scattering to extract the surface roughness distribution and height levelling (HL) allocation of the samples related to EP. This THz technique allows the use of larger spots compared to standard laser microscopy, higher accuracy in the pertinent range of roughness, and is compatible with in situ direct measurement of the EP process. As a whole, this study paves the way for non-destructive testing of AM devices and products, over large sample areas and in industrially relevant, safe environment. At the same time, it provides a useful tool for investigating the suitability of AM fabricated THz components.
[bookmark: _Hlk135041175]Experimental results
2.1 Samples preparation and electrochemical polishing process
The unpolished samples were firstly prepared in a bi-dimensional square area of approximately 2.25 cm2 large with a thickness of 0.2 cm by using the SLM AM technology. The 316L stainless steel plates were anchored on the holder in the electrolyte by the mechanical support of an elastic gasket and screws during the polishing. The polishing procedure was finished in an electrochemical cell. Holder and electrochemical cell are shown in the Supplementary Information. The electrolyte was 1 mol/L NaCl-Ethylene Glycol (90%)-ethanol (10%) solution. After a standard EP process, the exposed metal surface was observed to be smoother. By holding the reaction temperature at room temperature via water bath and applying currents from 250 mA/cm2 to 1000 mA/cm2 of the polishing processes, the Ra of polished samples could be nicely controlled in the three ranges of 8-10 µm, 5-8 µm, and 1-5 µm, respectively [56]. 
2.2 THz-TDS mapping and average roughness evaluation
[image: ]A commercial THz-TDS system (TERA K15, MenloSystems) configured in reflection geometry as presented in the Supplementary Information was used in this study to acquire the THz measurements. By raster scanning the sample and recording the sampled THz signals, a mapping of the reflected terahertz waveform can be produced. One of the main barriers for accurately extracting optical parameters in reflection THz-TDS is the sensitivity to phase misalignment between the sample and reference measurements. Thus, a particular care was used in precisely realigning the optical set-up in order to keep reference’s and sample’s surface in the focal plane. The flat sample used as the reference in these measurements was a 200 nm gold thin film on a 500 μm Si substrate prepared by thermal evaporation. Two samples prepared using the SLM AM technology, and an extra commercial sample were investigated in this study, as shown in Fig. 1. The AM samples (samples 1 and 2) were polished via the electrochemical polishing cell. There are shiny circular regions in the centre of these samples that are nicely matched to the polishing holder shown in the Supplementary Information. Figure 1 (a) shows the acquired intensity image from the THz-TDS, reporting the maximum reflected E-field as recorded by the THz-TDS system. The measured area has dimension of 16 mm (x) × 50 mm (y) and was acquired with a 0.25 mm step-size in both x and y directions. Each pixel in the image has a 100 ps-long digitalized THz time-domain information which has been averaged for 10 s. The image has very good contrast in reflection amplitude between the unpolished and polished areas in samples 1 and 2, as expected. Two highly reflective regions in the centre of samples 1 and 2 are found in the image which can be explained by the smoothened surface. The sample 3 area in the image has a more uniform reflection than samples 1 and 2. The higher average reflection of sample 3 compared to rough domains in samples 1 and 2 verify the rougher surface on the as-built AM component. In general, the reflection mapping shows a corresponding match to the roughness distribution in the optical image. However, two ring regions surrounding the smooth centres with low intensity (indicated by white dot lines), whose reflections are even smaller than the rough area, can be [image: A picture containing text, line, font, diagram

