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Abstract
All Laser Powder Bed Fusion (L-PBF) parts contain residual stresses because of the high energy input, and the significant temperature gradients of the part during the manufacturing process. This residual stress can cause deformation leading to critical distortion and structural failure of the parts during manufacturing or in service. This paper details the design and first use of a force transducer device (FTD) to study the development of strains from which residual stresses can be inferred. The device consists of an array of load cells for in-situ measurement of forces over time during the L-PBF additive manufacturing process.  Preliminary experimental results from in-situ measurements in a Renishaw AM 250 machine using a 67-degree rotating scan strategy using Inconel 625 build material showed that the forces induced in the first five layers represented approximately 80% of the maximum on completion of the build and were distributed such as to induce concave deformation of the part, i.e. tension in the centre and compression at the edges of the part.  
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1. Introduction
Laser Powder Bed Fusion (L-PBF) is an additive manufacturing technology that enables the production of individual functional parts directly from a CAD model of nearly unlimited complex geometry without the need for additional tooling or pre-production costs [1, 2].  L-PBF has been widely used as a manufacturing process by industries such as aerospace, automotive and medical devices [3].  In the L-PBF process, a predefined thin layer of metal powder is deposited on a substrate and selectively scanned by a laser beam in an inert atmosphere to fully melt a thin layer of the metal powder, then the substrate is lowered by one-layer thickness.  Subsequently, these process steps are repeated until a functional part is produced. The effects of the heat input and rapid cooling of the L-PBF process leads to the development of residual stresses that remain in the component after manufacture [4], and which influence the properties of the finished part and generate deformation of the part potentially leading to critical distortion.  It has been identified that residual stresses develop during the L-PFB process due to a combination of a thermal gradient mechanism and the constrained shrinkage of material during cooling [5].  Stresses are developed by the rapid heating of the newly deposited layer and the slow heat conduction to underlying solid layers.  When the laser beam melts the powder, the surrounding material heats up to a much greater temperature than the previously solidified layers.  The heated material expands but it is restricted by the cooler solidified material inducing compressive strains in the new layer.  After the laser beam moves away, rapid cooling of the surface of the new layer occurs, causing it to shrink more than the underlying material that cools more slowly, which creates tensile stresses in the new layer and compressive stresses in the previously solidified layers (figure 1).  The progressive melting and solidification of the layers in the L-PBF process makes the prediction of residual stresses much more complex than in many other cases.  Previous studies have shown that the parameters used for the building process, such as, scan strategy, laser power, scan speed, vector length and direction, and layer thickness, have a significant effect on the development of residual stresses within the part and affect the distortion of the finished part [5-9].  Merciles and Kruth [5], using the crack compliance method and X-ray diffraction, showed that the exposure strategy has a significant influence on the magnitude of residual stresses developed and found that the stresses were larger perpendicular to rather than along the scan direction.  Kruth et al. [9], using the bridge curvature method, showed that shorter scan vectors reduced the measured distortion by 13% due to the lower thermal gradients induced.  By using neutron diffraction, Anderson et al. [10] suggested that the stress magnitude and gradients could be significantly reduced by increasing the layer thickness.  
