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Abstract 

Direct Metal Deposition (DMD) technology proves advantageous in complex and precise 

component fabrications. Nevertheless, the typical productivity rate of the DMD process is not 

sufficient for fabricating large components. In this paper, the induction heating (IH) technique 

is presented to address this issue by assisting the DMD process by increasing the build-up rate. 

For this purpose, the influences of different laser processing and induction heating factors are 

investigated to provide the information required for designing a suitable IH setup that is capable 

of integrating into the DMD process. Furthermore, a finite element simulation of IH is carried 

out using the COMSOL software package and the results are accordingly verified against 

experimental data. This helps design a Hybrid Induction DMD (IH-DMD) process by 

identifying a correlation between induction parameters and generated heating temperature on 

the component surface. 

This paper presents the implementation setup of IH-DMD discusses its limitations. In a final 

setup, deposition of Inconel 625 powder material on the structure steel S235 with an IH-DMD 

process is examined to show the improvement gained. This includes different powder feed rates, 

scan speeds, and spot diameters.  
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The results demonstrate the important role of the coil profile, magnetic flux concentrator, 

coupling gap, electric current in the coil, and coil shield to achieve a sufficient heating rate and 

stable IH-DMD coating process. The deposition rates and clad geometry are characterized. By 

employing IH-DMD, the coating deposition can be improved by a factor of three. 

Keywords 

Laser direct metal deposition, Hybrid induction heating laser cladding, High deposition rate 

additive manufacturing, Induction heating    

1 Introduction 
 

Direct Metal Deposition (DMD), where the powder is blown into the laser initiated melt pool, 

is widely used in coating and repair applications. This technology has been recently employed 

in Additive Manufacturing (AM) of complex components in industries. Heavy industry 

companies such as shipbuilding and turbomachinery manufacturing are good candidates to 

benefit from AM and thus seek to apply this technology in producing their components [1, 2]. 

However, processing of large components with a typical DMD method is economically 

challenging due to the low deposition rate and consequently, high fabrication cycle times. 

Therefore, such applications require an efficient technology that provides a high quality level 

of DMD but also offers a high productivity level.  

In a DMD operation, a focused laser beam melts the substrate and deposition material. 

However, laser energy is partially dissipated into the cold substrate due to heat conduction. This 

limits the thermal energy for the melt pool formation and thus restricts the deposition rate. An 

effective preheating technique which is able to heat up the substrate locally can compensate for 

the heat conduction losses of the melt pool in the cold layers underneath. Subsequently, higher 

temperatures in the melt pool allow the insertion of powder with a higher feed rate to form an 

accurate clad track with higher build-up rates. 
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Electromagnetic Induction Heating (IH) is a well-suited heating process for this purpose since 

this method is a non-contact heating process, which can heat the components locally without 

contaminating the foreign matter as noted by Haimbaugh [3]. The technique is commonly used 

in different industrial applications, including heat treatment, hot forming, and joining processes. 

Inductors as a heating source can be coupled to a programmable machine (e.g., a robot or a 

CNC machine) to heat desired areas of the workpiece more accurately [4]. Heat treat cycles are 

relatively short, in the order of seconds and minutes, and can be monitored and controlled. 

According to [5], IH is based on eddy current heating and hysteretic heating. Hysteretic heating 

refers to energy dissipation by the magnetic hysteresis losses in the ferromagnetic material 

during altering magnetic field. In eddy current heating, the electromagnetic field generated by 

the coil induces an eddy current on the workpiece, which consequently heats up the substrate 

according to the Joule effect. However, the heat effect attributed to hysteresis losses is 

approximately 6%–8% compared to the eddy current losses if the surface temperature of the 

heated workpiece is above Curie temperature. 

The advantages mentioned motivated researchers to utilize this technique in coating 

applications to increase the productivity level and improve the quality of the coated layer. For 

instance, Zhou et al. analyzed a microstructure of a coating layer of a Ni-based WC composite 

alloy on preheated A3 mild steel substrate material by lateral laser induction hybrid rapid 

cladding [6]. They observed lower susceptibility of cracking in the coated layer compared to 

deposited layers without preheating. Jonnalagadda et al. performed induction assisted laser 

DMD setup using Fraunhofer COAXpowerline nozzle system, in which a quarter-turn 

induction coil coupled laterally to laser nozzle [7]. They deposited W2C-Ni Matrix on steel 

substrate and could increase the powder feed rate of 1.85 X compared to the standard laser 

DMD process. A similar setup was presented by Nowotny et al. using a coaxial laser powder 

cladding head with an induction module to coat an Inconel 625 on large hydraulic cylinders [8]. 
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They could increase the deposition rate by 50% from 5.1kg/h to 7.7kh/h using a10 kW diode 

laser and an induction generator up to 50 kW.     

Recently, Wang et al. studied the influence of substrate temperature by induction heating on 

the coating deposition rate [9]. They observed the linear-like dependence between deposition 

rate and substrate temperature up to 750°C when coating 43Ni–50.8Cr–6.2Si powder material 

on an AISI 1045 carbon steel substrate. Improvement in the cladding efficiency and deposition 

rate above this temperature was not notable in their experiment. 

