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Abstract Cold forming generally allows the fast gener-

ation of parts with very low tolerances. In addition,

mechanical properties are improved, if work hardening

materials are used. Transferring the cold forming process to

micro range leads to a decrease in the maximum achievable

upset ratio so that the forming process becomes inefficient.

Therefore, a laser-based free form heading process has

been developed to generate preforms which can be cali-

brated in a secondary cold forming step. The achievable

upset ratios reach values of several hundreds instead of 2.1

which is common for single step mechanical upsetting. In

this article, heat losses arising in the material accumulation

process using laser-based free form heading are analyzed

and discussed. For this purpose, the process is modeled

within the framework of continuum mechanics and simu-

lated by a finite element method. By using a numerical

approach, a systematic study on heat losses is performed in

order to identify the influence of radiation, heat transfer

due to convection and thermal conduction during laser

irradiation time. The simulation results, which are vali-

dated with experimental data, show that the radiation is the

most important mechanism reducing the efficiency of the

accumulation process.

Keywords Laser micro machining �Micro forming �
Miniaturization � Finite element simulation

1 Introduction

In modern production engineering, miniaturization is of

growing interest. Unfortunately, with increasing miniatur-

ization, methods and processes used in macro-scale are

sometimes no longer applicable to very small work-pieces,

making the production of micro-components a challenging

task [9]. Different examples for cold forming processes

generating micro-components are existing such as micro

backwards extrusion [6] or open die upsetting of cylindri-

cal specimens with diameters \1 mm [13].

Conventionally, a multi-stage cold forming approach is

applied to the work-piece in macro-scale, in order to upset

a certain length l0 of a sample with diameter d0 and

forming it simultaneously. Unfortunately, the upset ratio

s :¼ l0
d0

achievable by these methods is very limited and

decreases, if d0 does [13].

Therefore, a two-stage cold forming process with an

initial material accumulation step for metallic components

in micro-range has been developed within the Collabo-

rative Research Center (CRC) 747 ‘‘Micro Cold

Forming’’.

The efficiency of the material accumulation process is

highly dependent on the energy available for the melting of

material. Therefore, an overview of heat losses arising in

laser-based free form heading during irradiation time is

given in this paper. This allows for a better understanding

of the stability of the process and for finding possible areas

of improvement in efficiency. After a description of the

laser-based free form heading material accumulation pro-

cess in Sect. 2, the process is modeled in Sect. 3. A sim-

plified analytical model is used for a rough approximation

of the process [20]. For a precise simulation of the process

and an analysis of the heat losses arising during the melting

M. Jahn (&) � A. Schmidt

Zentrum für Technomathematik (ZeTeM), Universität Bremen,

28359 Bremen, Germany

e-mail: mischa@math.uni-bremen.de
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process, the material accumulation process is modeled

within the framework of continuum mechanics [4].

Numerical aspects of the finite element method [11] are

briefly presented in Sect. 4 and the experimental setup is

described in Sect. 5. In Sect. 6, numerical results are

compared to experimental data and a parameter variation is

performed to analyze energy dissipation effects.

2 Process

Laser beam energy is used to heat up the tip of a metallic

rod until it exceeds its melting temperature so that the end

of the rod melts. Due to the fact that the diameter of the rod

is in the magnitude of one millimeter or smaller, forces

related to the surface tension dominate over gravitational

forces. The surface tension causes the molten part of the

rod to attain a nearly spherical shape which sticks to the

rod. This molten part is called preform. After solidification,

the preform can be formed by an upsetting process. The

maximum achievable upset ratio is reached, as soon as the

gravitational force acting on the melt exceeds the surface

tension so the preform drips off the rod. Using laser-based

free form heading, upset ratios of several hundreds can be

reached [17].

The metallic rod and the laser beam are oriented parallel

to gravitational force. The laser beam is placed perpen-

dicular to the face surface of the rod. Rod and focus plane

are both kept fixed during the accumulation process. When

the laser beam heats the rod, a certain part of the rod melts,

changing its geometry from cylindrical to nearly spherical.

When heating continues, the sphere expands also orthog-

onal to the laser beam direction and thus its surface moves

out of the focus layer causing a so-called defocussing effect

[15]. This can be diminished by appropriately feeding of

the rod [16] or shifting the laser beam corresponding to the

movement of the sphere. For the energy pulses, respec-

tively the upset ratios, considered in this paper, the influ-

ence of laser beam defocussing can be neglected according

to the results presented in [18].