Description automatically generated]found in samples 1 and 2. The decrease in reflection is due to the uncompleted-polished sloping surface outside the polished region caused by unexpected electrolyte diffusion beyond the holder.  The uneven surface changed the reflective angle of the incident THz wave, resulting in a minor reflection intensity acquired in the original direction. Thus, the collected information from these oblique areas will no longer be useful for evaluating the average roughness. Fig. 1. (a) THz intensity mapping of three different samples acquired from reflection THz-TDS. The colorbar refers to the maximal reflected E-field of the time waveform. [Areas a-1, a-2]: Electrochemical-polished AM-printed samples, polished by 250 mA/cm2 and 500 mA/cm2 for 56 min, whose  in the central polished regions are in the range of 8-10 um and 5-8 um, respectively. [Area a-3]: An unpolished commercial metal plate. The white dash-dot circles label the partially polished ring region; (b) optical microscope images of the measured samples. [Areas b-1, b-2, b-3]: Samples corresponding to (a-1, a-2, a-3), respectively. The blue, pink and yellow squares represent the areas used for evaluating  via laser microscope in the unpolished, electrochemical-polished area of sample 1 and a random area in sample 3, respectively; (c) Height distribution images of the selected areas obtained by the laser microscope (the blue, pink and yellow frameworks correspond to the same areas shown in (b). 

Fig. 2. Experimental results (Exp.) and fitting models (Fit.) of evaluating the average roughness of selected areas.

Three selected square regions with the size of 5.29 mm2 from the unpolished, electrochemical-polished areas of sample and a random area of sample 3 (marked by blue, pink and yellow squares in the optical microscope picture of Fig. 1 (b), respectively), individually, were investigated. Fig. 1 (c) shows the height distribution images of those three areas obtained by laser microscopy system, as described in the methods section. In the area after EP, its maximum and minimum relative heights were reduced and their uniformity was improved compared to the unpolished zone in the same sample, which are corresponding to the polishing effect on the surface as originally purposed. For matching the size of the scanning area of the laser microscope, the time-domain data of 81 pixels (9x9 in x and y directions) at the approximately same position were averaged and normalized by the reference acquired from the Au film. The typical time-domain waveforms and spectrums collected in the THz-TDS of the reference, polished flat area and unpolished rough area can be seen in the Supplementary Information. 
2.3 Evaluating RMS roughness and height levelling of metal surface
In the images acquired from the THz-TDS introduced above, the relationship between the incident and the reflected THz wave in the specular direction can be expressed as equation (1) [57-59]:
                         (1)
[image: 3d leveling 2]Where ,  are the frequency-dependent electric field of the incident and reflected waves, respectively.  is the complex function expressing the changes of incident wave on the reflective surface, which is composed of the normalized reflective coefficient  and the phase item . The phase contribution is caused by the height variation  of the sample’s surface compared to the reference point. Considering that the height distribution on the sample surface is random, the correlation distance of the surface roughness is larger than the wavelength, and there is no phase delay caused by the surface’s  [8], the reflective coefficient and reflectance  of the rough surface in the specular direction, which can be modelled by the Kirchhoff Approximation () as given in equation (2-3) [60, 61]:Fig 3. Schematic of reflection THz-TDS used to characterize the different RMS roughness (σ) and HL in two identical areas, where H1>H2 and σ1>σ2. The left region represents the rough as-fabricated metal before EP, the right part represents the area after EP. The red round cones area represents the typical beam form of the incident THz pulse in THz-TDS.

                                                   (2)
                                            (3)
Where  is the root-mean-squared () roughness,  is the wavenumber of the incident wave and θ is the incident angle with respect to the metallic surface normal vector. By investigating the electric field in the Fourier-transformed frequency domain, the  of the sample surface can be evaluated by equation (2) and the equation:  [32]. The shadowing effect and multiple reflections among the surface caused by large incident angles are not considered in equations (2-3). However,  is only valid while the  height is contributing significant diffuse scattering to the incident wavelength. The condition is often determined by the Fraunhofer Criterion as given in the inequality [33, 61]:
                                                                         (4)
where  is the incident wavelength. This criterion is significant as it indicates the effective wavelength range for evaluating different  values. For example, a rough surface where  = 40 μm ( = 50 μm) usually can be retrieved by using  with a spectral bandwidth from 0.2 THz to the highest readable frequency (2 THz in this measurement as shown in Supplementary[image: laser system3]
Fig. 4. Height distribution image measured by the laser microscope. (Inset: schematic of working principle of laser scanning microscope).