Several studies have suggested that alternating scan vectors can reduce residual stresses [9, 11-14].  Yasa et al. [11] showed that sectoral scanning oriented at 45° with respect to the x- and y-axes reduced significantly the residual stresses compared to long scan vectors.  More recently, Robinson et al. [12] for commercially pure titanium and Ali et al. [13] in Ti6Al4V reported that a 90° alternating scan strategy resulted in the lowest residual stresses.  Cheng et al. [14], using a finite element analysis (FEA) of eight different scan strategies showed, that 45° line scanning produced the lowest residual stresses and part deformation. And, Robinson et al. [15] observed that a 90 alternating scan strategy resulted in lower stress in the scan direction but it raised the stress at 45 to the scan; hence they recommended a hatch rotation of 74 which gave a more uniform level of stress in all directions.  Casavola et al. [16] using the hole drilling method determined that a thicker substrate reduced the development of residual stresses and part deformation; in addition, they found that the position of the part on the base plate had an effect on the magnitude of the residual stresses in the part, with the central position being the one with the lowest value of stress.  Several experimental studies have found that increasing the base plate temperature reduced the residual stresses induced by the L-PFB process [9, 17, 18].  Shiomi et al. [17] found that heating the base plate to 160 °C reduced the residual stresses by 40%.  In addition, Shiomi et al. [17] found that re-scanning every layer decreased the tensile stress by 55%.  Subsequently, Kruth et al. [9] found that heating the base plate to 180 °C resulted in a reduction of the curvature of the test samples by 10% and, more recently, Ali et al. [13] showed that re-scanning with a 150% energy density resulted in 33.6% reduction in residual stress but affected the mechanical properties of the part.  Hence, it can be concluded that there is an extensive literature on the origin and orientation of residual stresses in parts built using L-PBF; however, many of the results are difficult to reconcile and might be contradictory, probably due to the challenges involved in making direct measurements of the stresses either during or after the build process.
There is a substantial literature on the use of non-destructive testing (NDT) methods to inspect parts made by additive manufacturing, including a recent review by Toma et al. [19]; however, in general NDT provides information about defects rather than the stress state in a part.  Little published work exists on the experimental measurement of stresses as they develop during the manufacturing process.  Strains developed during the manufacturing process have been recorded by Shiomi et al. [17] and Van Belle et al. [20]; both of these studies used strain gauges attached to the lower face of a substrate as parts were built on its upper surface.  Shiomi et al. [17], by attaching strain gauges to the centre of the bottom surface of the base plate, measured the strains developed parallel and perpendicular to the laser track; the measured strains showed that large tensile strains remained in the surface of the part after manufacturing.  When using chrome molybdenum steel, heat treatment at 600 °C and 700 °C for one hour were found to reduce the residual stress by about 70%.  The effect of re-scanning every layer decreased the residual stresses by 55% while heating of the base plate to 160 °C decreased the residual stresses by 40%.  Van Belle et al. [20] fixed a strain gauge rosette and a K-type thermocouple to the centre of the bottom of the base plate; and then, the stress profile through the centre of the part was calculated using an adaptation of the layer removal technique described by Shiomi et al. [17].  In their study, Van Belle et al. [20] showed, for a part made with Maraging steel, with a height of 10 mm and a build layer of 40 µm, that the residual stresses were less important than for a part of height 5 mm with a build layer of 20 µm.  In a similar study, Dunbar et al. [21] proposed a method for measuring the in-situ distortion and temperature using a micro-miniature displacement sensor in an enclosed chamber and found that a constant scan pattern produced more part deformation than a 67° rotating scan pattern for Inconel 718.  The in-situ measurements showed that the thermal cycles caused by the processing of a layer affected the amount of distortion accumulated in the previous layers.  These studies provide valuable information; however, the use of a single sensor provides only limited data.  A much higher density of measurements is required to fully understand the stresses developed during the L-PFB process and the effect of scan strategies, process parameters and material properties on the residual stresses.  Therefore, this paper describes the design of a novel in-situ device with multiple measurement points across the substrate that can be used in various L-PFB machines made by different manufacturers across a range of materials.  The design of the device is described in the following section and its first use on Inconel 625 in the L-PFB process is reported in subsequent sections. 