In most investigations of hybrid, heating inductors coupled to the deposition head laterally, in 

which heating of a part is prior to coating a layer, referred to a “Preheating” setup. However, 

lateral installations restrict the deposition of layers to a unidirectional path, whereas the 

deposition path in AM application may consist of a bidirectional or a contouring movement of 

the deposition head. The principle concept of coaxially coupling IH with DMD to heat up the 

substrate simultaneously during the coating of layers has been patented by [10]. Nonetheless, a 

systematic investigation on a hybrid setup, proper selection of IH process parameters, and 

technical challenges in the implementation of the setup during the deposition of layers without 

bonding error is missing in the previous literature. 

The present study addresses the challenges and limitations of an IH-DMD setup to give insight 

into the design and implementation of the hybrid system. The role of main IH parameters on 

the heating temperature is studied. For this purpose, a finite element simulation is carried out 

in COMSOL Multiphysics 5.3®, and results are verified against experiments. The developed 

model supports the selection of the hybrid IH-DMD setup by creating a correlation between 

process parameters and generated heat on the surface of components. Finally, hybrid setup is 

implemented and increases in the deposition rate in IH-DMD are analyzed considering 

sufficient metallurgical bonding between the clad layer and substrate in a single track. Laser 
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processing parameters are optimized in connection with clad geometry in order to fabricate 

defect-free multiple layers.  

2 Theory and calculation  
2.1 Coaxial IH-DMD setup and specification 

IH components that need to be installed in a DMD machine mainly include a power supply, a 

cooling unit, and an inductor. The components of an IH-DMD machine are schematically 

illustrated in Figure 1. There is typically an intermediate body between the inductor and the 

power supply, shown as “C-Box” in Figure 1. The role of this component is to connect the coil 

leads to the power supply mechanically and electrically. In addition, the cooling water also 

passes through this section to be delivered into the inductor-cooling pocket. A method of 

holding the inductor coaxially with the deposition nozzle and presenting it to the top of the part 

must be addressed during the initial design.  

 

Figure 1: Schematic of IH-DMD components. Section A shows the coil profile of the inductor installed 
in the working distance (WD) of the DMD nozzle.  

Thanks to the flexibility of cables, the connection movement of the CNC axis in X, Y and Z 

directions is not limited, but tilting the DMD head or CNC table around X and Y may be 

restricted due to the risk of collision of the inductor with the substrate. The configuration of 

induction heat-treating coils strongly depends on the heating applications and part geometry as 

noted by Zinn and Semiatin [11]. An encircling coil shape is likely the most suitable form to be 
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employed in an AM application since besides simultaneously preheating the surface near the 

melt pool as shown in Figure 2, the heating performance can be done in every moving direction 

of the DMD laser head. As elaborated upon in the work of [12], the induction coil design should 

fulfill the following requirements: meet heat treatment specifications in desired production 

rates, be robust enough to tolerate manufacturing variations, have electrical parameters that 

match the induction power supply and have a satisfactory lifetime and efficiency. These criteria 

play a significant role in the design and implementation of an IH-DMD setup, which is 

discussed in this section. 

2.1.1 Influence of DMD nozzle specification 
 

In the DMD process, a conical powder stream is formed at the nozzle exit, focused at a specific 

length from the tip of the nozzle, and then defocused. According to [13], the powder stream’s 

focal point should be close to the level of the melt pool to obtain maximum powder catchment 

efficiency and clad quality. The powder focal length depends on nozzle types and their 

specifications, which determine the DMD operating distance called “Working Distance” (WD). 

The available space for the coupling of the inductor coaxially with the deposition head is limited 

to the WD. This factor, as well as the geometry of a nozzle, specifies the initial design of an 

inductor including the coil profile, the number of coil turns, and the Inner Diameter (ID). 

Accordingly, it influences the decision of modulating the coil and nozzle, including the “Nozzle 

gap” (Ng) between the nozzle and the coil and the “Coupling gap” (Cg) between the coil and 

the substrate (shown in Figure 1-A). 

As shown in Figure 2, a smaller ID brings the intensity of the magnetic field closer to the melt 

pool zone, which leads to better heating efficiency. However, the ID of the coil should provide 

sufficient clearance for a homogeneous distribution of the powder particles, which is a key 

factor in the formation of a good quality clad. Furthermore, due to the close distance of the coil 

and powder outlet, the magnetic field generated by the coil may influence on the powder profile 
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in case of the ferromagnetic powder materials. This concern has been investigated in the 

following chapter. 

 

Figure 2: Schematic of a coaxial IH-DMD process. 

It should be pointed out that the DMD nozzle and the inductor need to be cooled down during 

the process due to heat transfer from the hot surface of the part, and the eddy current losses in 

the nozzle and the inductor materials as described by [14-16]. Overheating of these elements 

can lead to cracking or deformation during the IH-DMD process.  

2.1.2 Influence of DMD and IH process parameters on the hybrid process 
 

In this chapter, the main IH parameters are addressed, which play a significant role in the 

induction power density and heat rate. The authors in [17] describe that the IH power density 

and heating times are influenced by the electric current flow in the coil (𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐), the frequency of 

induction heating (w), the width of heating face (W), the Magnetic Flux Controller (MFC) and 

the coupling gap (Cg). MFC is a tool which is placed around the coil to alter the flow of the 

magnetic field. Detailed information about types and main categories of MFC materials has 

been described in [18]. These authors explained that magnetic fields and power density are 

much more concentrated under a coil when applying MFC, resulting in higher heating 
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efficiency of the system. The heated area of the part can be extended wider with the bigger size 

of W. However, the current density under the heat face is inversely proportional to the width of 

the coil, which means higher induction power needs to be applied to maintain the power density. 

In this study, the coil width is selected according to the available WD and coil profile.   