The experimental investigations shown in this paper are

carried out with rods of chromium nickel steel 1.4301

(X5CrNi18-10) with diameters of 0.5 mm as wrought

material. The diameters of the preforms are measured with

a micrometer caliper with an uncertainty of 1 lm. The

volume is calculated by assuming that the preforms are

spherical. Figure 1 shows both, the conventional multi-

stage upsetting process and the two-stage cold forming

process using laser-based free form heading.

3 Mathematical models

3.1 Analytical model

A simplified analytical model describing the laser melting

is presented in [19]. This model gives the basis for an

understanding of the process and is set up to estimate the

energy needed to generate a preform of a certain volume by

assuming adiabatic conditions. Therefore, it is assumed

that neither heat dissipation from the spherical part of the

rod to the ambiance nor within the rest of the rod takes

place. This means that any incoupled laser beam energy is

used to heat up the part of the rod that forms the preform

after the accumulation. Furthermore it is assumed that the

material which is heated up reaches but does not exceed

melting temperature. All material characteristics are

thought to be temperature-independent. According to [5],

the absorption coefficient aL is 0.38. The analytical model

relates molten volume VS of the preform and absorbed

energy EL by

EL ¼ aLVSq cps
TM � T0ð Þ þ HM

� �
: ð1Þ

The descriptions of the material properties and their values

are given in Table 1 (see table footer). For a more feasible

approximation of the process, the parameter aL can be

adjusted to consider heat losses empirically, cf. Sect. 6.

3.2 Continuum mechanical model

For a more precise simulation of the material accumulation

process, a continuum mechanical model is needed. This

model includes laser heating, thermal conduction in the

melt and the bulk, radiation described by the Stefan-

Fig. 1 Conventional multi-

stage cold forming process

(a) and two-stage cold forming

process using laser-based free

form heading (b)
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Boltzmann law, forced convection caused by shielding gas

which cools the materials surface and solid-liquid-solid

phase transitions. Furthermore, the dynamics in the melt

and its free capillary surface evolution have to be consid-

ered. Therefore, the Stefan problem is coupled with the

Navier–Stokes equations including a free capillary surface.

Both, the Stefan problem, cf. for example [1] and [7], and

the Navier–Stokes equations with a capillary surface, see

e.g. [3], have a long history in material science as well as in

pure and applied mathematics, and have been discussed in

many publications. However, coupling both problems has

been discussed much less, e.g. [4], and is still challenging

due to the interdependence of geometry and the solid-

liquid-interface.

In the continuum mechanical model [4] some assump-

tions are made in order to simplify matters: Firstly, mate-

rial parameters are assumed to be constant for each

subdomain that are indicated by the index l for liquid and

s for solid. Secondly, vaporization effects are neglected and

the melt is assumed to be incompressible so the fluid

dynamics can be described by using the incompressible

Navier–Stokes equations. The buoyancy effects are mod-

eled by the Boussinesq approximation.

Let XðtÞ ¼ XsðtÞ [ XlðtÞ [ CSðtÞ � R
3 be the time

dependent domain for t 2 t0; tf
� �

, consisting of a solid

subdomain XsðtÞ which is the rod, a liquid subdomain XlðtÞ
which is the melt, and a solid-liquid interface CSðtÞ. The

outer domain boundary oXðtÞ ¼ CCðtÞ [ CRðtÞ [ CNðtÞ is

distinguished in disjoint sets CCðtÞ;CRðtÞ and CNðtÞ, with

different boundary conditions. Thereby, CCðtÞ denotes the

free capillary surface of the melt. Initially, the rod is

completely solid, thus Xlð0Þ ¼ ;;CSð0Þ ¼ ; and

oXð0Þ ¼ CRðtÞ [ CNðtÞ. A sketch of the different domains

and their boundaries is given in Fig. 2.