2. Design of Force Transducer Device (FTD)
First, a single array Force Transducer Device (FTD) was designed and manufactured in order to measure the development of forces at different points in the build.  It was composed of a single array of 14 load cells [Micro Load Cells 0-50 kg, Robot Shop, UK] arranged on a rectangular grid 32 mm x 112 mm, as shown in figure 2.  The single array force transducer device (FTD) was a prototype that allowed the forces developed by unidirectional scan vectors to be evaluated during the L-PFB process prior to designing a more sophisticated device.  In order to determine the effect of alternate scan strategies, a second force transducer device (FTD) was designed using a 4x4 load cell arrangement attached to two separate substrates.  These two substrates were bolted on top of each other making an easily-installed standalone device, which can be installed in a machine in the same way as a regular substrate as shown in figure 3.  The bottom level substrate holds an array of eight load cells which measure the forces developed at the top of the central columns supporting the part, and the top-level substrate has an array of eight load cells for measuring the forces on the outer columns supporting the part.  In order to avoid any modification to the machine or the standard L-PBF process and to enable easy setup and removal, the force transducer device was designed using a 250 mm x 250 mm aluminium monocoque chassis with the size of a standard substrate [22], which allowed it to be fitted into different L-PBF machines as a standard substrate, as shown in figure4.  The load cells were firmly attached using M5 bolts to the substrate at one end; and channels were machined in the FTD substrates to ensure the accurate position of the load cells.  A section of the substrate was cut-off below the load cells to ensure that the movement of the load cells produced by the developed forces was not restricted during the build as shown in the cross-section in figure 5.  To create a building platform, 10 mm diameter machined stainless steel pegs were bolted onto the free end of the load cells, which measured the force applied to their free ends via the shear induced by bending.  To allow the part to be built on top and the powder to be spread evenly across the entire surface, the pegs needed to be aligned at the same position above the top surface; therefore, the pegs that were attached to the bottom load cells were 32 mm longer than those attached to the top load cells (figure 5).  A slot was machined in the centre of each substrate, to allow access to remove the pegs once each build was completed without the need to remove the load cells after each build.  To prevent the ingress of powder into the FTD, it was completely covered by adding two 5 mm thick plates separated by a 0.5 mm thick laser-cut silicone membrane, as shown in figure 5, which provided a planar top surface.  The holes in the silicone membrane were 8 mm in diameter resulting in a tight fit around the 10 mm diameter machined pegs effectively sealing the load cell volume whilst allowing unobstructed transmission of loads through to the load cells.  To ensure that there was no movement between the substrates, the system was held firmly together by 11 M5 screws that were countersunk to avoid interaction with the wiper during the build process.  
The load cells used in the force transducer device shown in figures 3, 4 and 5 were strain gauge load cells (3135 Micro Load Cells 0-50 kg, Robot Shop, UK), with a rated output of 2.0c2±0.15 (mV/V), and a temperature sensitivity of 0.0016 percent/°C over an operating temperature range of -20 °C to 55 °C.  The operating temperature of the force transducer device was monitored using K-type thermocouples, which were attached to two of the load cells (load cells 5 and 6) to ensure that they did not overheat. The load cells are of the binocular type and connected in full bridge format providing double sensitivity.  The design of the load cells and their strain gauge arrangement is such that they are insensitive to the position of the load on the transducer, because of this the effects of the position of the part on the load cell has no effect.  The load cells were connected to three 16-channel data acquisition systems (InstruNet i100, Omega, USA) with a sampling rate of 1000 Hz and a read-back accuracy of ±3 mV.  The load cells were calibrated by adding known weights to each load cell in increments of 5 kg up to a maximum of 40 kg.  The applied and measured loads were plotted to allow the equation of the corresponding regression line to be found for each of the sixteen load cells (figure 6a), and the gradient was taken as the scaling factor.  The accuracy of this process was checked by inputting the scaling factor for each load cell into the software of the data acquisition system before repeating the calibration process and the results are shown in figure 6b and show a standard deviation of 0.222 kg for the distribution of the differences between the applied load and the registered load from each of the 16 load cells after the calibration.
3. Materials and Processing Parameters
Test samples were built using Inconel 625 alloy (In625-0402 alloy, Renishaw, UK) which is used widely in additive manufacturing using L-PBF.  Experimental work was carried out using a Renishaw AM250 machine (Renishaw, UK) with a maximum laser power of 200 W.  The processing parameters used were recommended by the manufacturer to achieve parts with density greater than 99.95% and are listed in Table 1.