As suggested by [4], the frequency of IH needs to be chosen first since it has a strong influence 

on all electromagnetic phenomena including heating time, local distribution of power in part, 

and heating depth. They presented that the applied frequency is the most relevant parameter 

that directly affects the depth of heat generation, governed by the formula 

𝛿𝛿 = �
1

𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
 

(1) 

where δ is the skin depth, w is the frequency, and µ and σ are the electrical conductivity and 

magnetic permeability of the workpiece, respectively. In IH-DMD, the required heating depth 

in the part is low since the melt pool depth, which corresponds to the desire IH area, is typically 

shallow on the surface, as shown in Figure 2. Therefore, a medium-range of induction 

frequencies above 50 kHz can be examined. These are typically employed in induction surface 

heating applications (e.g., induction surface hardening [4]). 

In addition to described IH parameters, the scan speed of the DMD process plays a vital role in 

the IH cycle because the position of the induction coil moves relative to the heated length of 

the part during deposition of layers, as shown in Figure 2. This means that the energy required 

to heat the preferred melt pool area to a certain temperature depends on not only the IH 

parameters and the material specification of the part, but also on the scan velocity. The typical 

DMD scan speed in a DMD process is relatively fast (400-1600 mm/min [13]), which 

determines the interaction time of induction power density in a given area of the substrate. 

Therefore, a rapid heating cycle in the range of milliseconds is necessary to heat up the 

substrate.  
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The IH process is a complicated dynamic process composed of complex interacting phenomena 

involving electromagnetics, heat transfer, and materials science. To provide a successful design 

of the IH-DMD system, it is necessary to take into account the correlation between the described 

IH process parameters. For this purpose, a finite element simulation model of IH is studied in 

the next section to investigate the effect of 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, w, MFC, Cg, and scan speed on the generated 

surface temperature.  

2.2 Finite Element Modeling of IH 

A model for IH was developed in COMSOL Multiphysics 5.3® in the AC/DC module [19]. 

The equations governed in COMSOL, coupled to the coil and the substrate, are illustrated 

schematically in Figure 3, in which the eddy current heating, as well as the thermodynamic 

effects of conduction, convection, and radiation, were taken into account.  

 

 

Figure 3: Mathematical equation and coupling in solving induction electromagnetic heating in 
COMSOL. 

The equation to be solved in the model starts with Ampere’s law and Maxwell’s equations in 

the frequency domain [20]. Eddy current can be calculated by using the vector potential and is 

given by equation (2)  
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𝐽𝐽 = 𝜋𝜋𝜎𝜎 = 𝑗𝑗𝜋𝜋𝜋𝜋𝑗𝑗 + 𝛻𝛻 × (µ−1𝐵𝐵) (2) 

with 𝐽𝐽: the current density; E: electric field; 𝜋𝜋: the electrical conductivity; A: the vector 

potential; 𝐵𝐵: the flux density; 𝜋𝜋: the frequency; µ magnetic permeability of the material. Eddy 

current induced in the substrate material, which corresponds to a heat source is given by 

equation (3). 

𝑄𝑄𝑒𝑒 = 𝐽𝐽 ∙ 𝜎𝜎 (3) 

Heat transfer in the substrate was described by the law of heat conduction, which can be written 

as equation (4). Boundary conditions in heat transfer fields are the radiative and the conductive 

heat flux which can be represented by equation (5) and (6)  

𝜌𝜌𝐶𝐶𝑃𝑃𝑢𝑢 ∙ 𝛻𝛻𝛻𝛻 = 𝛻𝛻 ∙ (𝑘𝑘𝛻𝛻𝛻𝛻) + 𝑄𝑄𝑒𝑒 (4) 

−𝑛𝑛 ∙ 𝑞𝑞 = 𝜀𝜀𝜋𝜋(𝛻𝛻𝑎𝑎𝑎𝑎𝑎𝑎
4 − 𝛻𝛻4) (5) 

𝑞𝑞0 = ℎ(𝛻𝛻𝑒𝑒𝑒𝑒𝑒𝑒 − 𝛻𝛻) (6) 

with 𝑄𝑄𝑒𝑒: the heat produced by heat sources; 𝜌𝜌: the density; 𝐶𝐶𝑃𝑃: heat capacity at constant pressure 

and 𝑘𝑘: thermal conductivity of the material; 𝑢𝑢 velocity field; 𝛻𝛻: temperature field 𝑞𝑞: heat flux 

and 𝑞𝑞0: general inward heat flux; and ɛ: surface emissivity; ℎ: heat transfer coefficient; 𝛻𝛻𝑎𝑎𝑎𝑎𝑎𝑎: 

ambient temperature; 𝛻𝛻𝑒𝑒𝑒𝑒𝑒𝑒: external temperature; 𝜋𝜋 Stefan-Boltzmann constant; 𝑛𝑛: refractive 

index. Electromagnetic and thermodynamic equations were coupled to the substrate via the 

electromagnetic power equation. The thermal isolation boundary condition is used at the bottom 

of the substrate. 

A number of assumptions were used in defining the model. Firstly, it was assumed that the 

currents have a steady-state quality to simplify the mathematical model. With this assumption, 

electromagnetic field quantities in Maxwell’s equations are harmonically oscillating functions 

with a single frequency as introduced by [5]. Finally, the properties of magnetic permeability 

and thermal conductivity, and electrical resistivity of the stainless steel material X3CrNiMo13-
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4 at 20℃ were assigned to the model, listed in Table 1 to reduce the computational effort. 

