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Abstract 

The extreme thermal history resulting from selective laser melting 

leads to microstructural characteristics and residual stresses that 

have considerable impact on the mechanical behavior of the printed 

part. Accurate measurements of the temperature combined with 

thermal models are needed to better understand and control the 

thermal history to optimize mechanical properties. In order to 

calibrate and validate models, experimental temperature data must 

be accurately measured in a rapid fashion due to the high speeds of 

the laser. In this work, a novel method to read data from 

thermocouples is created with enhanced circuitry that achieves a 

sampling rate of 10 kHz. This data acquisition rate allows for high 

precision sampling of SLM heating and cooling cycles. 

1.0 Introduction 

The rapid heating and cooling cycle, typical in selective laser melting (SLM) additive 

manufacturing, creates non-equilibrium microstructures and potentially high residual stresses, 

which directly impact the mechanical properties [1]. Accurate temperature field histories are 

required to provide insight into the development of microstructures and residual stresses during 

laser passes, which may be used for process control and optimization. While there has been 

substantial work in developing SLM process models to predict the temperature field history, due 

to the complex physics of material-laser interaction, phase change, and consolidation, these models 

are not fully predictive and require calibration against accurate experimental data [2][3]. 

Experiments that provide accurate, but sparse temperature data combined with high-fidelity 

simulations that provide full field data can provide the data and insight necessary to model the 

microstructure evolution, to predict residual stresses, and ultimately, to control process parameters 

to optimize mechanical properties. 

Accurate temperature measurements are extremely challenging because the interaction time 

between the laser and the powder is on the order of milliseconds. Within this time, the powder 

melts and rapidly resolidifies after the laser leaves the vicinity. Sampling rates must be sufficient 

to capture this short duration. In addition, the temperature varies tremendously at any given 

location, from an ambient temperature as low as 20°C to exceeding the melt temperature, upwards 

of 2000°C, as the laser moves. The extreme temperatures reached during these times are crucial to 

record as they give information pertinent to phase-change and microstructure evolution. 

There has been considerable effort to develop methods to overcome the challenges to monitor the 

temperature field during SLM (or more generally powder-bed fusion additive manufacturing). The 

modalities for measuring temperature can be categorized as non-contact and contact methods. The 

non-contact methods include using infrared cameras, pyrometers, and other optical sensors. Non-

contact, optical methods have the advantage of being able to directly monitor the surface of the 

melt zone, but typically can only provide a qualitative temperature field over the wide range of 

interest. In addition, the optical image can be adversely impacted by state dependent and rapidly 

evolving emissivity, the irregular surface topology, and ejected particles and vapor in the chamber. 

Thermocouples are a principal contact method and typically provide more accurate measurements 
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and are considerably less expensive but require careful placement. Each contact measurement 

returns the temperature at a single location and cannot monitor directly in the melt zone. Obtaining 

the high sampling rates that are characteristic of the SLM process is a challenge for all modalities. 

Infrared (IR) cameras are frequently used for their relatively quick data acquisition. Standard IR 

cameras are reported with frame rates up to 6.3 kHz [4], which approaches the frame rate required 

to capture the rapid temperature cycle in SLM. In-situ IR cameras require extra shielding to protect 

them from gas and debris arising from the process [5]. Kapton film may be used for protection 

from the stray particles; however, metallization of the Kapton film may occur causing inaccuracy 

in the signal read from the IR camera [6]. The location of the camera relative to the laser may also 

limit the detection area [7][8]. The SLM process challenges IR cameras to measure high quality 

optical images and in relating the measured IR intensities to an accurate temperature field. 

It is extremely difficult to relate the IR intensity to an accurate temperature field because the 

emissivity varies substantially over the large temperature range, and thus, IR cameras typically 

provide only qualitative temperature data [5]. The variable surface topography also impacts the 

image quality. Raplee et al. make a calibration profile for in-situ IR cameras to account for these 

emissivity and topography changes that occur during electron beam manufacturing to interpret the 

transient layer temperature of the part during and after melting with limited success [6]. In that 

work, several discrepancies arise including some regions displaying temperatures cooler after 

melting than before the laser passed due to the need to switch between multiple calibration curves. 