4. Experimental Procedure
The force transducer device (FTD) was set up in the L-PFB machine as a regular substrate, as shown in figure 4, with the wires fed through the overflow compartment and out of the machine through a cable gland to maintain the inert atmosphere inside the build chamber.  To prevent the wiper recoater interacting with the wiring, its maximum forward position was set to 230 mm; hence, no powder came through the overflow compartment.  Forces are only induced in the load cells when the part being built is connected to more than one load cell allowing the forces to be reacted.  To facilitate this process, pillars were built on top of the machined stainless steel pegs, starting from an 8 mm diameter circular base aligned to the top circular surface of the pegs and transitioning to a 15.5 mm square as shown in figure 7.  These dimensions ensured that the top of the pillars came very close to each other but did not connect, so that no force was registered by the load cells. To ensure that the initial condition for every experiment was the same, these pillars were built with the same scanning strategy; i.e. a 67 rotating scan strategy, shown in figure 8, with the build parameters described in Table 1.  A rotation of 67 degrees was used between each layer because a previous study showed that the use of a rotating scanning strategy decreased the level of residual stresses in Inconel [12, 13].  Once the pillars were complete, a 64 mm x 64 mm square part was built on top of them which connected them together.  When the first layer of the square is complete, the pillars are connected, and therefore forces can be transmitted through them to the load cells, which allows the forces induced by the creation of each layer of the rest of the build to be measured.  Each build was stopped before any of the load cells reaching their maximum load of 50 kg.  No significant change in measured load was observed when the part cooled down after being completed, suggesting that load cell temperature had been successfully removed as an experimental error by the adoption of the cooling strategy and the correct selection of fully temperature compensated bridge arrangements.  
5. Results and Discussion
[bookmark: _Hlk41948201]Figure 9 shows the forces registered by the load cells over time during the building of a 52-layer sample.  The force measurements for the central load cells follow a linear trend after the first 500 seconds which is equivalent to approximately the first 8 layers.  The force registered by the load cells for the corners of the part start to follow a linear trend earlier in the build and all the force-time traces show a higher amplitude layer-by-layer oscillation.  The registered force after the part is finished is constant, as shown beyond 3,420 seconds in figure 9, which means there is no significant additional deformation of the part after it cools down. In more detail, the load cells numbered 1, 4, 13 and 16 at the corners show a rapid increase in tensile force from the start of the build and then increase at a slower nearly linear rate; whereas the central load cells numbered 6, 7, 10 and 11 exhibit the similar trends but in compression.  However, the loads registered at the central locations on the edges (labelled as ‘external’ in figure 9) are always substantially lower than those registered at the corners or in the centre of the part. The load cells numbered 2, 3, 14, and 15 in the centre of edges, that are parallel to the x-axis and perpendicular to the scan direction in layer 1, appear to mirror the trends seen for the cells numbered 5, 9, 8 and 12 in the centre of the edges perpendicular to y-axis and parallel to the scan direction in layer 1.  All of them show an initial increase in magnitude to a maximum at around 750 seconds, before decreasing in magnitude to almost zero at the end of the build for load cells 5, 8, 9, 14 & 15 and to zero at approximately 2500 seconds for load cells 2,3 and 12 which then increase in magnitude with the opposite sign until the end of the build.  The tensile loads from the corner load cells 1 and 13 are higher in magnitude than those registered by the corner load cells located at the opposite side i.e. load cells 4 and 16. Also, the pairs of load cells 5 and 9, and 6 and 10, show lower magnitudes than their opposite pairs, load cells 8 and 12, and 7 and 11 respectively. In all the cases, the load cells with higher magnitudes are located at the left side of the FTD; this could be a consequence of the scan starting point on the first layer, which was at the bottom left side (figure 8), and this suggests that the order in which the scan vectors are exposed has an influence on the distribution of the forces developed in the part.