The process is modeled by coupling the Stefan problem

in the whole domain for the temperature T : XðtÞ ! R with

the incompressible Navier–Stokes equations in the melt

XlðtÞ with a capillary surface for the velocity field of the

fluid u: XlðtÞ ! R
3 and its pressure p: XlðtÞ ! R. Using

material parameters given in Table 1 and the characteristic

numbers given in Table 2, the model is given in non-

dimensional units by the PDE-system

otuþ u � ru�r � 1

Re
DðuÞ � pId

� �

¼ � Bo

We
e2 þ

Gr

Re2
Te2 in XlðtÞ;

ð2Þ

r � u ¼ 0 in XlðtÞ; ð3Þ

otT þ u � rT � 1

RePr
DT ¼ 0 in XlðtÞ; ð4Þ

otT �
1

RePr

ksqlcpl

klqscps

DT ¼ 0 in XsðtÞ; ð5Þ

with DðuÞ :¼ ruþ ruð ÞT . For numerical convenience, the

temperature is scaled so that melting temperature

corresponds to T = 0. The boundary conditions on the

free capillary surface are given by

u � m ¼ VCC
� m on CCðtÞ; ð6Þ

rm ¼ 1

We
Km on CCðtÞ; ð7Þ

with VCC
denoting the velocity of the free boundary,

K is the sum of the principle curvatures and r :¼
1

Re DðuÞ � pId is the stress tensor. For the temperature,

the conditions

Table 1 Material properties of steel 1.4301 (X5CrNi18-10) [14]

T0 293 K Initial temperature

Ta 293 K Ambiance temperature

Tm 1673 K Melting temperature

q 7,900 kg/m3 Density

cps
500 J/kg K Specific heat capacity in solid

cpl
830 J/kg K Specific heat capacity in melt

ks 15 J/mK Thermal conductivity in solid

kl 35 J/mK Thermal conductivity in melt

HM 276,000 J/kg Latent heat

l1 5.5 9 10-3 Ns/m2 Dynamic viscosity

c1 1.872 N/m Surface tension

b1 10-4 1/K Coefficient of thermal expansion

aL 0.38 Absorption coefficient

1 For unknown material properties, the corresponding values of

iron [8] are used instead

Fig. 2 Sketch of geometry
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1

RePr
omT ¼ LaIl þ Em T4

a � ðTm þ TÞ4
� 	

þ ~al Ta � Tð Þ
on CCðtÞ;

ð8Þ
1

RePr

ks

kl

onT ¼ LaIl þ Em T4
a � ðTm þ TÞ4

� 	
þ ~as Ta � Tð Þ

on CRðtÞ;
ð9Þ

1

RePr
omT ¼ 0 on CNðtÞ; ð10Þ

are imposed to include laser heating and heat losses due to

radiation and forced convection. Due to the non-

dimensional model approach, the laser number La

La ¼ Imax

qlcpl
UðT�m � T�a Þ

;

the emissivity number Em

Em ¼ �kSBðT�m � T�a Þ
3

qlcpl
U

;

and the convective heat transfer coefficient ~afs;lg

~afs;lg ¼
aL

kfs;lgRePr
¼ kSGNuSGL

LSGkfs;lgRePr

are used, where Imax is the maximum intensity of the laser

beam, � is the emissivity and kSB denotes the Stefan-

Boltzmann constant. The parameter kSG denotes the ther-

mal conductivity. NuSG denotes the Nusselt number of the

shielding gas.

It is pointed out that heat losses due to convection are

considered by introducing a heat transfer coefficient in

Eq. (8–10), which depends on the shielding gas, but not by

simulating the shielding gas flow itself. In order to simplify

the systematical parameter variation performed in Sect.

6.3, a is considered later as constant for each phase and

does not change during the process due to the evolution of

the melt and its shape.

For including phase transitions into the model, two

different approaches are briefly presented which are com-

bined for the numerical simulation of the process.

3.2.1 Enthalpy model

The enthalpy model, which has been considered in e.g. [7],

is modified in order to model a problem including heat

convection. The general idea of the enthalpy model is to

formulate the energy balance in the whole domain XðtÞ
which is given by

otH þ urH � 1

RePr
DT ¼ 0 in XðtÞ; ð11Þ

with u � 0 in XsðtÞ and

T ¼ f ðHÞ :¼

qscps

qlcpl

H; H\0

0; H 2 0; 1

Ste

h i

H � 1

Ste
; H� 1

Ste

8
>><

>>:
ð12Þ

describing the temperature-enthalpy relation where

H denotes the enthalpy density. By solving Eq. (11), the

solid-liquid interface

CSðtÞ :¼ x 2 XðtÞjTðxÞ ¼ 0f g

is given implicitly. Consequently, the enthalpy model can

naturally handle the nucleation and the vanishing of a

liquid subdomain as well as multiple solid-liquid interfaces

or a mushy region.

