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Metal additive manufacturing using electron beam melting (EBM) process applies electron beam for heating, sintering, and

melting of powders to fabricate a three-dimensional component. The component may contain residual porosity internally and

may be subjected to poor surface finish externally. To improve the quality of the surface finish and densification, re-melting

is conducted. The purpose of this paper was to estimate the appropriate process conditions for a plasma electron beam re-

melting process using heat transfer finite element analyses (FEAs). The impact of the travel speed of table and thickness

of the deposited part on temperature distributions were examined. The size of molten pool was estimated from the results

of the thermal FEA. From the estimated size of molten pool, the travel speed of table and the hatch spacing between re-

melting tracks are discussed and selected as the appropriate process conditions for electron beam re-melting process from

the perspective of minimum overlapping region of the molten pool.

Manuscript received: June 25, 2019 / Revised: October 23, 2019 / Accepted: November 26, 2019

NOMENCLATURE

 = Heat flux of electron beam

P = Power of electron beam

V = Travel speed of table

TL = Thickness of deposited part

D = Effective diameter of heat flux

H = Penetration depth of heat flux

X = X-coordinate with respect to moving frame

Y = Y-coordinate with respect to moving frame

Z = Z-coordinate with respect to moving frame

Q
·

 = Thermal diffusivity

Tmax = Maximum temperature 

Tm = Melting temperature of material

s = Position of beam center with respect to start point 

dmax = Maximum depth of molten pool 

wL = Width of molten pool at depth of 0.5 mm from surface of

deposited part

ws = Hatch spacing between re-melting track 
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1. Introduction

Electron beam melting (EBM) is one of the important powder

bed fusion (PBF) processes to fabricate metallic part.1-4 A PBF

process using a plasma electron beam has been proposed recently.4-6

The EBM process involves sequential steps of preheating and

melting during each deposition of powder layer to form three-

dimensional components in a layer-by-layer manner.2 However, the

component fabricated by EBM process may contain residual

porosity internally due to insufficient time for densification of

melted powder.2,7,8 Besides, the surface of melted layer is rough.9-11

The presence of pores and surface roughness impose detrimental

effect on the mechanical properties of the fabricated component. In

order to improve the quality of surface finish and mechanical

properties of the fabricated part, re-melting process is carried

out.12,13

Focused plasma electron beam is applied to re-melt the

deposited powder layer at a constant thickness of layer. AlMangour

et al. investigated the scanning strategies of a PBF process

experimentally and revealed that re-melting process reduces

surface roughness and number of pores formed between scan

tracks.12 In order to control the re-melting process such that it does

not excessively re-melt the deposited layer, investigation of

influence of travel speed of table and thickness of deposited part on

re-melting characteristics is required. Process modeling using finite

element analyses (FEAs) provides a convenient solution and total

quantification of thermal characteristics for investigation of a PBF

process.14 

Zäh and Lutzmann simulated an EBM process to estimate

appropriate process window based on length-to-width ratio of

molten pool.15 Ning et al. developed an analytical model to

estimate the temperature of single-track and multi-track scans of a

PBF process.14 Foteinopoulos et al. evaluated the temperature

history of parts fabricated in PBF using two-dimensional finite

difference method.16 Shen and Chou studied the influence of

powder with different porosities on temperature distributions and

size of molten pool using a thermal finite element analysis (FEA)

of EBM.17 Cheng and Chou obtained the relationship of process

parameters on geometry of molten pool for a EBM process using

thermal FEA model and multi-variable regression method.18 The

scanning speed of electron beam is an important parameter in

EBM that affect the built quality such as porosity.7,15 However,

these investigations were limited to melting process of laid powder

layer instead of re-melting process of solidified layer. 

A novel metal additive manufacturing process was proposed by

Ahn and Lee that applied a re-melting process based on their

melting process parameters.6 In their process, a powder layer of

0.5 mm thick is laid, preheated, melted and re-melted using a

plasma electron beam to form a deposited layer of nearly 0.5 mm.6

Table that holds the specimen is moved relative to a fixed plasma

electron beam. In order to improve the re-melting process, the

effect of re-melting process parameters on the formation of melted

pool should be investigated.

In this study, heat transfer analysis for a plasma electron beam

re-melting process is proposed to estimate appropriate process

parameters for the novel metal additive manufacturing process

proposed by Ahn and Lee.6 This is achieved by examining the

effects of travel speed of table and thickness of deposited part on

temperature distributions and formation of re-melted pool. Based

on the estimated dimensions of re-melted pool using FEAs,

appropriate process parameters such as travel speed of table and

hatch distance between re-melting tracks are proposed for the

plasma electron beam re-melting process.

