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ABSTRACT
Advanced manufacturing (AM) methods, including laser-powered-bed-fusion (LPBF), have improved significantly in recent years and can now produce many geometrically-complex products faster than traditional methods. Moreover, these methods can create objects which are impossible to produce with subtractive approaches.  However, quality control challenges remain which must be addressed with inline measurements of temperature and other process-relevant parameters. We have previously shown the feasibility of in situ temperature monitoring during LPBF using a single eddy current probe.  However, for this approach to be useful in practical manufacturing scenarios, both spatial and temporal resolution must be improved. In this work we take advantage of the huge difference in thermal and eddy current diffusion time constants to demonstrate a faster, more efficient AM temperature monitoring technique using an eddy current sensor array and the full matrix capture method (FMC).  This directly improves the imaging resolution in both space and time.  We fuse the low spatial-resolution eddy current images obtained by different excitation-receiver combinations with data taken at higher temporal sampling rates during the slower LPBF metal heating process. The FMC data exhibits enhanced resolution compared to data from a single sensor, thereby demonstrating the potential for improved in situ monitoring and characterization of LPBF processes.
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INTRODUCTION
Advanced manufacturing (AM) techniques can increasingly produce precise, geometrically complex products faster than traditional manufacturing methods. However, mass production for many applications has been limited by challenges which include surface quality issues [1]. In situ monitoring is a promising approach for optimizing manufacturing processes and enhancing product quality. Several in situ monitoring techniques have been investigated for this purpose, including an ultrasonic technique for defect and porosity detection[2] , x-ray characterization for in situ porosity monitoring [3], and thermographic methods for measuring layer conditions [4] .  In laser powder bed fusion (LPBF) processes, measuring the transient temperature history is particularly important to predict the thermally-induced stress distribution and residual stress states [5]. Eddy current (EC) testing has been shown to be effective for real-time temperature monitoring in AM materials[6]. EC testing is a widely-used non-destructive evaluation method for assessing electromagnetic properties and detecting defects in conductive materials. Since many AM metals exhibit strong temperature-dependent conductivity, internal temperatures can be estimated through measured EC response signals. However, the sensitivity of the EC sensor relies on the number of wire turns inside the sensor head, and may require hundreds of turns (and a sensor diameter of several mm) to achieve sufficient sensitivity.  This is too large to provide sufficient spatial resolution to inform many AM manufacturing processes.  For example, LPBF melt pools are often submillimeter in diameter. To address this limitation and enhance temperature monitoring reliability, here we implement the Full Matrix Capture (FMC) technique using an EC sensor array imaging system. FMC has been widely applied in ultrasonic testing using arrays of ultrasonic transducers, the extensive data generated by FMC offers significant advantages for structural reconstruction, enhancing spatial resolution and precision [7]. This approach enables each transducer to collect reflected ultrasonic signals while one transducer acts as a transmitter. By simultaneously capturing data from all transducers, FMC enhances the amount of information available for post-processing. The technique significantly improves detection sensitivity and resolution, thereby enhancing the quality and reliability of industrial nondestructive testing processes.  
In the proposed ECA with FMC method, we define the amplitude time series EC diffusion data of each individual pair of EC transmitter and receiver elements as an A-scan signal. Like UT FMC, all the ECA A-scans data are recorded between all individual pairs to form a single mode ECA image. Enhanced ECA image will be reconstructed using data fusion algorithms from all the single mode images with improved resolutions in both time and space. This new ECA FMC method offers two key benefits. Firstly, it enables the generation of enhanced resolution images with data fusion based on multiple images, addressing the challenge of low sensor density. Different from the UT FMC method, different combination pairs of EC sensors can provide additional information. This is attributed to variations in EC direction relative to the excitation and receiving coil locations. 

METHODOLOGY
The EC sensor array is a widely used NDE technique that generates images by performing EC testing with each sensor one by one, facilitated by a multiplexing circuit system. In commercial EC array systems, the coil adjacent to the excitation coil typically acquires the EC response. However, here we simulate measurement of all possible excitation-receiving combinations; all coils in the array acquire EC signals.