3.2.2 Sharp interface model

Another model applicable for problems with phase transi-

tions is a sharp interface model, cf. [4]. In this approach,

the solid-liquid interface CSðtÞ is defined as sharp boundary

that is handled explicitly. On CSðtÞ the boundary conditions

u � m ¼ 1� qs

ql

� �
VCS
� m; ð13Þ

u� u � mm ¼ 0; ð14Þ
T ¼ 0; ð15Þ

1

RePr
ðrTÞl �

ksqlcp;l

klqscp;s
ðrTÞs


 �
¼ 1

Ste
VCS

ð16Þ

are prescribed. The Stefan condition (16) reflects the

thermal energy balance in the domain and is used to obtain

the velocity VCS
of the interface CSðtÞ. Please note that by

using this model, neither nucleation of melt nor topology

changes can be handled.

Table 2 Characteristic numbers

L 0.25 9 10-3 m Characteristic length

LSG 0.5 9 10-3 m Characteristic length for conv.

heat transfer

t̂ 1 9 10-3 s Characteristic time

U ¼ L
t̂

0.25 m/s Characteristic velocity

Re ¼ qlUL
l

90 Reynolds number

Pr ¼ lcpl

kl
0.13 Prandtl number

Bo ¼ qlL
2

c
0.259 9 10-2 Bond number

We ¼ qlU
2L

c
0.066 Weber number

Gr ¼ q2
l
gbðTm�TaÞL3

l2
48.77 Grashof number

Ste ¼ cplðTm�TaÞ
HM

4.15 Stefan number
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4 Numerical aspects

4.1 Numerical approach

The process described by PDE-system (2–16) is imple-

mented in a finite element method partly based on [3].

Within this method, the enthalpy model and the sharp

interface model are combined in order to simulate phase

transitions and to handle the interdependence of Stefan

problem and Navier–Stokes equations with a free capillary

surface.

The enthalpy FE method treats phase transitions

implicitly by solving Eq. (11) on the whole domain. Con-

sequently, the interface CSðtÞ is in general not given on

mesh edges but intersects mesh elements. This offers a high

flexibility but may introduce numerical difficulties

regarding the computation of the fluid flow.

In the sharp interface model, the domain is separated in

a liquid and a solid subdomain by the interface CSðtÞ
which is represented by edges of elements. On each

subdomain the heat equation is solved independently

using an internal Dirichlet condition (15) at the interface.

The jump of the temperature gradients across CSðtÞ is

then used to compute its velocity, cf. Eq. (16). The outer

geometry boundaries are moved accordingly to the

deformation of the capillary surface CCðtÞ and the

movement of the interface CSðtÞ. By applying an ALE-

approach, the interior mesh is moved as well, using an

extension operator [4]. This method allows a very precise

simulation but lacks on flexibility as it does not allow for

topology changes like nucleation.

By coupling both methods, one can benefit from each

method’s advantages by avoiding their disadvantages. A

detailed description of the numerical aspects of the finite

element method and the coupling of the approaches is

given in [11] and [12].

4.2 Finite element simulation

The material accumulation process using laser-based free

form heading can be assumed to be rotational symmetric, if

the laser is applied to a thin metallic wire coaxially. All

numerical results presented in Sect. 6 are therefore simu-

lated by using a 2D rotational symmetric approach.

The finite element simulation can be used for different

purposes. In [12], the self-alignment property of the

material accumulation process, which is shown in [2], is

confirmed by simulation results. In [10], the micro-struc-

ture and the shape of experimental produced material

accumulations are compared to simulation results and show

a good agreement. As already pointed out, in this paper the

energy dissipation is analyzed.

5 Experimental setup

For experiments, a rod with a diameter d0 = 0.5 mm of

chromium nickel steel 1.4301 (X5CrNi18-10) is used as

wrought material. The rod is oriented coaxially to the laser

beam, so that the laser beam interacts perpendicular with

the surface of the rod. In order to achieve a high repro-

ducibility of results, the face surface of the rod interacting

with the laser beam is finely ground initially. As laser beam

source, a fibre laser TruFiber 300 of Trumpf is used. Both,

the specification of beam source as well as process

parameters can be found in Table 3.

The operation device of the beam source allows

adjusting the power of the laser pulse as well as the pulse

duration. Therefore, the energy provided by the beam

source can be set very precisely. The face surface of the rod

is placed in focus layer initially but moving out of focus

layer during the accumulation process due to the defo-

cussing effect as described in Sect. 2. In order to prevent

oxidation of rod material at elevated temperatures during

the accumulation process and solidifying process, argon is

used as shielding gas. Assuming a laminar gas flow, the

velocity of shielding gas parallel to the symmetry axis of

the rod is approximately 1:9 m
s. Figure 3 shows a schematic

illustration of the experimental setup.