Information). However, if a smoother surface where  = 6 μm ( = 7.5 μm) needs to be evaluated by the same method, the effective spectrum will be narrowed into the range from 1.5 THz to the end frequency which is close to the limit of the THz-TDS used in this measurement. From the normalized reflection, the  was evaluated by fitting the experimental data with equation (3) within the wavenumbers of 30-65 cm-1. Figure 2 shows the experimental results and their best fits with the  of the selected areas, evaluating the average roughness of 26.3 ± 2 µm, 9.3 ± 1 µm and 15 ± 2 µm, respectively. All fit models mentioned above are in good agreement with the experimental curves, resulting in a correlation coefficients R larger than 95%. In addition, in EP, the  of the polished area will decrease with values  due to the continuous etching. The phase item in equation (1) caused by the height difference can effectively determine the actual etching depth on the surface. By integrating the  and the  values evaluated from the THz-TDS, a 3D mapping characterising the EP process on the 3D-printed 316L SS can be accomplished.  The schematic of evaluating  and  in two identical areas, where the left region represents raw 3D metal surface (rough and higher  ) and the region represents the area after the EP process (smooth and lower  ), can be seen in Figure 3. 
2.4 Laser scanning microscope measurements

THz-TDS results were validated against laser scanning microscope measurements. The average roughness evaluated from the laser scanning method was completed using an OLYMPUS OLS5000 Laser Scanning Microscope with an x20 objective, resulting in a spot radius of 0.2 µm on the sample surface as shown in the inset of Fig. 4. Figure 4 also shows a typical mapping of height distribution acquired by the laser writing. The  roughness was evaluated by:
[image: comparasion3]                                                                                                      (5)

Fig. 5. Comparison of  of selected areas determined from the laser microscope and THz-TDS. EP-3D: electrochemical-polished area on AM fabricated sample, UP-3D: unpolished area on AM fabricated sample, UP-commercial: unpolished area on commercial sample.

where  is the scanning area,  is the relative height to average leveling. 
Comparison and critical discussion
[image: height measurement4]Figure 5 shows the average roughness values of the investigated areas, evaluated by two strategies, laser microscope and THz-TDS. The accuracy standard of the laser microscope is in accordance with the ISO 25178-2:2012 certification, and the accuracy of the THz-TDS is calculated by the fitting model of the R values larger than 90%. The error bar obtained by THz-TDS method is larger than the one obtained by the laser system, and arises from the fitting procedure. However, the precision of THz-TDS measurements could be improved by acting on the S/N ratio of the system, e.g. by using parabolic mirrors with larger acceptance angle, by averaging more spatial and temporal waveforms, by implementing a vacuum experimental environment instead of nitrogen purging as in this work. A larger S/N, yielding a broader useful frequency spectral range, would allow the retrieval of mm or sub-mm roughness levels. The results are in very good agreement and demonstrate the use of THz-TDS as a promising way for the determination of the average roughness of AM components. The phase component  can be isolated to evaluate the surface profile. Fig. 6 (a) schematically 

Fig. 6. (a) Schematic of  evaluation based on phase change via THz-TDS (b) HL values measured from different techniques (top: THz-TDS, bottom: laser microscope). Three different (polished, over-etched, unpolished) regions can be classified by comparing the  variances shown in the THz-TDS results.  

present this measurement’s acquisition procedure via THz-TDS scanning. During the measurement, the phase value of the initial point was set to 0, and the phase values of the succeeding points were recorded as the relative phase to the initial one. By fitting the phase difference, the frequency-dependent height differences can be determined. Figure 6 (b) shows the partial surface profiles of sample 2 evaluated by two methods, THz-TDS and laser microscopy. The THz-TDS topography was calculated by the phase values at 1 THz of the data points. In the figure, the surface profile measured by THz-TDS has a very good match with the laser microscope. The ∆H measured by THz-TDS and laser microscope is 109 ± 2 µm and 108.61 ± 0.15 µm, respectively. There are three different areas that can be clearly classified from the profile acquired by both methods. These regions are (1) polished area, a terraced area whose relative height values are around 0 µm in the figure; (2) over-etched area, which is caused by the unexpected diffusion beneath the mechanical holder, resulting in a slope height profile from 0 µm to 110 µm according to the decreasing electric field from the exposed to the unexposed area; (3) Unpolished area, a terraced area whose relative values are around 110 µm in the figure. The varied surface profile measured by both methods are in good agreement with the effect of electrochemical polishing, validating THz-TDS as a useful way of evaluating surface profile of the electrochemical polished metal. However, there are two main factors [image: ]affecting the resolution of this method: (1) Sampling rate of the time-domain information, 0.033ps in this measurement, corresponding to a height of 10 µm; (2) Diffraction and interaction limit of the applied THz pulse.Fig. 7. 3D image of Ra and HL distribution (z-axis) of the partial surface of the sample 2.