Figure 1: (a) Illustration showing the time cycle in the temperature change process. (b) The schematic diagram of applying FMC strategy with EC sensors array.
Full Matrix Capturing for Eddy Current Sensors Array
In this work, we employed all EC sensors in a 5x5 array as receivers, capturing signals while one sensor induced eddy currents within a representative AM material, SS316L stainless steel. Since the heat diffusion process in the material is significantly slower the EC response acquisition time (typically several ms), signals from all EC sensors can be easily recorded. This strategy addresses the challenge of monitoring the small melt pool volume by generating enhanced resolution images through data fusion based on multiple images. Also, by leveraging different pairs of sensors, new information can be obtained such as the EC diffusion direction which is influenced by the position of the excitation and receiving coils. We constructed a 3D thermally-coupled electromagnetic model incorporating a 5×5 EC sensor array to demonstrate the advantages of this method. The simulation generates images using a range of excitation-receiver combinations. Applying these simulation results, we produced an enhanced resolution image with the image fusion algorithm.

Figure 1 illustrates EC array imaging using FMC. The temperature changes gradually over time, while EC signals are rapidly acquired. During each time cycle of the EC FMC data, the EC array is initially set to an excitation-receiving combination mode, where the tail of the yellow arrow indicates the excitation coil and points to the receiving coil. A 2D image is then generated, where two example low resolution images with A1 mode and A2 mode are shown. Multiple images are generated by setting the EC array to various excitation-receiving modes to achieve the FMC. These raw images are employed in a data fusion algorithm to generate an enhanced resolution image.  Figure 1(b) shows an example of an enhanced image obtained by fusing the two previous raw images using equation 1. This output image is correlated to the temperature profile in real time. By repeating the process, a series of FMC enhanced images are generated which indicate the temperature profile changing over time.

[bookmark: _Hlk159824018][bookmark: _Hlk159559259]3D Thermal Coupled Electromagnetic Simulation with Eddy Current Sensors Array 
Many AM metals have sufficiently strong temperature-dependent conductivity to enable the EC testing method as a viable technique for measuring temperature changes. However, when a laser source is used for powder bed fusion, the metal temperature varies strongly depending on the distance of the metal from the laser interaction volume, resulting in a spatially-varying temperature profile. This temperature profile then leads to a spatially-varying conductivity distribution. To investigate this complex phenomenon, we built a thermally-coupled electromagnetic model using SS316L stainless steel, a commonly used AM material.

[bookmark: _Hlk159559286]We built the model with a 5×5 EC sensor array as shown in Figure.2. The outer and inner diameters of the coil are 5mm and 1mm, respectively. The height of the coil is 1mm and the distance between the top of the coil and the bottom surface of the steel (AM material under study) is 0.2mm. The center-to-center distance between adjacent coils is 6mm. Figure 2 shows the geometry of the simulation, in which a 200 W Gaussian laser spot moves at 20 mm/s in the x direction from negative to positive.


Figure 2: The 3D thermal coupled electromagnetic simulation model with 5×5 EC sensors array
RESULTS
Figure 1 shows two results generated by an EC array with different excitation source and receiver combinations. The first image is generated by the A1_mode, wherein the same coil is the excitation source and receiver. The second image is the result of the A2_mode wherein the upper coil acquires the EC signal in a 4×5 image. The two images are fused with Equation 1 by inserting the data of A2_mode into the data of A1_mode, multiplied by the fusion factor . The resulting image exhibits a higher resolution than the sensor array itself. This result then demonstrates, in simulation, the feasibility of achieving high-resolution images with fewer sensors.



CONCLUSION
[bookmark: _Hlk159825978]We demonstrated a method for in situ temperature monitoring of AM fabrication processes using an eddy current sensor array with a FMC algorithm.  The approach provides two potential advantages:  first, it enables the generation of higher-resolution images, enhancing the ability to monitor the laser-melted volume in a LPBF process. Second, provides additional information such as the EC direction which is influenced by the position of the excitation and receiving coils. We illustrated the potential of this method by creating a 3D thermally-coupled electromagnetic model with a 5x5 EC sensor array interrogating a steel sheet.  We generated images based on different excitation-receiving combinations, and applied a data fusion process to produce a higher-resolution image than was achievable without the FMC approach. These results suggest our method may be employed for temperature monitoring of laser-heated volumes in LPBF processes. More results will be presented in the extended journal article.
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