The built part is in static equilibrium with the force transducer device at the end of build and quasi-static equilibrium during the build such that there should be no net moment and the sum of the forces in the vertical direction should be equal to weight of the part.  The mass of a part of height 5 mm with a 64 mm x 64 mm cross-section is about 92 grams so that the weight is negligible compared to the forces induced by the residual stresses.  Thus, the tensile forces must balance the compressive forces and the distribution must be symmetrical to maintain the balance of moments, as shown by the red line in figure 9.  Hence, the high tensile forces registered at the corners are balanced by the high compressive forces registered by the central load cells, and, at the end of the build, the small tensile forces at the centre of the edges parallel to the y-axis are balanced by the small compressive forces at the centre of the edges parallel to the x-axis.  It can also be deduced, from the mean deviation of the sum of the forces (red line) from the x-axis in figure 9, that the measurement error for the force transduced device is around 5%.
Figure 10 show contour plots of the forces on the cells in 0.5 mm increments of build height up to the finished part (figure 10f).  As shown in previous studies [23-28], the forces developed at the centre of the part are compressive while those at the corners of the part are tensile implying that they are pulling upwards, towards the laser.  It would appear that the thermal gradient mechanism has caused differential contraction of the more recently built layers due their more rapid cooling than the layers beneath them; and the contraction is greater along the diagonals than shorter edges of the part, which causes a greater out-of-plane curvature and resultant forces along the diagonals, as registered by the central and corner load cells.  
Figure 11 shows the sum of the magnitudes of the forces registered by the sixteen load cells during the building of a part with periods when the laser is switched on and off shown as vertical blue and white bands respectively, with the angle of the laser scanning relative to the x-axis shown for the first twenty-two layers.  The initial layer scanned in the y-direction induces forces equal to just over 770 N with a small decrease of about 110 N while the laser is off.  The second layer, which is scanned at 157 degrees to the x-direction, induces an increase in the forces of about 1000 N followed by small decrease of about 160 N during cooling when the laser is off.  The pattern is repeated for the third layer, which is scanned at 224 degrees to the x-direction and induces an increase of about 660 N when the laser is on; followed by a decrease of about 330 N during cooling when the laser is switched off that is almost entirely recovered when the next layer is scanned at 291 degrees.  The following and fifth layer is scanned at 358 degrees, i.e. parallel to the x-axis, and produces a further increase of about 860 N.  Hence, the combined effect of these first five layers is to induce forces equal to about 3000 N compared to a maximum of about 3800 N during the complete build, i.e. about 80% of the maximum.  As subsequent layers are scanned a repeated cycle of force is observed with layers scanned in directions within 20 degrees of the x-axis showing sharp maxima when the laser is on followed by a rapid decrease, and layers scanned in directions within 20 degrees of the y-axis exhibiting sharp decreases in force.  These variations are superimposed on general trend of increasing magnitude of force when the laser is on and decreasing following switching off the laser and the associated part cooling.  After the first ten to twenty layers the net increase in the sum of the forces is small as expected from the trends seen in figure 9. This might imply that there is a critical number of built layers beyond which the orientation of the initial scans has little or no impact on the development of the residual forces, perhaps because the built layers form a sufficiently thick substrate to reduce the effect of scanning direction as found by Casavola et al. [16].  
The oscillatory nature of the traces in figures 9 and 11 were also observed in the strain gauge outputs obtained by Shiomi et al. [17] and hence are unlikely to be a feature of the current measurement apparatus.  The initial difference in magnitude of the oscillations is probably a consequence of the direction of scan for the first layer which was in the y-direction and this would concur with the results of Shiomi et al. [17].  The likely cause of the oscillations is the local heating of the part causing relaxation of the residual strains already induced in the built layers prior to the melting and solidification processes for the new layer introducing additional residual strains.  This explanation is consistent with the absence of the oscillations during the initial scans.
The in-situ measurements showed that the residual forces are in compression in the centre of the part and in tension at the corners, which agrees with previous experimental work [10, 29-31].  The results from the in-situ measurements have the potential to enhance understanding of intralayer effects and process parameters on the residual forces arising from the L-PFB process.  Further work is needed with a range of metal powders to gain a complete understanding of the interaction of these parameters.  The forces from the in-situ measurements reported here could be converted to residual stresses through the use of a finite element model to further explore the development of residual stresses in the L-PFB process and to optimize the process. 