During the heating cycle, variation can occur in the electrical resistivity, specific heat, thermal 

conductivity, and magnetic properties, which affects heat generation and temperature 

distribution on the substrate. The temperature-dependent data of these properties were not found 

in the literature for the examined material. However, by comparing the result of similar series 

of stainless steel (410,430) reported by [21], it can be assumed that thermal conductivity is 

almost constant in the temperature range of 20℃-700℃.  

Table 1: material data of substrate X3CrNiMo13-4 [22] 

Quantity  Symbol  Value  

Electrical resistivity  
Density  
Heat capacity  
Thermal conductivity  
Relative magnetic 
permeability  

𝛺𝛺 × 𝑚𝑚𝑚𝑚²/𝑚𝑚 
kg/m3 

𝐽𝐽/(𝑘𝑘𝑘𝑘 × 𝐾𝐾) 
𝑊𝑊/(𝑚𝑚 × 𝐾𝐾) 

unitless 

0.60 
7700 
430  
25 
60 

   
 

Due to the symmetry of the problem half of the model was built with the multiform mesh 

distribution shown in Figure 4. A solution domain contains three zones including air, an 

inductor, and a substrate. The boundary condition of the air zone was magnetic insolation with 

initial vector potential A=0. Meshes are denser on the surface of the substrate and in the 

coupling gap to achieve a proper calculation of electromagnetic phenomena and heat transfer. 

Simulations of the IH were performed with a single-turn coil, with and without MFC, and in 

both single-shot and scanning states. IH parameters were simulated concerning the key factors 

described in the previous section, including electric current flow in the coil 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, frequency of 

the magnetic field w, and the coupling gap Cg, with the variable values listed in Table 2 to 

evaluate heating temperature and distribution.  

Two-point graphs were plotted to visualize the temperature as a function of time. Both points 

are positioned on the surface of the substrate, but the first is positioned in the center of the coil 



12 | P a g e  
 

turn (Tc) where the melt pool is formed in DMD process; the second under the edge of the coil 

face (Te). The default parameter setting and temperature measurement points are Tc at Cg 2 

mm, 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 1000A and w 100 kHz.  

 

 

Figure 4: Finite element mesh distribution of the induction heating model. 

Table 2: Parameters and variable values simulated in IH model to analyze heating temperature.  

Quantity  Symbol  Variable value  

Current flow on the coil [A] 
Frequency [kHz] 
Coupling gap [mm] 

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
w 
Cg 

1000 − 2000 
50-150 
2-4 

   
 

3 Material and methods 
 

A stainless steel substrate X3CrNiMo13-4 with a dimension of 100×30×30 mm3 was used to 

analyze the induction heating induced by the coil on the substrate. Two copper inductors were 

employed in the experiment: N1, a single turn coil, and N2, a single turn coil equipped with 

MFC made of soft magnetic composition “ALPHAFORM MF.” IH was carried out with a 

power generator type “Compact 20” from Plustherm Point AG with the maximum output power 

of 20kW. The inductor and the C-Box were clamped to the laser head and aligned coaxially 

with the DMD nozzle. The water line was connected to the heat station to be delivered to the 
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inductor. A thermal imaging camera “Optris PIX” with temperature measuring ranges of 450-

2000 °C and spectral ranges of 500 nm was employed to record the surface temperature of the 

substrate. 

IH-DMD was carried out on a Trumpf TruLaser Cell 7020 CNC machine using a ytterbium-

doped yttrium aluminum garnet (Yb: YAG) disk laser with a wavelength of 1030 nm, and a 

three-jet powder beam nozzles. Clad layers were deposited on the structural steel S235JRC+C 

substrate with a dimension of 25 × 8 × 100 mm3. Powder materials from stainless steel 

X3CrNiMo13-4 and Inconel® 625 were examined. Samples were cross-sectioned to analyze 

the clad geometry and optical images were taken with a Keyence VHM 5000 Optical 

Microscope. 

3.1 Experimental setup 

The experimental tests were performed in two steps.  

In the first step, induction heat treatment of the hybrid setup was studied to firstly determine 

the technical challenges and limitations of the integrated processes, and secondly, analyze the 

condition of the substrate heating. The experimental tests consider the induction heating 

temperature and its distribution on the surface of the substrate, examined with both inductors, 

and verifying the developed numerical simulation model of IH. In addition, the influence of the 

magnetic field on the ferromagnetic powder stream in a hybrid system was investigated.  

The temperature measurement setup is shown in Figure 5. In this setup, the inductor was also 

mounted to the C-Box in the opposite direction shown in Figure 5-B, to provide access for the 

thermo-camera to detect the infrared radiation from the heated surface at the center of the coil 

Tc.  

The induction power was varied in the range of 12-15 kW with the frequency of 75 kHz. The 

coupling gap of 2 mm is adjusted and 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 was read from the control panel of the generator. 
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Accordingly, 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 was 1045 A and 820 A with inductor N.1 and N.2 respectively in the single-

shot state when the power supply was set to 15 kW. At 12 kW power generator, 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 at inductor 

N.1 was 946 A. These values were used in order to verify the simulation model of IH.  

 

Figure 5: Temperature measurement setups: A, Temperature measurement under the coil (Te point); 
B, Temperature measurement at the center of the turn (Tc point)  

The influences of the magnetic field on the ferromagnetic powder were studied in two setups. 