6 Results

6.1 Comparing experimental data with numerical

results

The experimental data obtained by the parameters given in

Table 3 are compared to the analytical model given in Sect.

Table 3 Specifications of the laser system and the used process

parameters

Laser Trumpf TruFiber 300

Laser type Fibre laser

Wavelength 1085 nm

Focal distance 100 mm

Beam radius 0.02 mm

Divergence angle 40 mrad

Material Steel 1.4301 (X5CrNi18-10)

Power 160 W

Pulse duration {250, 500, 750, 1000} ms

Rod diameter 0.5 mm

Shielding gas Argon

Shielding gas temperature TSG 293 K

Shielding gas velocity 1:9 m
s
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3.1 and to the results of the finite element simulation based

on the continuum mechanical model from Sect. 3.2.

In Fig. 4, the volume of the material accumulation is

plotted against the applied energy. According to Eq. (1),

the analytical model predicts a linear relation between

applied energy and generated volume of the material

accumulation. The increase of the function depends on the

choice of aL.

Due to the fact that the analytical model is based on

assuming adiabatic conditions, the value aad = 0.38

corresponds to an adiabatic model of the process. The

results obtained by this model can be seen as an upper

bound of achievable results in laser-based free form

heading. For a more realistic situation where heat losses are

present, an adjusted value aeff & 0.20 is chosen [20] to

consider energy dissipation empirically. Not surprisingly,

the choice of aeff gives a much better approximation of the

process. However, the experimental data do not show a

linear but only a monotone relation between applied energy

and volume, whereas the increase in volume flattens for

increasing energy. The differences between the experi-

mental data and the analytical model are, of course, a

consequence of the considerable simplifications made

within the model and are to be expected.

In contrast to the analytical model, the finite element

simulation fits the nonlinear behavior of experimental data

very well. In detail, the volume of the preform as computed

by the finite element simulation for an energy pulse up to

120 J differs only slightly from the experimentally deter-

mined values. For higher energy pulses, a small but

increasing gap can be observed, i.e. the simulation over-

estimates the volume approximately by 10 % for an energy

pulse of 160 J. The same behavior can be observed for

other rod diameters with accordingly adapted energy pulses

[15]. Possible reasons for the increasing gap between

simulation results and experimental data are again the

simplifications assumed in the model, e.g. the use of tem-

perature-independent parameters. Additionally, discretiza-

tion and approximation errors arise in the simulation

approach.

6.2 Overview about heat losses arising during laser

heating

6.2.1 Considered energy dissipation mechanisms

While measuring heat losses during the experiments pre-

cisely turns out to be almost impossible, the losses can be

considered and quantified very easily by using a finite

element simulation of the process. The mechanisms caus-

ing energy dissipation, which are considered in this paper,

are radiation

_QradðtÞ ¼
Z

CCðtÞ[CRðtÞ

�jSB Tðx; tÞ4 � Taðx; tÞ4
� 	

do ð17Þ

described by the Stefan-Boltzmann law, forced convection

_QfcðtÞ ¼
Z

CCðtÞ[CRðtÞ

a Tðx; tÞ � TSGðx; tÞð Þ do ð18Þ

caused by the shielding gas acting on the material surface,

and thermal conduction

_QtcðtÞ ¼
Z

CSðtÞ

krTjXs
do ð19Þ

of heat into the rod. Due to the fact that radiation and

convection are considered as fluxes on the rod surface as

well as on the melt surface, _QtcðtÞ does not describe the

actual amount of losses caused by thermal conduction as

they influence the process. Therefore, instead of using

Fig. 3 Schematic illustration of experimental setup
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Fig. 4 Comparison of adiabatic model, experimental data and

numerical results for specimen with rod diameter d0 = 0.5 mm using

the parameters given in Table 3
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Eq. (19) the energy dissipation due to thermal convection is

considered not as flux but as amount of energy

EtcðtÞ ¼
Z

XsðtÞ

cps
ks Tðx; tÞ � Taðx; tÞð Þdx: ð20Þ

which is in the rod at time t. The losses (17), (18) are

accumulated over the irradiation time tf

EradðtÞ ¼
Z t

t0

_QradðsÞds ð21Þ

EfcðtÞ ¼
Z t

t0

_QfcðsÞds ð22Þ

and added to the energy in the rod in order to get the

overall energy dissipated during laser heating

Elðtf Þ ¼ Eradðtf Þ þ Efcðtf Þ þ Etcðtf Þ: ð23Þ

6.2.2 Influence of irradiation time and laser power

The heat losses arising in laser based free form heading are

not only dependent on the amount of energy but also on the

experimental setup. By changing the irradiation time tf
while maintaining the applied energy, the total amount of