2. Finite Element Analyses

In this study, a plasma electron beam re-melting system

irradiates electron beam with power of 160 W on the specimen,

which is attached to a moving table. In order to investigate the

appropriate re-melting process parameters, a symmetrical three-

dimensional thermal finite element model is developed, as shown

in Fig. 1. Simulation of single track re-melting process using

electron beam is simulated along the symmetry plane using

moving heat source in Abaqus. The heat from plasma electron

beam is modelled as volumetric heat flux with Gaussian

distribution, given in Eq. (1).17

(1)

Table 1 lists the parameters applied in the thermal FEAs. The

heat transfer analyses are carried out according to different travel

speeds of table and thickness of deposited part. The effective
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Fig. 1 Model of FEA
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diameter of heat flux is approximated from experiment. The

penetration depth of heat flux is assumed as the thickness of laid

powder.17

The deposited part and substrate are constructed using solid 8-

node linear heat transfer elements. The materials for the substrate

and the deposited part are SM45C steel and Stellite21 alloy,

respectively. Unlike powder layer in melting process, the deposited

part in re-melting process is assumed as solid in FEA because the

porosity within the deposited part is small and its effect on thermal

diffusivity can be neglected. Temperature dependent thermal

diffusivity of solid SM45C steel and Stellite21 alloy are applied in

the model of FEAs, as shown in Fig. 2.19-22 The melting

temperature of SM45C steel and Stellite21 are 1,520oC and

1,295oC, respectively. 

The plate is preheated before re-melting process is performed.

The initial temperature for plate and heat sink temperature are

assumed to be 150oC and 25oC, respectively. The re-melting

process requires a low pressure air environment for the plasma

electron beam to operate properly.4 Thus, the coefficient of

convection from the substrate and deposited part to the surrounding

of low pressure air is assigned as 1.0 W/m2 × K.23 Heat loss via

radiation on the deposited part is estimated using Stefan-

Boltzmann’s law. Temperature dependent emissivity of Stellite21

alloy is applied.24 Thickness of deposited part is assumed to remain

unchanged after re-melting process.

3. Results and Discussion

3.1 Temperature Distributions

Figs. 3-5 show temperature distributions of specimens obtained

from the three-dimensional transient heat transfer FEAs. The

results of temperature distributions reveal that overall temperatures

on the specimen change according to different thickness of

deposited part and travel speed of table.

Fig. 2 Temperature dependent thermal diffusivity of SM45C steel

and Stellite21 alloy19-22

Table 1 Parameters of FEAs

P (W) V (mm/s) TL (mm) D (mm) H (mm)

160 0.5-10.0 0.5-5.0 1 0.5

Fig. 3 Temperature distributions on specimens (V = 0.5 mm/s)

Fig. 4 Temperature distributions on specimens (V = 5.0 mm/s)

Fig. 5 Temperature distributions on specimens (V = 10.0 mm/s)
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In order to determine the position of the steady state condition, a

re-melting process with highest travel speed of table of 10 mm/s is

investigated because it has the most transient condition. During re-

melting process, the position of beam center is changed according

to the movement of table. The temperature at the position of beam

center is estimated using FEAs during re-melting process, as

shown in Fig. 6. The measured temperature at the position of beam

center increases rapidly during the beginning of re-melting process.

The temperature converged to steady state after the beam center

travelled more than 4 mm from the start position of the specimen,

as shown in Fig. 6. The temperature at the position of beam center

further increased from the steady state after it moved more than 28

mm because it is near to the edge of specimen. From these

observations, widths and depths of molten pool during steady state

condition can be properly estimated when the beam center is

located at the middle of specimen for all cases of study, which is 15

mm from the start position of the specimen.

Fig. 7 shows that maximum temperature of the specimen

measured during steady state condition. It reveals that temperatures

reduce to a converged value as the thickness of deposited part

increases. This is attributed to Stellite21 alloy has higher thermal

diffusivity than SM45C steel. The maximum temperature

decreases due to increase heat dissipation within the higher volume

of deposited part of Stellite21 alloy. The thermal characteristics

converged when the thickness of layer further increases because

major heat transfer occurs within the deposited part of same

material without being influenced by the substrate.

From Fig. 7, it shows that maximum temperature is lower when

the travel speed of table is higher. This is due to reduction of

energy density when the travel speed of table increases. Energy

density refers to amount of heat energy per unit time. 

3.2 Depth of Molten Pool

From the results of temperature distributions, the depth of

molten pool is estimated based on the melting temperatures of

respective materials, as depicted in Fig. 8. Both deposited part and

substrate are re-melted when the depth of molten pool is greater

than the thickness of deposited part. In this case, melting thickness

of deposited part greater than the depth of molten pool, the melting

temperature of Stellite21 is used as reference temperature of

SM45C steel is applied as reference temperature to determine the

depth of molten pool. For the case of specimen with temperature.

In the case of depth of molten pool estimated using temperature of

Stellite21 is greater than the thickness of deposited part, the depth

of molten pool is set to be the thickness of deposited part. This is

because the estimated temperature is not high enough to melt the

substrate.