In the first setup, a conical tube with a small outlet of 2 mm filled with the stainless steel 

X3CrNiMo13-4 powder and positioned on the top of the coil. Powder could flow down linearly 

due to the gravity and pass through an induction coil. The maximum induction power with the 

frequency range of 70-140 kHz was tested. In the second setup, IH-DMD configuration has 

been examined in which powder was delivered to the nozzle from the powder feeder, three lines 

of powder jet exited from the nozzle, and pass through the induction coil. 

In the second step, the deposition of Inconel® 625 powder on the S235JRC+C steel with IH-

DMD setup was carried out using inductor N.2. Surface temperature at Tc: 650℃ was measured 

according to the setup shown in Figure 5-B. The initial laser parameters for deposition of 

Inconel® 625 were selected from the database, listed in Table 3. These parameters were 

considered as a reference parameter set. Due to the additional thermal load of the IH process to 

the DMD process, in the IH-DMD experiment, powder feed rates are increased stepwise by 

20% from the reference value to analyze the maximum achievable deposition rate. The 
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influence of the powder mass flow, feed rate, and spot size on the clad geometry were 

investigated to deposit defect-free layers. The deposition rate was calculated from the cross-

section of the samples concerning the area of the deposited layer. 

Table 3: Reference laser DMD parameter set for deposition of Inconel® 625.  

Scan speed 
[mm/min] 

Powder feed 
rate [g/min] 

Track 
Overlap [%] 

Laser power 
[W] 

Laser spot 
diameter [mm] 

996 14.56 50 1200 2.5 

4 Result and discussion 
4.1 Induction heating temperature and distribution  

Figure 6 shows the simulation results for induction heating at different coupling gaps Cg, 

frequencies w and current flows 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in the single-shot setup. Figure 6-A shows that the closer 

the gap between the substrate and the coil, the more intense the heating. Decreasing the coupling 

gap from 4 mm to 2 mm increases the temperature by around 60% in the first 2 seconds of 

heating. It can be due to the spread out of the magnetic field over a longer length by increasing 

the coupling gap. Therefore, the minimum Cg causes higher current density on the substrate, 

resulting in higher efficiency of the IH.  
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Figure 6: Simulation results of time-temperature at different IH parameters. A, coupling gap; B, electric 
current flow; C, frequency; and D, with and without applying magnetic flux controller MFC at Te and 
Tc point.  

The correlation between the time-temperature and the frequency, as shown in the diagram 6-B 

illustrates that the frequency has a strong influence on the surface heating. By increasing the 

frequency from 50 kHz to 150 kHz the surface temperature increases by a factor of almost 2.5 

during the first 2 seconds of the heating period, which indicates that less power is required to 

achieve a certain temperature on the substrate. Figure 6-C shows the significant role of the 

current flow on the heating temperature. By doubling the current from 1000 A to 2000 A, the 

temperature increases approximately by the factor of four. This behavior can be explained by 

the mathematical relationship between power dissipation and electric current through a 

resistance followed the form of the equation (7).  

𝑃𝑃 = 𝐼𝐼2𝑅𝑅 (7) 
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The calculated power dissipation on the substrate increase from 466 W to 1864 W in 1000 A 

and 2000 A respectively. Figure 6-D shows the temperature-time curves under the coil at Tc 

and Te points as well as the effect of MFC on the heating temperature. The Te and Tc series in 

the diagram illustrates that the heating temperature is higher under the face of the coil than in 

the center of the turn. The temperature gradients of these two points are approximately  

100℃/s. It can also be seen in Figure 6-D a remarkable evolution in heating temperature 

induced by the coil with MFC. Simulation of the magnetic flux density B, induced by the coil 

on the substrate can explain this fact (cf. Figure 7). By applying MFC, the magnetic fields are 

concentrated under the coil rather than being widely distributed in the air zone, and reached the 

maximum value of 3.98 T. Consequently, the power dissipation reaches to 2810 W at 1000 A 

after assigning of MFC to the simulation study, which is almost five times higher than the setup 

without MFC.  

 

 

Figure 7: Magnetic flux density B induced on the substrate by (A), a normal coil; (B), a coil with MFC. 
Legend color shows the magnetic flux density of log10 (|B|), i.e., B ranges from 0.1 to 3.98 [T]. 

It can be concluded from Figure 6 and the discussion above that the smaller the coupling gap, 

the higher the frequency of the magnetic field, the higher the electric current in the coil and 

employing MFC, the more rapid the heating of the substrate. However, applying a small value 

of Cg in IH-DMD is limited by some factors. Firstly, the gap between the coil and a solid layer 
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under the coil decreases oppose of the laser scanning direction due to the formation of a clad 

layer, as shown in Figure 2. The deposited layer may cause a risk of blockage of the inductor 

movement if the coated height exceeds the initial coupling gap. This factor alone can cause the 

vital need to design a protective circuitry to stop the IH-DMD process immediately if the 

deposited layer touches the inductor or travels too close to its vicinity. Secondly, the coated 

layer has a smaller Cg compared to the substrate surface, resulting in higher heating intensity 

on the coated layer relative to the substrate according to Figure 6-A. This fact may potentially 

lead to undesired heating of the fabricated layer. Finally, the DMD process contains spatter 

during the deposition of the powder, and thus, close distance to the harsh environment of the 

melt pool may decrease the life time of the coil.  

