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ABSTRACT 

During machining processes, a large amount of heat is generated due to deformation of the material and 

friction of the chip along the surface of the tool, especially in the cutting zone. This high temperature 

strongly influences tribological phenomena and adhesion, tool wear, tool life, workpiece surface integrity 

and quality, chip formation mechanisms and contribute to the thermal deformation of the cutting tool, 

leading to high operating costs and reduction of the end product quality. In this sense, being able to assess 

the cutting temperature in real time, at various points of the cutting tool during machining processes, is of 

utmost importance to effectively optimize cutting parameters and the cutting fluid flow adequately, for 

minimizing heat generation, temperature and consequently wear, allowing to increase tool life. 

This work proposes the fabrication of embedded additively manufactured type K and type N 

thermocouples by laser powder bed fusion for real time cutting temperature measurement. Processing 

parameters optimization was performed to obtain a dense and continuous thermocouple with no 

significant defects and the additively manufactured thermocouples were tested in comparison to a 

conventional thermocouple. The obtained results show that this approach is effective to produce 

embedded thermocouples in WC-Co cutting tools capable of measuring cutting temperature, which will 

allow a real time optimization of the cutting parameters, namely cutting speed, feed and depth of cut, 

during in-service time, thus enhancing tool performance and life. 

 
INTRODUCTION 

During machining processes, a large amount of heat is generated, being estimated that approximately 90% 

of the mechanical work applied to the workpiece is transformed in thermal energy, due to deformation of 

the material and friction of the chip along the surface of the tool, especially in the cutting zone [1,2]. This 

high temperature strongly influences tribological phenomena and adhesion, tool wear, tool life, workpiece 

surface integrity and quality, chip formation mechanisms and contribute to the thermal deformation of the 

cutting tool, leading to high operating costs and reduction of the end product quality [3–5]. In this sense, 

the ability to measure cutting temperature in real time, at various points of the cutting tool during 

machining processes, is of utmost importance to effectively optimize cutting parameters and the cutting 



fluid flow adequately, for minimizing heat generation, temperature and consequently wear, allowing to 

increase tool life [6,7]. 

Several cutting temperature measurement methods were developed over the years, such as embedded, 

tool-work, traverse, single-wire and thin-film thermocouple, thermal paints, fine powders, PVD coatings, 

metallographic methods, infrared pyrometry, and infrared thermography [2,8], but due to the movement 

of the cutting tool or workpiece, chip obstruction on the rake face, small contact areas involved, and large 

wear mechanisms, none can be considered flawless and able to provide accurate results in all situations 

[9]. 

Thermocouples have become the standard method for cost-effective temperature measurement, due to 

their low cost, robust nature, simplicity to mount and capability to operate over a wide temperature range 

[4,10,11]. The best known and widely used thermocouple in industry for measuring medium and high 

temperatures is the type K thermocouple (chromel-alumel), due to its good oxidation resistance, extended 

temperature range (-200 °C up to 1100 °C), emf temperature curve reasonably linear and sensitivity of 41 

μV/°C [12,13]. Type N thermocouple (nicrosil-nisil) is the most recent among the different thermocouple 

types that use base metals and is increasingly being more used in industry, slowly becoming dominant 

over type K, because it offers higher thermoelectric stability and better oxidation resistance than other 

thermocouple types [14,15]. This thermocouple is ideally suited for temperature measurements in air up 

to 1200 °C, being able to withstand slightly higher temperatures in vacuum or controlled atmospheres. Its 

sensitivity of 39 μV/°C at 900 °C is slightly lower than type K thermocouple [12]. 

Laser powder bed fusion (LPBF) is an additive manufacturing technology that uses a laser to selectively 

melt layers of powder, to produce objects layer by layer from a 3D model data. This technology has the 

ability to produce high quality and high precision complex components with unmatched degrees of 

freedom [16–18]. Multi-material LPBF combines the advantages of traditional LPBF with the ability to 

create multi-material 3D components, providing new opportunities for the development of components 

with a high level of functionality and varying properties, due to distinct materials being placed in different 

locations in a single component [19,20]. 

