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Abstract

This paper presents a possible complete set of dimensionless parameters to describe
the process of Selective Laser Melting (SLM). This makes it possible to compare the
similarity between different experiments, a sine-qua-non for a correct comparison
of the results. Although the idea of dimensionless numbers is far from new, it has
apparently never been applied rigorously to Rapid Prototyping (RP) and Rapid
Manufacturing (RM) technologies. The technique is important, since it reduces the
number of parameters and it makes it possible to compare results of different re-
search groups. Furthermore, some more fundamental insights about the process can
be gained. This work is a first step towards a manageable system to control very
difficult processes.
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Nomenclature

A - Absorptivity

Am m2 Surface of the melt section

Bo - Bond number

Ca - Capillary number

Ch - Christensen number

Cp m2 s−2 K−1 Heat capacity at constant pressure

dx m Spot size along x

dy m Spot size along y
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D m Characteristic length

f m Focal length

Fo - Fourier number

Gr - Grasshof number

h kg m−1 s−2 Enthalpy

I W/m2 Intensity distribution

IT - Dimensionless interaction time

J - Dimensionless interaction time

k kg m s−3 K−1Conductivity

L m Characteristic length

Lf m2 s−2 Latent heat of fusion

Lt m Layer thickness

M - Mach number

M2 - Beam quality

Ma - Marangoni number

n - Operating parameter

n - Number of variables

Pdim - Dimensionless power

PL kg m2 s−3 Laser power

Pe - Peclet number

Pr - Prandtl number

r - Number of fundamental dimensions

Re - Reynolds number

Ry - Rykalin number

Ss m Scan spacing

St - Stefan number

t s Time
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T K Temperature

V m s−1 Scan speed

We - Weber number

Z - Ohnesorge number

Greek symbols

α K−1 Thermal expansion coefficient

δh kg m−1 s−2 Melt enthalpy

∆T K Temperature difference

γ s−1 Grow rate

Γ - Growth

ηm - Melting efficiency

κ m2 s−1 Thermal diffusivity

λ m Wave length

µ kg m−1 s−1 Dynamic viscosity

ν m2s−1 Kinematic viscosity

πi - Monomial

ρ kg m−3 Density

σ kg s−2 Surface free energy

τ s Dimensional interaction time

θ - Dimensionless temperature

subscripts

∞ ambient

p powder

b bulk material

m melt

3



Figure 1. Diagram of the process of SLM

res resulting

1 Introduction

Selective laser melting (SLM) is a non-conventional production process where
layers of metal powder are molten with a laser heat source [1] (see figure 1).
The part is produced on a piston in the building cylinder. To do so, a small
layer of powder is deposited with a coater or roll, starting from one of the
feed containers. In a next step, a laser beam source adds heat to melt a cross
section of the final product. Then, again a small layer of powder is deposited
and the process is repeated. By virtue of this ‘layered manufacturing’, very
complex parts can be created. The process is closely related to multi-pass laser
beam welding [2], with similar processing difficulties.

Unfortunately, the process is difficult to control, because of the huge number
of parameters involved, ranging from laser power to powder morphology and
from the viscosity of the surrounding gas to the part geometry. Together with
the many parameters, there are a number of sub-processes that determine
the resulting properties: heat transfer, laser systems and optics, absorption
of energy, melting and solidification together with all related material trans-
formations, fluid flows like Marangoni convection, free surface movements,
instabilities, powder particle stacking, sublimation of particles and particles
that are ejected, to name the most important. A general overview of the whole
process with all these sub-processes is given in figure 2.
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Figure 2. Overview of the sub-processes and interactions in SLM

Selective Laser Melting as a Rapid Manufacturing technology is really. Even
recent books (eg. [3] and [4]) on RP hardly mention the technologies. How-
ever, Wohlers [5] believes the future of RM (including SLM) is really promis-
ing. Santos et al. [6] give an overview of the state of the art of different RM
processes.

Most authors describe experimental research on Selective Laser Sintering,
which is in fact closely related to SLM [7]. Kruth et al. [8] describes the
effect of the scanning strategy on the thermal stresses. In his PhD thesis,
Hauser [9] has studied the resulting geometry of scan tracks. The effect of
alloying elements on the resulting mechanical properties and on the melt pool
dynamics is explained by Rombouts et al. [10]. By optimising different machine
parameters, Over [11] has managed to achieve high densities.

Many researchers have attempted to model the process with varying degrees
of success. Matsumoto et al. [12], Kolossov et al. [13], Niebling and Otto
[14], among others, describe the modelling of the SLM process. As is often the
case, the result is a correlation between input parameters and the resulting
temperature field, e.g. De Lange et al. [15] models the effect of the latent
heat of fusion on the shape of the melt isotherm. Indeed, it is very difficult
to predict the fast solidification in RM technologies. Very interesting is the
work of Chen and Zhang [16]. In their model, they have included the effect of
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shrinkage of the powder. Furthermore they also have written all equations in
dimensionless form. This is of particular interest, since it demonstrates that
the need for a methodology as the one described in this paper is already felt
by researchers.