Overall, applying MFC is the most efficient factor among the other parameters to reduce the 

heating time. Nevertheless, the concentration of the magnetic field under the face of the coil 

with MFC leads to a significant thermal gradient between Tc and Te points. For instance, 

temperatures at Tc and Te points reach to 365℃ and 1283℃, respectively, after two seconds 

of heating in a single shot state. In Figure 8 the results of an axisymmetric simulation of the 

temperature pattern induced by the coil with MFC, in a single-shot state, and after two seconds 

of heating is plotted, showing a ring-form heating pattern on the substrate surface. However, 

heating conditions in an IH-DMD is in a scanning state with the scans peed of the DMD process.  

 

Figure 8: Simulation of the axisymmetric model of heat pattern on the substrate induced by the coil 
with MFC, 1000 A, in two seconds, and in a single shot.   
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In Figure 9 the simulation results of the heat distribution during scanning, and the curve of the 

temperature-time at the Tc point within five seconds of the scanning with a travel speed of 0.01 

m/s are plotted. The heating curve shows that the temperature at the center of turn Tc reached 

546℃ after 2 seconds of scanning and stay in steady condition over the length of the path. It 

can be expected from this simulation result that the MFC is the most effective way to be 

employed in IH-DMD setup and brings the advantage of uniformly preheating of the melt pool 

zone over the scanning length, which is an essential factor in the deposition process. However, 

careful design, as well as proper material selection of MFC, is necessary due to two reasons: 

firstly, the decision to apply MFC to the IH-DMD setup depends strongly on the available laser 

WD and shape of the coil, particularly the ID of the coil, because mounting this element requires 

additional space around the copper coil. Secondly, the high thermal loaded condition of laser 

process, which MFC should withstand in the long term. By reduction of the travel speed, the 

surface temperature can be leveled up, as the calculated surface temperature at Tc raised from 

546℃ to 613℃ by a 20% decreasing of the scan speed.  

 

 

Figure 9: Induction heating of the substrate in the scanning state, 1000 A, with MFC, Vs= 0.01m/s: 
Left, heating pattern during moving of the substrate; Right, time-temperature curve achieved on the 
substrate at the center of turn Tc.  

Figure 9-B shows that IH takes a certain time (in this case, two seconds) to rise to the maximum 

temperature and becomes linearly stable. This heating condition may have a negative impact 

on the clad quality at the beginning of the deposition path when the temperature is still in the 
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evolution cycle. A practical solution to address this concern can be via deposition strategy, in 

which IH is turned on with an additional distance from the target point of the DMD process. 

For implementing the proposed solution strategy, a starting distance can be chosen in a CAM 

software by the function called “Lead-in.” This strategy can compensate for the heating time 

delay from the starting point and can diminish the risk of inhomogeneous heating at the starting 

point of IH-DMD process. The lead-in distance depends on the size of the coil and the scan 

speed.  

In order to validate the numerical simulation model, the experiment was conducted in a single-

shot state. Table 4 compares the IH results of the simulation and the experiment using inductor 

N.1 in which the heating time has been recorded at the point Te when the temperature reached 

to 500℃. The heating time at 946 A in the experiment and simulation are 29 and 42 seconds, 

respectively. The same trend can be seen in the results examined with 1046 A, which indicates 

that the developed IH simulation model can estimate the heating temperature with coefficient 

accuracy of around 70%. This deviation can be due to the simplification of the model (e.g., 

neglecting hysteresis loss). Figure 10 compares the simulation and experiment curve of the 

heating temperature at Te and Tc points with inductor N.2. The power supply was turned off 

after 12 seconds (shown by the “off” symbol in the graph), and then the temperature value was 

recorded when part cooled down.  

Table 4: Comparison of heating temperature in the simulation model (Sim.) and experiment (Exp.), 
examined by the inductor N.1 (normal coil), and measured at Te: 500℃ in single-shot IH.  

Inductor N.1  

Power
[kW] 

𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
 [A] 

Heating time (Exp.) 
[s] 

Heating time (Sim.) 
[s] 

12 
15 

946 
1046 

29 
16 

42 
23 

 
 

A similar deviation was observed between simulation and experimental results with inductors 

N.2 up to 500℃ at the Te point. Despite the model simplifications, the agreement between 
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experiment and simulation is good above 600℃ at the Te point, and temperature-time curves 

of “Sim” and “Exp” are close. This fact can prove the role of hysteresis heating and temperature 

dependence of magnetic permeability of the material, in which the material of the substrate 

loses its magnetic properties gradually. Above 600℃ (Curie temperature), attribution of 

hysteresis heating is irrelevant. The simulation result of the heating curve at the Tc point agrees 

with the experiment, as the temperature evolution in this point is mainly governed by conducted 

heat from the Te point.  

 

Figure 10: Comparison of the heating temperature in the simulation and experiment examined by the 
inductor N.2 (coil with MFC), 𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 820A, in single-shot IH 

4.2 Technical challenges and limitations  

During the experimental test, a non-steady coupling gap condition was observed while heating 

the part in a single-shot state. When the induction power generator was turned on to heat up the 

part, the head of the coil was at first pulled down toward the substrate and then pushed back 

when the substrate became hot, as shown by the arrow in Figure 11. This was due to the force 

that can occur in interaction of the magnetic field generated by the coil with an external 

magnetic field generated by a substrate called “electrodynamic force [23]”. This result specifies 

the necessity of robust design of the inductor to tolerate the electrodynamic force loaded on the 

inductor and to maintain the coupling gap constant.  
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Figure 11: IH-DMD process presenting the ring form heat pattern under the coil and the edge effect 
phenomena on the edges of the substrate. Coil movement (pushed down and pulled back) due to the 
electrodynamic force shown by the arrows. 