The thermocouple working principle, junction of two dissimilar materials, allows taking advantage of the 

multi-material LPBF technology, for producing additively manufacture temperature sensors. In this sense, 

this work proposes the fabrication of embedded additively manufactured type K and type N 

thermocouples by laser powder bed fusion for real time cutting temperature measurement.  Processing 

parameters optimization was performed to obtain a dense and continuous thermocouple with no 

significant defects and the additively manufactured thermocouples were tested in comparison to a 

conventional thermocouple. Prior to thermocouple embedding, laser surface modification parameters 

optimization was performed to obtain a micro-groove with suitable dimensions for embedding the 

additively manufactured thermocouple. 

 

MATERIALS AND METHODS 

Micro-grooves production 

WC-10wt.%Co is one of the most used compositions for cutting tools, due to its inherent high hardness 

and toughness, and wear resistance [21,22]. For this reason, WC-10wt.%Co substrates were selected for 

being embedded with the additively manufactured type K and type N thermocouples. For this, first the 

substrates were surface modified with an Nd:YVO4 fibre laser (wavelength of 1064 nm) with a maximum 

working power of 30 W, a laser spot size of 10 μm, a pulse width of approximately 10 μs, to obtain 

grooves with suitable dimensions, 240 μm width and 120 μm depth, for subsequent thermocouples alloys 

powder filling with particle size below 50 µm and production of embedded thermocouples by LPBF.  



In order to assess the optimum laser parameters, several different combinations of parameters were tested, 

as presented in Table 1. To achieve the desired groove width, multiple scan lines with a line spacing of 

10 μm between them were used, until the desired width was reached. In Figure 1 is depicted a schematic 

representation of the process used for micro-grooves production. The influence of the different laser 

parameters combinations on the topography of the produced micro-grooves was evaluated by Scanning 

Electron Microscopy (SEM). A SEM - JEOL JSM-6010L equipment was used for this analysis. 

During laser processing, a jet of air was used to remove the debris produced and then, all samples were 

ultrasonically cleaned in isopropyl alcohol for 5 min and airdried to remove any remaining debris and 

contaminants resulting from the process. 

 
Figure 1. Schematic representation of the micro-grooves production process. 

Table 1: Laser parameters combinations used for micro-grooves production. 

Experiment 
Laser power 

(W) 

Scan speed 

(mm/s) 

Pulse 

repetition 

rate (kHz) 

Number of 

Passages 

A 

15 256 20 

5 

B 10 

C 15 

D 20 

E 25 

F 30 

G 35 

H 40 

I 45 

J 50 

 

Additive manufacturing of embedded thermocouples 

In order to manufacture the embedded type K and type N thermocouples in the WC-10wt.%Co substrates, 

a Multi-Material Laser Powder Bed Fusion (MMLPBF) system developed at the Center for 

MicroElectroMechanical Systems (CMEMS) at University of Minho was used [23,24]. This system is 

equipped with a Nd:YAG laser with a maximum working power of 80 W, multiple powder layer deposition 

functions and individually vacuum cleaning to avoid mixing of the different powders. During the 

fabrication, a building platform heated at 150 °C and an argon atmosphere to avoid the formation of oxides 

were used.  



Thermocouple alloys powder, namely chromel, alumel, nicrosil and nisil, were produced by high-energy 

ball milling to be used in the LPBF process with a D50 particle size of 21.2 µm, 23.4 µm, 25.0 µm and 35.8 

µm, respectively. SEM images of the high-energy ball milled thermocouple alloys powder are shown in 

Figure 2 and the chemical composition is presented in Table 2. 

 
Figure 2. SEM images of the thermocouple alloys powder: a) chromel; b) alumel; c) nicrosil; d) nisil. 

Table 2. Chemical composition of the thermocouple alloys powder. 

Thermocouple Material 
Chemical composition (wt%) 

Ni Cr Si Al Mn Co Mg O 

Type K 
Chromel (+) 78.9 15.3 1.1 ̶ ̶ ̶ ̶ 4.6 

Alumel (-) 88.9 ̶ 2.4 1.5 1.5 0.5 ̶ 5.3 

Type N 
Nicrosil (+) 72.1 21.4 2.3 ̶ ̶ ̶ ̶ 4.2 

Nisil (-) 88.8 ̶ 6.2 ̶ ̶ ̶ 0.1 4.9 

 

After some series of preliminary tests, a set of processing parameters was defined to be used in the LPBF 

process: laser power of 14.4 W, scan speed of 120 mm/min, pulse repetition rate of 12 Hz, pulse length of 

0.5 ms and spot size of 400 µm. SEM was used to evaluate the produced embedded thermocouples and the 

composition at the interface between thermocouples positive and negative leg (hot junction) was assessed 

by Energy Dispersive X-Ray Spectroscopy (EDS). 