heat losses arising during the laser heating process and the

proportions of the losses can be influenced very much. This

effect is exemplary shown for an energy pulse E ¼ 80 J ¼
P1 � tf1 ¼ P2 � tf2 obtained by two different irradiation times

tf1 and tf2 with accordingly adapted laser powers P1 and P2,

cf. Table 4.

The accumulated amount of dissipated energy due to

radiation Erad(t) (21), convection Efc(t) (22), and thermal

conduction Etc(t) (20) arising during irradiation (t0, tf) for

both experimental setups are shown in Figs. 5 and 6. Please

note that due to absorption coefficient alaser = 0.38, the

energy which is actually incoupled into the rod is not 80

Joule but 30.4 Joule.

For both experimental setups, it can be seen that the

most important heat loss mechanism is radiation. Energy

dissipation due to forced convection, which is caused by

shielding gas acting on the material surface, and thermal

conduction are less important for the given parameters. But

if comparing the total amount of dissipated energy and its

origin, it can be seen that the values and the proportion of

the energy dissipation significantly differ during the laser

heating period. If applying the energy pulse E1 ¼ P1 � tf1 to

the work-piece, the amount of total dissipated energy is

approximately 11.4 Joule, while the value decreases around

24% to round about 8.7 Joule, if using E2 ¼ P2 � tf2 . This

effect is a result of the very different temperature distri-

butions arising in both setups. Because of the high laser

power P1, the temperatures arising during the process are

very high which cause a high radiation because of the 4th

power of the temperature in the Stefan-Boltzmann law. On

the contrary, if applying the laser power P2 for the longer

time period tf2 to the rod, the more energy is conducted into

the rod leading to lower temperatures in the melt and

thereby reducing the amount of energy that is radiated.

Furthermore, the nucleation takes longer compared to the

use of P1.

Table 4 Process parameters: Influence of irradiation time and laser

power

Power P1,2 160 W 80 W

Pulse duration tf1 ;f2
500 ms 1,000 ms

Rod diameter d0 0.5 mm

� 0.6

a 200 W/m2K

alaser 0.38
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Fig. 5 Heat losses arising during melting process in Joule for

P = 160 W, tf ¼ 0:5 s; a ¼ 200 W

m2K
; ks ¼ 15 W

mK
and � ¼ 0:6
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Fig. 6 Heat losses arising during melting process in Joule for P ¼
80 W; tf ¼ 1:0 s; a ¼ 200 W

m2K ; ks ¼ 15 W

mK and � ¼ 0:6
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A very interesting observation concerns thermal con-

duction losses. The results indicate that the influence of

thermal conduction is strong only at the very beginning of

the process. After some initial time, the energy dissipation

due to heat conduction is almost constant, cf. the magnified

plots in Figs. 5 and 6. This effect is caused by the evolution

of the heat affected zone within the rod which depends

strongly on the interface’s velocity VCS
and its acceleration

respectively its deceleration. For the laser heating process

using the parameters E ¼ P1 � tf1 , this behavior is further

visualized in Figs. 7 and 8. In Fig. 7, the nucleation of the

melt is shown until it shapes spherically. In addition to the

interface CS, the temperature-isoline that corresponds to a

temperature of Thaz = 100 �C is indicated. The zone

between both isolines is named heat affected zone. Figure 8

visualizes the corresponding velocity of the interface dur-

ing the whole irradiation time tf1 .

It can be seen in Fig. 8 that during nucleation of the

melt, the velocity VCS
resp. the acceleration of the interface

is very high, causing a growing heat affected zone and,

consequently, an increasing energy dissipation due to heat

conduction. After a sufficient amount of melt is generated,

see Fig. 7c, the melt begins to shape as a sphere due to size

effects and the velocity of the interface decreases to

approximately 31 mm
s . In the following, the velocity of the

interface is almost constant and the heat affected zone

stabilizes, cf. Fig. 7d, e.