To increase the range of temperatures that can be accurately measured, Hooper uses a two-camera 

set-up with dissimilar wavelengths to eliminate the need to account for the changing emissivity 

[9]. Using a silicon-based sensor, temperatures within the 1000–4000 K range are imaged at a 

frame rate of 100 kHz and are found to be within 1% of thermocouple measurements taken within 

the system for a majority of the heating. Lower temperatures cannot be imaged accurately with 

this system and would require non-silicon sensor technology that would also limit the frame rate. 

While IR cameras measure the temperature distribution over an area, there are also non-contact 

sensor modalities that measure the temperature along a line and pyrometers that return a single 

temperature over a circular spot. Devesse et al. captured accurate temperatures (within 10%) at a 

rate of 1 kHz within a melt pool of AISI 316L stainless steel using a hyperspectral line camera 

[10]. As with the IR cameras, due to the temperature dependent emissivity, the recorded 

temperatures were only accurate over a narrow temperature range, and lower temperatures could 

not be accurately measured. Pavlov et al. utilized a two-wavelength pyrometer set up coaxial to 

the laser path to measure the temperature history in the melt pool in a SLM system [11]. The 

temperature range of the pyrometer was limited to 900–2600°C, and due to the steep temperature 

gradients in the observed region, it is unclear the meaning of the single measured temperature. 

Chivel and Smurov report using a charge-coupled device (CCD) camera in conjunction with 

pyrometers to monitor temperature profiles compatible with the wavelengths of the camera and 

the maximum temperature, but instabilities were observed in the system that are attributed to the 

laser movement in and out of the field of view [12]. 

Thermocouples offer a relatively inexpensive way to record the temperature at a single location. 

In Rodriguez et al., thermocouples are used in addition to IR cameras to provide an accurate 

temperature reading at a specific location within the build, where the thermocouples are inserted 

into a hole drilled into the build, already several layers deep [5]. Masoomi et al. attempted to use 

thermocouples to validate SLM simulations but was unsuccessful due to the slow frame rate of 
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their thermocouple system [13]. In Chiumenti et al., thermocouples are embedded in the build 

plate to measure the temperature at locations near the melt region, in order to validate 

the simulation prediction of the temperature history at these locations [14]. The sampling rate in 

that work is reported to be 1 kHz, and the data is observed to be very sparse, not capturing 

the fast heating, and noisy. 

In this paper, a novel, low cost method is described for fast data acquisition of accurate 

thermocouple temperature measurements within an SLM system. Each thermocouple is 

spot welded onto a build plate and used within an SLM machine to measure temperature data 

on the plate as the laser passes. The thermocouples are fed into a thermocouple amplifier. The 

amplifiers are connected to circuitry which allows for the synchronized and rapid acquisition of 

temperature data to be stored on an SD card for later analysis. 

2.0 Methods 

2.1 Circuitry 

The prototype circuit is shown in Figure 1 and a flowchart of the data acquisition is provided in 

Figure 2. The circuit is located inside the build chamber. Each of the thermocouples used in 

the experiment is connected to the AD8495 K-type thermocouple differential input amplifier 

on a custom board with cold junction compensation. Further details of the custom board, 

including a circuit diagram and associated code is given in [15]. A Teensy 3.5 microcontroller 

is integrated to receive the three thermocouple signals. The Teensy 3.5 then saves the data to 

an SD memory card in a BIN file that is later transferred to a computer for analysis. The data 

is then read into software where the data may be refined with digital noise reduction 

filters. For data synchronization, an IR photodiode is also mounted on the breadboard to 

sense when the laser is on. Data synchronization is necessary for relating the temporal 

thermocouple measurement to laser power and position. 

Figure 1. Breadboard combining the AD8495 thermocouple amplifier with the Teensy 3.5 

for data acquisition. The thermocouple wires feed directly into the AD8495 thermocouple 
amplifiers. The IR photodiode allows for data synchronization with the laser. 

Previously, a MAX 31855 digital thermocouple amplifier was used to catalog temperature, but this 

was observed to limit the frequency of readings to 13 Hz due to limited bandwidth. The upgrade 

to the analog AD8495 increases the frequency to the 10 kHz seen in these experiments. A Teensy 

3.2 development board was also used in an earlier test but was found to limit the data acquisition 

rate to 1 kHz. 



Figure 2. Flowchart of the data acquisition process. 