Figure 11 also illustrates that the heating rate is higher at the point of the sharp dimension 

changes of the substrate, which is called the “edge effect [12]”. The edge effect can be expected 

during IH-DMD of a flat rectangular-shaped substrate, which is relatively smaller compared to 

the size of the coil. However, the edge effect was not notable on the DMD coated layer due to 

the round edge of the clad as realized by the heat pattern on the solidified track shown in Figure 

11.  

In IH-DMD, a layer can be deposited on a thin or thick layer underneath. Thinner layers 

correspond to a smaller mass of metal, which can be heated to higher temperatures than thicker 

areas. This fact, plus the edge effect during IH-DMD process, presents the difficulty in 

obtaining heat uniformly with constant IH parameters set. Therefore, real-time IH temperature 

feedback control is essential to achieve local temperature uniformities over the length of layer 

deposition.  

The experimental result of the influence of magnetic field on powder stream of ferromagnetic 

stainless steel X3CrNiMo13-4 presented a visual outward deviation of powder flow when 

passing through the induction coil in the first setup. Changing the frequency of the power supply 

did not have any notable effect on the deviation angle. Despite the first setup observation, in 
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IH-DMD setup, no visual deviation, fluctuation of powder stream or attraction of powder to the 

inner side of the coil were observed. The different behavior of powder flow in these two 

different setups can be due to the velocity of powder particles in the DMD process, which 

provides enough inertia for the powder particles to escape a magnetic field of induction coils. 

Although the examined ferromagnetic powder materials could pass through the electromagnetic 

field of the coil and delivered to the processing zone, in the next step, when the nozzle was 

positioned above the substrate to start IH-DMD process, powder particles were reflected from 

the substrate and trapped in the magnetic field. Attracted powder particles aligned under the 

face of the coil and formed into vertical chains. This created a conductive bridge between the 

coil and the substrate, causing a short circuit in which the electric current can pass through the 

particle chains, resulting in burning and explosion of powder chains, as shown in Figure 12. 

This event occurred fewer times in deposition of layers by IH-DMD, since most of the powders 

were inserted into the melt pool, delaying the described problem.  

 

Figure 12: Forming powder chains in the coupling gap during IH-DMD setup due to the electromagnetic 
field, causing a short circuit between the coil and the substrate, resulting in the burning or explosion of 
powders.   

The other fact observed during the experiment with X3CrNiMo13-4 stainless steel powder is 

that the accumulated powders under the face of the coil were oxidized and polluted during the 

IH-DMD process. This condition was visually realized from the color of the powder, which 

changed to dark brown. By turning the power generator off, these powders were unloaded from 
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the coil. Consequently, these polluted powders may contaminate the surface, which will be 

coated in the next deposition sequences.  

It can be concluded from the discussion above that processing of ferromagnetic powder 

X3CrNiMo13, with an IH-DMD setup faces technical challenges and needs additional handling 

and inductor specification compared to the processing of paramagnetic powders. The solutions 

that can be examined to address these technical challenges may possess the following 

properties: Firstly, the bottom side of the inductor coil is isolated with a non-electrical 

conductive layer to prevent a short circuit and the flow of the electric current through the 

powder particle chains. This shielding layer should be thin due to the limited WD space and 

role of Cg factor on the heating efficiency and resist in a high thermal load during the laser 

process. Secondly, an additional sequence needs to be considered while programming DMD 

paths to unload the accumulated powder under the face of the coil to a non-processing zone to 

prevent the risk of metallurgical contamination of the deposited layers. 

4.3 Clad geometry and deposition rate 

Figure 13 &14 shows the optical image of the cross-sectioned single tracks as well as the 

experimental results of build-up rate and melt pool depth with DMD and IH-DMD setups. The 

results of the sample, deposited with reference DMD parameters set, are shown in Figure 13-B 

and with the “R” symbol in the chart. The deposition curve of the DMD process shows an 

increase in deposition rate by raising the powder feed rate from 14.56 to 20.38 [g/min]. 

However, the melt pool depth decreases accordingly, and there is not sufficient metallurgical 

bonding between the clad layer and the substrate in the powder feed rate above 40% from the 

reference parameter. 
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Figure 13: Cross section of single track deposited, A: with IH-DMD at 29.12g/min, B: with DMD at 
14.56 g/min (reference parameter set), C: with IH-DMD at 20.38 g/min, D: with DMD at 20.38 g/min. 
The surface temperature of the substrate in IH-DMD is 650℃.  

By applying IH-DMD setup, melt pool depth increases from 0.03 to 0.5 mm at a powder feed 

rate of 20.38 [g/min]. The higher melt pool depth allowed applying a higher powder feed rate 

up to 120%. Accordingly, the deposition rate increased 3.6 times without a lack of fusion.  

 

Figure 14: Deposition rate and melt pool depth of single track in different powder feed rate in DMD 
and HI-DMD. Powder material and substrate are Inconel 625 and the structure steel S235, 
respectively. 

The higher melt pool depth in IH-DMD can be due to the additional heat generated by the IH 

into the melt pool, and the reduction of heat losses to the surrounding of the melt pool (or the 
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effect of one of them). However, to explain the mechanism behind this result precisely, a 

combined model of DMD and IH needs to be developed to analyze the surface temperature and 

the cross-section of the melt pool.      