The WC-10wt.%Co substrates embedded with the type K and type N thermocouples were then calibrated 

by using PREZYS T-25N equipment. For these tests, temperature was measured and compared against a 

reference (conventional) thermocouple, by heating from 20 to 120 °C and then cooling from 120 °C to 20 



°C, at intervals of 20 °C with a stabilization time of 300 s for each step, being performed three tests for each 

thermocouple type embedded in different WC-10wt.%Co substrates. 

 
RESULTS AND DISCUSSION 

As previously mentioned, in this study several different combinations of parameters were tested to assess 

the optimum laser parameters for producing grooves with suitable dimensions for subsequent 

thermocouples alloys powder filling with particle size below 50 µm and production of embedded 

thermocouples by LPBF. SEM images of the micro-grooves cross-section, obtained accordingly to the set 

of experiments found in Table 1 are shown in Figure 3, being their dimensions presented in Table 3. 

 
Figure 3. Cross-section SEM images of the micro-grooves produced using the set of experiments found 

in Table 1. 

Table 3. Micro-grooves dimensions. 

Experiment Groove width (µm) Groove depth (µm) 

A 230.44 ± 1.75 42.56 ± 1.11 

B 234.89 ± 5.87 85.36 ± 1.68 

C 236.22 ± 5.59 95.16 ± 3.05 

D 241.56 ± 1.91 123.20 ± 1.39 

E 238.67 ± 0.54 127.48 ± 1.15 

F 228.89 ± 1.13 142.35 ± 2.34 

G 223.34 ± 1.96 154.51 ± 0.84 

H 220.89 ± 2.06 184.91 ± 1.78 

I 223.78 ± 0.83 193.46 ± 5.21 

J 229.11 ± 1.26 218.69 ± 2.49 

 
As shown in Figure 3, the employed strategy to achieve the desired micro-groove dimensions resulted in 

round-shaped grooves, due to the Gaussian energy distribution of the laser beam. This shape is potentially 

beneficial for the embedding process, since it doesn’t contribute to the creation of stress concentration 

points, due to a more gradual transition along the groove depth. Additionally, the micro-groove shape 



changes with the number of passages, i.e., for experiments F, G and H (30, 35 and 40 passages, 

respectively), the removal of material appears to be more difficult in the middle of the groove, leading to a 

flatter shaped micro-groove with a very rough surface. This phenomenon also happens for experiments A 

and B, since the low number of passages mitigates the contribution of the laser beam energy distribution to 

the micro-groove shape. As expected, the increase in the number of passages, resulted in an increase of 

micro-groove depth. 

Furthermore, no microcracks, spatter, and heat-affected zones were observed, aspects that could 

compromise the integrity and mechanical strength of the WC-10wt.%Co substrates, allowing to conclude 

that the laser parameters for micro-grooves production were properly selected.  

Regarding the micro-groove width, no significant differences were found, being the obtained values well 

aligned with the desired width. For experiments F, G and H, the less material removal in the middle of the 

groove, appears to influence the groove width. Considering the obtained results, laser processing 

parameters of experiment D, i.e., 20 passages, were selected for micro-groove production for subsequent 

thermocouples alloys powder filling and embedded thermocouples production by LPBF, since a micro-

groove width of 241.56 ± 1.91 µm and depth of 123.20 ± 1.39 µm were obtained, being these dimensions 

well-aligned with the desired. 

Figure 4 and Figure 5 show SEM images and EDS mapping at the thermocouple’s hot junction for the 

type K and type N embedded thermocouples produced in the micro-groove designed for this purpose in 

the previous stage. To the authors best knowledge, the present study is the first reporting the possibility of 

using additive manufacturing technologies to produce embedded thermocouples in WC-Co cutting tools 

for cutting temperature measurement. 

 

Figure 4: Type K SEM images and EDS mapping at the thermocouple hot junction. 