2.2 SLM Machine 

An open-architecture SLM machine is used for these experiments. The SLM system was 

developed under an America Makes grant (Project 4051) at Rensselaer Polytechnic Institute [16], 

which was a partnership between Rensselaer and GE Global Research Center, with additional 

support from Empire State Development/NYSTAR. The machine operates using America Makes 

open-source software (Project 4039) [17]. The system operates within a vacuum chamber with 

atmospheric control and oxygen ppm level sensing capabilities. It is equipped with a 400W IPG 

Photonics fiber laser (1070 nm wavelength), a SCANLAB IntelliSCANde 20 galvanometer 

scanner, and a Sill Optics S4lFT1420 focusing lens to provide a flat focus plane. Powder is applied 

with a silicone blade spreader. A more detailed description of the system may be found in Shkoruta 

et al. [17] . 

In the experiment, three thermocouples are spot welded to the top face of the stainless-steel build 

plate within small, machined channels as shown in Figure 3(a). The build plate is approximately 

50.8 mm × 50.8 mm × 12.7 mm (2 in × 2 in × 0.5 in) (see Figure 3(b)). Three K-type chromel 

thermocouples of diameter 0.127 mm (0.005 in) are used. The channels protect the thermocouples 

from the blade spreader when powder is applied. Mounting the thermocouples in blind wells under 

the build plate was also considered; however, that would have resulted in much greater 

uncertainty in the exact location of the thermocouples as well as uncertainty as to which surface 

is in best contact with the junction. Each weld is created using a Unitek spot welder at 10 J. 

Excess wire is then removed with a razor blade with pressure applied towards the build plate. 

4 
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(a) 

 

(b) 

Figure 3. (a) Close-up image of spot welded thermocouple junction in the machined well 
on the build plate. (b) Three thermocouples spot welded into machined wells on the build 
plate. Wire protruding from the build plate run to the circuitry board. 

Six sets of test cases are studied, and the conditions are summarized in Table 1. In all cases, the 

laser travels along the length of the build plate passing at an equal perpendicular distance (for any 

given pass) from each of the three thermocouple welds (see Figure 4). No powder is applied in any 

of the test cases presented here. The purpose of the test set 1 is to test the ability to read the rapidly 

changing temperature at each thermocouple during a single laser pass at varying laser powers 

(100–300 W) and speeds (150–600 mm/s). Test set 2 is carried out at a constant laser power of 

170 W and speed of 500 mm/s. Each test is a single pass, and nine tests are conducted with the 

distance of the laser track from the thermocouples decreasing approximately 100 µm in each 

subsequent test, with the laser track being at the edge of the thermocouple channel in the final test. 

The next four sets of tests examine the effect of hatch spacing, laser speed, and power on the 

recorded temperatures. In each case, the laser is moving closer to the thermocouples with each 

pass, and the laser always travels in the same direction. In test sets 3 and 4, the power (170 W) and 

speed (500 mm/s) are held constant, and the hatch spacing is varied from 70 µm to 160 µm. During 

test set 3, the peak temperature is observed to be clipped by the circuit. Subsequently, the circuit 

is corrected to allow for higher peak temperatures, and test set 4 considers the same set of 

conditions as test set 3. In test set 5, the power is held constant (170 W), and both the speed 

(500–2100 mm/s) and hatch spacing (30-130 µm) are varied, where higher speeds are paired with 

lower hatch spacing. In test set 6, the speed (2100 mm/s) and hatch spacing (30 µm) are held 

constant, and the power is varied from 200 W to 400 W. 
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Table 1. Sets of test case conditions (TC = thermocouple). 

Set Power 

(W) 

Speed 

(mm/s) 

Distance 

from TC 

Hatch 

Spacing 

(µm) 

1 Varied Varied Constant N/A 

2 170 500 Varied N/A 

3 170 500 N/A Varied 

4 170 500 N/A Varied 

5 170 Varied N/A Varied 

6 Varied 2100 N/A 30 

 

 

Figure 4. Laser tracks on the build plate relative to the three thermocouples. 

3.0 Results 

In all tests, a sampling rate of 10 kHz is achieved. In test set 3, thermocouple 3 is damaged by the 

laser. The other two thermocouples are operational for the remainder of the experiments; however, 

thermocouple 2 consistently reads lower temperatures. The weld for thermocouple 2 is larger in 

diameter than the weld for thermocouple 1. This increase in surface area will absorb more heat 

causing a decrease in the temperature read by the thermocouple [19]. Thus, most of the data 

presented will be for thermocouple 1. A subset of the data is presented here to highlight the 

capabilities. The full set of results can be found in [20]. 