6. Conclusions
The design and manufacture of a novel device for in-situ measurements during the L-PFB process has been described.  The device allows the measurement of the spatial distribution and time-varying nature of the forces induced during the build process as well as an evaluation of the residual forces following the completion of the build.  In preliminary tests using a 67-degree rotating scan strategy using Inconel 625 as the build material, the magnitude of the forces induced during the first five layers of the build represented 80% of the maximum during the build with relative low levels of relaxation when the laser was switched off between layers.  However, in later stages of the build the level of forces induced and relaxed as the layers were scanned was approximately equal.  The measurements showed that the forces developed in the central regions of the part were compressive and those on the outside edges were mainly tensile which agrees with previous research on the distribution of residual stresses by Rangaswamy [23].  The novel device provides an opportunity to explore the impact on residual strains of different processing parameters and metal powders using in-situ measurements.
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[bookmark: _Ref56952958][bookmark: _Ref56952954]Table 1: Processing parameters used in the 200 W Renishaw AM250 machine for Inconel 625-0402 powder for additive manufacturing.


	Processing Parameters
	

	Power [W]
	200

	Exposure Time [μs]
	100

	Point Distance [μm]
	60

	Hatch Distance [mm]
	0.14

	Layer Thickness [μm]
	60
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Figure 1: Effect of the thermal gradient mechanism on the development of residual stresses during the L-PFB process [from 11].
1. 
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[bookmark: _Ref31289101]Figure 2: CAD model for an initial design (top) of the substrate for Force Transducer Device (FTD) with a single array of load cells; and the machined substrate (bottom) with stainless steel pegs attached to the load cells which were used as the building platform. 
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[bookmark: _Ref37149970][bookmark: _Ref43978232]Figure 3:  Force Transducer Device (FTD) with a two substrates (top) bolted on top of each (bottom right) to allow 4x4 load cells (bottom left) to be used to evaluate residual forces induced during the L-PFB process.
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[bookmark: _Ref31289136]Figure 4: Force Transducer Device (FTD) shown in figure 3 installed in a Renishaw AM 250 machine as a regular substrate with the load cell wires fed through the overflow compartment to avoid disturbing the L-PFB building process.
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[bookmark: _Ref31289255]Figure 5: Cross-sectional diagram of the Force Transducer Device shown in figures 3 and 4, showing the arrangement of the 4X4 load cells and the assembly of the two substrates on top of one another.
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(b)
Figure 6: Loads registered by each load cell based on 5 kg increments of load: (a) before calibration; and (b) after calibration
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[bookmark: _Ref41986641]Figure 7: Schematic diagram of the part geometry build for in-situ measurements with the Force Transducer Device with all dimensions shown in millimetres.
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[bookmark: _Ref43978585]Figure 8: Schematic of the Meander scan strategy, based on a pattern of 67° rotating scans, used to build the samples specified in Table 1.
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[bookmark: _Ref31289544][bookmark: _Toc14172159]Figure 9: Forces registered by each of the load cells as a function of time and build layer for a part built using the scan strategy shown in figure 8. The load cell arrangement is shown in figure 3 and the cell numbers are marked on the plot as well as listed on the right for each cluster in descending order of magnitude of measured load at 3500 seconds.  The red line shows the algebraic sum of the loads on all cells.
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[bookmark: _Ref31289570][bookmark: _Toc14172157]
[bookmark: _Ref43976760][bookmark: _GoBack]Figure 10: Contoured maps of measured forces shown in figure 9 for 0.5 mm increments of build height.
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[bookmark: _Ref31696346][bookmark: _Toc14172158][bookmark: _Hlk41934306]Figure 11: Sum of the absolute magnitude of forces measured by all load cells as a function of time during building of a sample using the 67 rotating scan strategy shown in figure 8 with the periods when the laser is on (blue) and off (white) shown together with the angle of the scan relative to the x-axis for the first 25 layers (angles within 20 degrees of the x- and y- directions shown in red and green respectively).
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