The  resolution is highly frequency-dependent in broadband THz-TDS, as the ∆H could be much smaller compared to some wavelengths in the broadband spectrum, thus introducing inaccuracy in the lower frequency components (up to 0.75 THz in this study). Accordingly, the phase values in this work were chosen in the range of 0.8-2 THz to ensure consistency.   By integrating the  and  information of all scanning pixels in the mapping, a 3D image with a size of 2 × 4.5 mm2 evaluating  distribution and the surface profile was retrieved as displayed in Fig. 7. The lower plateau at the relative x position of 0 - 1500 µm is the same polished area illustrated in Fig. 1 (b). The evaluated  values of the polished area are in the range of 6-11 µm, which are consistent with the measurements shown in Fig. (2). Next to the polished area, a slope region located at the relative x position of 1500 - 2750 µm is the over-etched area. However, this area's high evaluated  values are not valid due to the changed incident angles on the slope surface distorting the  fits. In the range of relative x positions 2750 - 4500 µm, the unpolished area with a higher terrace connected to the over-etched region can be spotted. Its  values are mainly located in the range of 25-35 µm, which is also in good agreement with the evaluation of the blue-framed area shown in Fig. (1). Generally, the  values and the height profile provided by this 3D image are consistent with the same information obtained from the laser microscope, demonstrating the suitability of THz-TDS for the evaluation of surface roughness and heights of EP AM fabricated components, as 316L stainless steel for this case. Furthermore, considering the spot size in this study is approximately around 1 mm2, the 0.25 mm step size of the images is oversampling. A comparison of the surface roughness and  of a 4 mm2 square area obtained via laser microscope and THz-TDS (with a step size of 1 mm) can be found in Table 1. In general, THz-TDS is an ideal method for evaluating samples where its  is in the range of 6-100 μm. It is the preferred method to work for large-scale scanning whose roughness needs to be considered beyond the millimetre range. Considering the semi-penetrating feature of the THz wave to non-conductive layers, it can be further utilized as a promising in-situ method to evaluate the EP process beneath the polishing cell.
Table 1. Comparison of  and  of a 4 mm2 square metallic area via laser microscopy and THz-TDS
	
	Laser microscopy
	THz-TDS

	Scanning time
	5~10 mins, (it depends on the absolute roughness difference on the surface).
	40 s (4 pixels with 10s averaging)

	Data lost
	Yes (for out-of-range peaks).
	No

	Resolution
	0.2 µm
	＞1 mm

	Confidence Range
	＞30 nm
	＞6 µm


Conclusion

In this study we investigated the Ra and HL distribution of the electrochemically polished AM fabricated components via THz-TDS spectroscopy and perform a comparison with laser microscopy technique. The experimental results show that THz-TDS can measure the average roughness and height profile of AM metallic surfaces with an excellent agreement with the state-of-art laser microscope. By integrating the information on roughness and height distribution, a 3D image demonstrating the metal surface profile was proposed. Compared to the laser microscope system, THz-TDS not only provide a safer environment but also quantitatively yields faster scans and error-free measurements, suggesting it is a more suitable technique to characterize the metal surface whose average roughness is in the range of 6-100 µm. Finally, these results allow to directly address the suitability of AM technique for the realization of THz building blocks such as waveguides or other integrated components.
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