Results from test set 2 are shown in Figure 5, showing the temperature history from single passes 

of the laser at varying distances from the thermocouple. The temperature histories are well defined. 

The readings from this set show steeper and higher peaks as the laser passes closer to the 

thermocouple, and a gradual temperature drop after the laser has passed. 
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Figure 5. Reading from thermocouple 1, from test set 2, with a laser power of 170 W, 
velocity of 500 mm/s, and varying distance from the thermocouple channel. 

The primary focus of this work is on demonstrating the ability to sample temperature data fast 

enough to observe temperature histories relevant to SLM; therefore, data from test set 6, at the 

highest laser speed, is the most relevant. Figure 6 and Figure 7 show results for the laser speed of 

2100 mm/s at the peak power of 400 W. In Figure 6, the lower temperature recorded by 

thermocouple 2, as described earlier, is shown. It is evident in Figure 7 that the data acquisition 

rate is sufficiently fast to record a well-defined temperature history at thermocouple 1, even at this 

fast laser speed. In Figure 6, all 30 peak temperatures in each laser pass as the laser approaches the 

thermocouple are captured as well as the gradual increase in average temperature with each pass. 

In Figure 8, the effect of the power on the final (highest) peak from test set 6 is shown. The general 

trend is an increase in temperature with an increase in power, as expected. 

4.0 Conclusions and Recommendations 

A method is presented and demonstrated that allows for temperature data to be sampled at a rate 

of 10 kHz at thermocouples welded to a build plate, which is shown to be sufficient to sample the 

temperature history during a typical laser pass in an SLM additive manufacturing process. This 

system can be used for monitoring the temperature history during a SLM build process, which can 

provide insight to models as well as serve as a tool for model validation studies. A key aspect of 

this work is the design of a novel circuitry, which allows for the fast-sampling rate. In addition to 

the fast data acquisition, the method has the advantage of being low cost. Several sets of test 

conditions are considered to explore the effect of process parameters—power, laser speed, and 

hatch spacing—on the temperature history. The data recorded follows expected trends; however, 

the accuracy of the temperature measurements cannot be confirmed. Substantially different 

temperature histories were recorded at 2 thermocouples situated similarly relative to the laser 

passes. The lower temperature reading is most likely due to differences in weld size. Due to the 

very high temperature gradients and fast transients, the presence of the thermocouple on the build 

plate may alter the local temperature being monitored [19]. Thus, the impact of the thermocouple 

on the local temperature must be considered in model calibration and validation work. 
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Figure 6. Readings from thermocouples 1 and 2 from test set 6, with a laser power of 400 
W, laser speed 2100 mm/s, hatch spacing of 30 µm, and initial and final distances of 
approximately 900 µm and 30 µm from the thermocouple weld junctions. 

 

 

Figure 7. Detail of the highest temperature peak recorded by thermocouple 1 for the same 
case as shown in figure 6. The red section shows the data points (circles) during the 
temperature rise. 
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Figure 8. Detail of the final peak from test set 6 (laser speed 2100 mm/s, hatch spacing 30 
µm) at different power levels. 

 

 

Figure 9. Thermocouples spot welded to the top edge of a 50.8 mm x 25.4 mm x 6.35 mm 
Inconel 718 build plate for future work. 

 

 

Figure 10. Fixtures for ensuring accurate location of thermocouple weld placement on the 
build plate. 

Future work should include studies including powder and multi-layer builds. A new design has 

already been proposed, where the thermocouples are mounted on the edge of a half-size build plate 
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(25.4 mm × 50.8 mm × 6.35 mm) that would be mounted on a full size build plate, rather than in 

channels on the top of the build plate, as shown in Figure 9. This design keeps the wires away from 

the powder and rake, the thermocouples are less likely to be damaged as they are not on the surface 

where the laser passes, and the geometry is easier to model to compare with simulations. It is also 

relatively easy to grind the edge before reattachment for subsequent experiments. Fixtures have 

been created to ensure the accurate location of the thermocouples (Figure 10). Future work should 

also include completing simulations and experiments for direct comparison. If further speedups 

are desired, the AD8495 thermocouple amplifier is the limiting factor. Improvement of this 

component would allow further increase in the data acquisition rate. 
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