Fig. 9 shows the depth of molten pool is greater when the travel

Fig. 6 Temperatures measured at the position of beam center during

re-melting process (TL = 0.5 mm and V = 10 mm/s) 

Fig. 7 Maximum temperature measured during steady state

according to different thicknesses of deposited part

Fig. 8 Estimation of depth of molten pool based on melting

temperature of different materials (TL = 1.5 mm)
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speed of table is low due to higher temperature on specimen. At the

same travel speed of table, depths of molten pool are higher for

those cases of molten pool only found within the deposited part as

compared to those cases that molten pool penetrates the substrate.

This is mainly due to the deposited part has higher thermal

diffusivity than the substrate. The depth of molten pool is constant

when molten pool only occurs in deposited part, regardless of

thickness of deposited part. This is consistent with the observation

that temperature is converged when the thickness of deposited part

augments. 

From Fig. 9, it is observed that travel speeds of table between 5

to 10 mm/s produces molten pool with depth in the range of 1.2 to

1.5 mm. This indicates that only two to three layers of consolidated

powder are re-melted. A 0.5 mm thick of powder layer is laid

during each melting process. Therefore, re-melting process using

travel speeds of table between 5 to 10 mm/s are suggested as the

appropriate process parameter from the viewpoint of number of re-

melted layers of consolidated powder. Excessive re-melting is not

encouraged because it may cause lost of material via evaporation,

even though it can produce deeper molten pool. 

3.3 Width of Molten Pool

From the results of temperature distributions, widths of molten

pool at depth of 0.5 mm from the surface of deposited part are

estimated based on the melting temperature of Stellite21, as shown

in Fig. 10. The width estimated at depth of 0.5 mm from the

surface of deposited part is discussed because it is the smallest

width of molten pool within the thickness of one deposited layer

on a deposited part. 

Fig. 11 illustrates the influence of travel speed of table and

thickness of deposited part on the formation of width of molten

pool at depth of 0.5 mm from the surface of deposited part during

re-melting process. The width of molten pool is higher for slower

travel speed of table due to higher energy density during irradiation

of electron beam. This can be observed with the increase of

maximum temperature when re-melting is at slower travel speed of

table, as shown in Fig. 7.

Besides, the width of molten pool reduces when the thickness of

deposited part augments during re-melting process using the same

travel speed of table. This is attributed to the fact that heat

conduction in the horizontal directions of the deposited part is

faster than in the vertical direction towards the substrate when the

deposited part is thin because substrate with SM45C steel has

lower thermal diffusivity than Stellite21 alloy. The width of molten

pool converges when thickness of deposited part approaches to 2.5

mm for the same travel speed of table.

Re-melting using hatch spacing larger than the converged width

Fig. 9 Estimated depth of molten pool according to different

thicknesses of deposited part

Fig. 10 Estimation of width of molten pool at depth of 0.5 mm from

the surface of deposited part from temperature distribution

(V = 5.0 mm/s)
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of molten pool will result in some regions of deposited part not

being re-melted due to no overlapping region between re-melting

tracks. Hence, it is proposed that the converged width of molten

pool with respect to the travel speed of table is applied as the

appropriate hatch spacing between re-melting tracks to ensure re-

melting is thorough for the whole surface of deposited part with

minimal overlapping region, as illustrated in Fig. 12. The

appropriate travel speed of table and hatch spacing between re-

melting tracks are suggested, as listed in Table 2. 

4. Conclusions

In this paper, the influences of different travel speeds of table

and thicknesses of deposited part on temperature distributions and

formations of molten pool during re-melting process were

investigated using FEAs in order to select appropriate process

parameters for a plasma electron beam re-melting process. From

the results of heat transfer FEAs, it was revealed that temperature

distributions of deposited part were affected by travel speed of

table and thickness of deposited part. The formation of molten pool

was estimated from the temperature distribution using melting

temperatures of deposited part and substrate. The depth and width

of molten pool changed according to thickness of deposited part

and converged when thickness of deposited part is greater than

2.5 mm. 

Based on the above results, the appropriate travel speeds of table

between 5 to 10 mm/s were suggested for the plasma electron

beam re-melting process. The hatch spacing between re-melting

tracks based on converged width of molten pool was determined to

be appropriate process parameters for the plasma electron beam re-

melting process. The suggested range of travel speeds of table is

coincident with the travel speed of 5 mm/s applied for a proper

deposition and re-melting process in the novel metal additive

manufacturing by Ahn and Lee.6 However, they derived the hatch

spacing of 1 mm based on the width of single deposition bead.6

The re-melting process in the novel metal additive manufacturing

can be accelerated by applying the proposed hatch spacing

between re-melting tracks because the proposed hatch spacing is

2.6 times larger as compared to those applied by Ahn and Lee at

travel speed of 5 mm/s. 

In the future, re-melting process using the suggested process

parameters should be performed experimentally to validate the

results of FEAs. In order to further improve the re-melting process,

the effect of power and effective diameter of electron beam on the

formation of re-melting pool can be considered via experiment and

numerical analysis to obtain a desired wide and shallow re-melted

pool.
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