At this point, it is stressed that in this paper, energy

dissipation is analyzed only for the laser heating process

which does not include the solidification process. Conse-

quently, the temperatures in the melt for both setups E ¼
P1 � tf1 and E ¼ P2 � tf2 differ significantly after switching

off the laser source causing a different cooling down

behavior. If the whole process including the solidification

is considered, the amount of dissipated energy is of course

almost the same for both simulations, due to the fact that

the same energy is applied to the rod. This is shown in

Fig. 9.

Furthermore, it has to be noted that all observations and

conclusions are true only if the experimental setup is varied

within a reasonable range. For process setups with very

small laser power, all energy is conducted into the rod and

no material melts. Such situations are not considered in this

paper.

In the remainder of this section, the initial parameters

given in Table 5 are used and the parameters for the

emissivity �, the heat transfer a and the thermal conduc-

tivity k are varied to analyze their influence on the energy

dissipation El(tf) of the material accumulation process

Fig. 7 Nucleation of the melt until it forms spherically. Time steps t = 0.0005s, t = 0.0050s, t = 0.0150s, t = 0.0250s and t = 0.0400s
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Fig. 8 Velocity of the solid-liquid interface CS during laser heating

process
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during laser heating. In addition to the values in Joule, the

losses are presented as percentages of the overall accu-

mulated heat dissipation

Ep ¼ 100 �
Efrad;fc;tcgðtf Þ

Elðtf Þ
ð24Þ

arising during the laser heating time as well, to take the

nonlinear coupling of all heat losses into account. This is

important, as the variation of a single parameter affects not

only the amount of energy dissipated by the other effects

but also the amount of the overall dissipated energy.

6.3 Systematic parameter variation in numerical model

to study heat losses

6.3.1 Influence of the emissivity �

The emissivity coefficient � is varied within the range of

0.5 to 0.9 whereas the coefficients a ¼ 200 W

m2K for the

convective heat transfer and ks ¼ 15 W

mK resp. kl ¼ 35 W

mK
for the thermal conductivity remain unchanged. The sim-

ulated energy dissipation in Joule for � 2
f0:5; 0:55; 0:6; 0:65; 0:7; 0:75; 0:8; 0:85; 0:9g is shown in

Fig. 10a. It can be seen for the considered values that the

heat losses increase approximately linear but not propor-

tional to increasing emissivity. This behavior can also be

seen in Fig. 10b which visualizes the heat losses due to

radiation subject to the accumulated overall heat losses

arising during the laser heating. It can be seen that the

increase of the parameter for emissivity from 0.5 up to 0.9

leads only to a rise from 88 to 91 % of the proportion of the

accumulated overall heat losses. This is mainly due to the

high proportion it represents for the accumulated energy

dissipation.

Unfortunately, determining the emissivity � by experi-

ments or by models is very difficult. Moreover, it can

hardly be influenced in the experiments and, consequently,

cannot be avoided. The only aspect which can be con-

trolled is the ambiance temperature, cf. Eq. (17). Typically,

the parameter � is approximated for the model by per-

forming parameter identification. As shown in Fig. 10, a

small variation in � does influence the process behavior

only slightly.

6.3.2 Influence of the heat transfer coefficient a

The coefficient a describes the heat transfer between the

material and the shielding gas. In order to quantify its

Fig. 9 Comparison of the total amount of energy El dissipated during

the whole process including the solidification process for both process

setups. The vertical lines indicate the irradiation times tf1 ¼ 0:5 s and

tf2 ¼ 1:0 s

Table 5 Process parameters for the study of heat losses

Power P 160 W

Pulse duration tf 500 ms

Rod diameter d0 0.5 mm

� 0.6

a 200 W/m2K

alaser 0.38

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0

2

4

6

8

10

12

Emissivity ε

E
ne

rg
y 

lo
ss

es
 E

l [J
]

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
0

20

40

60

80

100

Emissivity ε

E
ne

rg
y 

lo
ss

es
 E

p [%
]

(a)

(b)

Fig. 10 Accumulated energy losses due to radiation in Joule (a) and

in percent subject to the accumulated overall heat losses (b) for a ¼
200 W

m2K; ks ¼ 15 W

mK ; kl ¼ 35 W

mK and � 2 f0:5; 0:55; 0:6; 0:65; 0:7;

0:75; 0:8; 0:85; 0:9g
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influence on the overall heat losses, the material accumu-

lation process is simulated with � ¼ 0:6 and ks ¼ 15 W

mK
resp. kl ¼ 35 W

mK for a 2 f2; 100; 200; 300; 400; 600; 800;