It is possible to observe that the thermocouples surface is almost free of pores, thus indicating that the 

LPBF fabrication strategy and processing parameters were adequate to ensure the production of dense and 

continuous type K and type N embedded thermocouples, with no evidence of severe defects that can 

affect the thermocouples functionality. Also, the interface between thermocouples and WC-10wt.%Co 

substrate is clearly identifiable. However, the micro-groove is not completely filled due to being difficult 



to ensure a precise positioning. Additionally, some micro-cracks are observed, mainly for nisil, probably 

due to the inherent rapid heating and cooling rates of this process and/or the difference in thermal 

properties of the thermocouples and substrate materials. When scanned by the laser, the heated layer 

expands but is restricted by the surrounding area, in this case, the WC-10wt.%Co substrate, which 

generates compressive stresses. On the other hand, when the laser moves away, cooling leads to 

contraction of the layer, that is however restricted by the surrounding area, leading to tensile stresses 

being accumulated, which results in high residual stresses and cracks formation at the interfacial zone 

[20,25]. 

 

Figure 5: Type N SEM images and EDS mapping at the thermocouple hot junction. 

EDS mapping results show that the hot junction formation was successfully achieved, since a transition 

between materials was found, despite SEM images not being able to show this outcome. As Ni is the 

main element in type K and type N thermocouple alloys, as presented in Table 2, the contrast between 

positive and negative leg is not evident. A gradual transition interface between the thermocouples positive 

and negative leg is clearly identifiable, tending its chemical composition to the theoretical value, which 

proves the feasibility of this approach to produce embedded thermocouples in WC-Co cutting tools. 

Figure 6 depicts the temperature measured by the type K and type N embedded thermocouples in 

comparison with a reference thermocouple during the calibration test, being three tests performed for each 

thermocouple type in different WC-10wt.%Co substrates embedded with thermocouples.  

Type K embedded thermocouple exhibit a very small deviation in the measured temperature in 

comparison with the reference thermocouple, with an average and maximum deviation of 0.75 °C and 

1.20 °C, respectively, over the evaluated temperature range. Considering that a conventional 

thermocouple accuracy can be ± 2.5 °C, the measured temperature of the type K embedded thermocouple 

is in very good agreement with a conventional thermocouple. Regarding the type N embedded 

thermocouple, an average deviation of 11.55 °C and maximum deviation of 33.80 °C was found. This 

larger deviation may be explained by a possible greater sensitivity of type N thermocouple to electrical 

interferences with the substrate, due to the absence of an insulating layer between the thermocouple and 

WC-10wt.%Co substrate. Also, the greater particle size of nisil alloy may have some influence in this 



outcome. However, since type N thermocouple presents a linear relationship with temperature, a reliable 

approximation to the real temperature can be made by correlation to the measured temperature by 

extrapolation. Despite these differences, for each thermocouple type the measurements showed repeatable 

results in all the performed calibration tests. 

 
Figure 6. Calibration tests of the type K and type N embedded thermocouples. 

 
CONCLUSIONS 

• Laser surface modification was able to produce a micro-groove with the desired dimensions for 

subsequent thermocouple alloys powder filling and embedded thermocouple production by 

LPBF. 

• The laser parameters used for micro-grooves production were properly selected, since no 

microcracks, spatter, or heat-affected zones were observed. 

• The selected LPBF fabrication strategy and processing parameters were adequate to ensure the 

production of dense and continuous type K and type N embedded thermocouples with no 

evidence of severe defects. 

• Complete filling of the micro-groove was not achieved, due to being difficult to ensure a precise 

positioning, and some micro-cracks were observed, probably due to the inherent rapid heating 

and cooling rates of this process and/or the difference in thermal properties of the thermocouples 

and substrate materials. 

• EDS mapping results show that the hot junction formation was successfully achieved, since a 

gradual transition interface between materials was clearly identifiable. 

• An average and maximum deviation of 0.75 °C and 1.20 °C, respectively, was found for type K 

embedded thermocouple in comparison with the reference thermocouple, while for the type N 

embedded thermocouple, an average deviation of 11.55 °C and maximum deviation of 33.80 °C 

was found. 

• These results indicate that the proposed approach is suitable for additively manufacture embedded 

type K and type N thermocouples in WC-Co cutting tools by laser powder bed fusion for real 

time cutting temperature measurement, allowing an optimization of the cutting parameters during 

in-service time, thus enhancing tool performance and life. 
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