It also can be seen from Figure 14 that the deposition rate leveled up from the value of 0.48 

kg/h in DMD to 0.69 kg/h in IH-DMD curves at a steady powder feed rate of 20.38 g/min. This 

result can be explained in comparison with the clad geometry of samples. Clad produced with 

IH-DMD is thicker and wider compared to the DMD process at the same powder feed rate (cf. 

Figure 13 C&D), which represents the size of its melt pool before solidification. The size of the 

melt pool increases with increasing temperatures in IH-DMD, resulting in more efficient 

powder catchment, and consequently, a higher powder melting efficiency and deposition rate.  

Figure 13-A shows the cross section of a single track produced with IH-DMD at the powder 

feed rate of 29.12 g/min (named as sample N.1 In the following discussion). The deposition 

rate is 0.99 kg/h, which is three times higher than the reference sample, but the penetration 

depth is the same value of 0.1 mm, and the clad layer is much thicker. Consequently, the ratio 

between clad width and clad height called Aspect Ratio (AR) is 2.7, which is about two times 

lower than the AR value of 5.9 in the reference sample. Two approaches were examined to 

increase the AR, namely larger spot size and higher scanning speed. Single tracks were 

deposited with these approaches (sample N.2 and N.3). Table 5 summarizes the parameters, 

and experiment result of deposition rate, melt pool depth, AR. In sample N.2, powder mass 

flow decreases 10%, and spot size increases accordingly. A preheated surface in IH-DMD 

allows for a selection of higher spot size of 2.9 mm, which leads to a wider melt pool width 

and, as a result, increases AR to 4.5 in the experiment. In sample N.2, the scanning speed 

increased by 40%, resulting in a thinner clad due to less powder deposited per unit length. The 

second approach provides a higher AR of 5.1, but the deposition rate decreases to 0.75 kg/h, 

approximately 24% lower than the first approach.  
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Table 5: Laser process parameters in IH-DMD. In N.1, laser parameters of reference sample were 
selected but with a higher powder feed rate of 29.12 g/min. In N.2 and N.3 spot size and scan speed 
was tuned to achieve higher AR.  

Sample Power 
feed rate 
[g/min] 

Spot 
size 

[mm] 

Scanning 
speed 

[mm/min] 

Deposition 
rate[kg/h] 

Penetration 
depth[mm] 

Aspect 
ratio 

N.1 
N.2 
N.3 

29.12 
26.2 
26.2 

2.5 
2.9 
2.5 

996 
996 

1394 

0.99 
0.83 
0.75 

0.1 
0.13 
0.2 

2.7 
4.5 
5.1 

       
 

In order to evaluate the metallurgical bonding of layers fabricated by these clad geometry, 

multiple tracks with 50% overlap were deposited with IH-DMD setup. Figure 15-A shows the 

cross-sectioned image of a single-track and of multiple layers sample N.1 in which bonding 

errors were observed at the clad interface of multi-tracks. However, porosities disappeared in 

sample N.2 and N.3. This result indicates that a low AR and high contact angle tend to cause 

lack of fusion between overlapping clad tracks, presenting the necessity of re-characterization 

of laser DMD process parameters in IH-DMD when higher powder feed rate is applied to 

achieve defect-free layers.  

 

Figure 15: Cross section image of samples deposited from Inconel 625 powder material on the 
structure steel S235 with IH-DMD: A, sample N.1; B, sample N.3 

5 Conclusions 
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The roles of DMD and IH specifications on a hybrid process, including working distance, 

coupling gap, current density, frequency, and magnetic flux controller (MFC), have been 

discussed, and technical challenges have been addressed. A finite element simulation model 

was developed and validated with the experiment, enabling a prediction of the requirement of 

IH parameters for DMD application, which mostly assisted the setup design and process 

optimization and reduced the number of experimental investigations. Layers were deposited 

with an IH-DMD setup, and the productivity rate and clad geometry of the deposited tracks 

were examined. Based on the results of the deposited layer, the laser parameters were tuned to 

increase the aspect ratio, and a layer without bonding error was deposited with the IH-DMD 

setup.  

The following key findings were achieved: 

• The simulation results show that a lower coupling gap, higher frequency, higher electric 

current flow in the coil, and applying the MFC result in a rapid heat up of the surface of 

the substrate. The minimum possible coupling gap can be adjusted, considering the 

thickness of the coating layer. Protective circuitry is vital to stop the process in uneven 

contact between the coil and the deposited layer.  

• Although a ringed heating pattern was formed under the coil by using MFC, it was the 

most effective way to employ MFC in the IH-DMD setup from a rapid heating 

perspective. However, applying MFC to the IH-DMD setup depends strongly on the 

available space of laser WD, shape of the coil as well as its resistance to the high 

temperature environment of the DMD process.  

• Processing of ferromagnetic powder X3CrNiMo13 with the IH-DMD was challenging 

due to the effect of a magnetic field on powder particles during the coating process. The 

accumulated powder disrupted the DMD process in various ways, including a short 

circuit event, burning, and oxidation of powder, which destabilized the DMD process.  
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• The IH-DMD allowed a higher deposition rate than DMD due to the temperature field 

generated by induction, allowed inserting more powder material to the melt pool. 

Accordingly, the deposition rate could be increased by a factor of three in a single track. 

• Increasing the powder feed rate resulted in a higher clad height and lower AR, causing 

bonding errors in multiple layers. Therefore, two approaches, including increasing the 

spot size and scan speed were examined to enhance the situation and resulted in an 

improvement of the AR from 2.7 to 4.5 and 5.1, respectively.  
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