1000; 1200; 1600g W

m2K, where a ¼ 2 W

m2K corresponds to a

process with almost no shielding gas, a ¼ 200 W

m2K corre-

sponds to argon with 2:9 m
s and a ¼ 1600 W

m2K is possible if

using helium with a very high outflow velocity of more than

10 m
s. The energy dissipation caused by convection is

visualized in Fig. 11. It can be seen in Fig. 11a that the heat

losses in Joule rise almost linearly with increasing a for the

investigated parameter range. However, the proportion of

energy that is lost due to convections rises not only

monotonically dependent on a, but also the growth factor

decreases with increasing a as shown in Fig. 11b. This

flattening course of the graph indicates that the heat losses

caused by convection are becoming of lesser importance in

relation to the overall energy dissipation. This reflects the

Dirichlet boundary condition arising from Eq. (18).

In the experimental setup, the influence of the heat

transfer can be controlled very well, e.g. by the choice of

shielding gas or its outflow velocity. However, the use of

shielding gas is necessary to prevent oxidation of the

specimen during the process and therefore performing

experiments without shielding gas is not advisable.

6.3.3 Influence of the coefficient of thermal conductivity k

The coefficient of the thermal conductivity k quantifies the

property of a material to conduct heat. In order to obtain its

influence, k is varied as k 2 f15; 50; 100; 150; 200;

300; 400g. Within this range, the values of the most com-

mon materials are included for example the thermal con-

ductivity of zinc kz = 113, aluminum ka = 230, gold

kg = 317 and copper kc = 398 W

mK. For simplification, the

thermal conductivity in liquid and solid phase are assumed

to the be equal in this paragraph.

The thermal conductivity is a material property and

cannot be changed. Therefore, one possibility to reduce

heat losses due to thermal conduction during the process is

to heat up the material, e.g. by applying a small energy

pulse to the rod, before the process starts in order to

decrease the temperature difference in Eq. (20). However,

it is rather unlikely that the total efficiency of the process

can be increased by this procedure due to possibly high

costs during the heat-up phase.
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Fig. 11 Accumulated energy losses due to forced convection in Joule

(a) and in percent subject to the accumulated overall heat losses

(b) for � ¼ 0:6; ks ¼ 15 W

mK
; kl ¼ 35 W

mK
and a 2 f2; 100; 200;

300; 400; 600; 800; 1000; 1200; 1600g W

m2K
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Fig. 12 Accumulated energy losses due to thermal conductivity in

Joule (a) and in percent (b) for k 2 f15; 100; 150; 200; 250; 300; 400g
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The simulation results for the different thermal con-

ductivities are shown in Fig. 12. Therein, an linearly

increasing behavior of the losses in Joule for increasing

thermal conductivity can be observed, cf. Fig. 12a. Addi-

tionally, the value for steel 1.4301 with the correct thermal

conductivity in liquid and solid is marked in the figures.

The very small kink between k ¼ 15 W

mK and k ¼ 50 W

mK
is most certainly caused by effects during the nucleation of

the melt. Interestingly, when considering the amount of

losses caused by thermal conduction in relation to the

overall losses, cf. Fig. 12b, the losses increase only

monotonically showing a tendency to a logistic function.

7 Summary

In this paper, the energy dissipation of a laser-based free

form heading process is investigated. Therefore, the pro-

cess is modeled in a continuum mechanical framework and

implemented in a finite element method for a numerical

simulation. An indication of the high approximation quality

of this approach is briefly given by comparing numerical

results to experimental data. By using this simulation the

heat losses can be quantified very easily contrary to mea-

suring them during the experiments. In order to identify the

influence of radiation, thermal conduction, and heat losses

due to convection on the energy dissipation, the relevant

parameters are varied systematically.

By doing so, it turns out that for the considered exper-

imental setups and material properties, up to 90 percent of

the overall heat losses arising during laser heating are

caused by radiation making the emissivity the most

important energy loss in laser-based free form heading. In

contrast, only 5 to 10 percent of the heat losses are caused

by convection and even less energy proportion of around 3

percent is dissipated by thermal conduction.

A high influence of the emissivity is to be expected

because of the high temperatures arising during the process

entering the Stefan-Boltzmann law, which describes heat

losses caused by radiation, by the power of 4. However, the

relatively small impact of the increasing emissivity on the

accumulated overall energy dissipation is surprising.

Another interesting result of the parameter variation is the

fact that energy dissipation due to thermal conduction are

almost constant after a very short time period when the

nucleation of a sufficient amount of melt has taken place.
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