Although many authors have used dimensionless parameters to describe cer-
tain (sub-)processes before [16,17,18], the explicit systematic application of
dimensional analysis to RM technologies has, to our knowledge, not been
described anywhere in the open literature on this subject. By applying dimen-
sional analysis, this paper will provide a tool to compare the extensive work
of different authors.

The ultimate result that could be obtained would be the quantification of the
functions f1 and f2 that correlate the input parameters of the process with
the output parameters:

y = f1(x1, x2, . . . , xn) (1)

or dimensionless, as will be described throughout this paper,

πy = f2(π1, π2, . . . , πn−r) (2)

with πi a dimensionless parameter or monomial. We are far from modelling
all the sub-processes, and thus, the final goal is not reached yet. Before trying
to model everything, we should first know which sub-processes are important
enough to be investigated further. This is known as significance testing [19].
One problem is that not all parameters are controlled very well and it would
be extremely costly to monitor them all.

One way that could help us to deal with those issues more effectively is di-
mensional analysis. Dimensional analysis is a well known technique in heat
transfer and in aerodynamics. It is less common in manufacturing processes
and in system theory in general. The dimensionless formulation of the prob-
lem is a tool that already eliminates 4 parameters without loss of information.
This is a reduction of the complexity by a factor of 16 (= 24) with a minimal
effort!

The objective of this paper is to apply dimensional analysis to SLM in a sys-
tematic manner. The possible dimensionless numbers will be examined and
an appropriate complete set of dimensionless numbers will be formed. The
implications on sub-process will be studied and thus, some insight on the sub-
processes will be gained. Besides, it is straightforward to apply it to other
processes like laser cutting, laser bending, selective laser sintering, stereolitho-
graphy, etc.

Depending on the formulation, dimensionless numbers can have a physical
meaning in terms of sub-processes. The Peclet number, for example, is the
ratio of convection to conduction. A large Peclet number means that one can
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neglect conduction. A small Peclet number means the inverse. As a result,
dimensionless numbers are a selection tool to simplify the scheme in figure 2.

Furthermore, the global research on this topic would benefit from the fact
that every publication would be complete in terms of parameters. This would
make it easier to discuss observed differences in the process. Speaking about
laser power in manufacturing without speaking about the spot size is like
mentioning the mass of an object or person, while ignoring the size. We need
references and that is what dimensionless analysis is all about.

The first section of this papers gives the result of a rough parameter screen-
ing. This is necessary, because it is impossible to handle all parameters. The
second section enumerates the dimensionless numbers that are known in lit-
erature and concludes in making a complete set of dimensionless numbers,
something that was not done before for this process. A third section uses the
ideas of dimensional analysis to argue on the effect of pre-heating. A last sec-
tion enumerates the benefits of this systematic way of working and draws some
relevant conclusions.

The methodology described in this paper is straightforward to apply for other
manufacturing processes, like e.g. laser cutting and laser bending.

2 Rough parameter screening

One can enumerate more than 30 parameters that could possibly influence the
process. This enumeration will not be given here for practical reasons. Neither
by experimentation, nor by modelling, is it possible to take into account so
many parameters. We may assume, based on experimental results of different
research institutes, that most of the parameters are unlikely to influence the
process significantly.

There are two basic rules to decide whether a parameter should be included
or excluded: (i) whether the parameter is found in literature to be signifi-
cant 1 and (ii) whether the parameter is independent of the other included
parameters.

For example, the viscosity of the surrounding gas, like Argon or Nitrogen, is
a parameter that could perhaps influence the process. Probably the effect is
negligible compared to the viscosity of the molten metal. It is very hard to

1 Significance is a term that comes from statistics. A parameter is called significant,
if the probability that this parameter changes the output of the process is large
(> 95 %). This means that it is possible to distinguish between the effect of the
parameter and noise on the output [19].
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find in literature a description of the influence. So the parameter will presently
be omitted.

We shall make no attempt to prove this at the moment: a proof is not evident,
time consuming and costly. Omitting a certain parameter might be wrong,
but the complete process as described in this paper, is iterative. If one has
omitted too many parameters, the best obtained variance of the process will
be larger than allowed. This means that uncontrolled parameters significantly
influence the process. Thus, one has to add important parameters that were
omitted, in order to be able to control this variance. Besides, this would also
mean that almost every publication on this topic would be doubtful: everyone
should have the problem of the high variance, meaning that the conclusions
are uncertain.

The second rule is that parameters should be independent. This is a general
rule when looking for a response function. The density of the powder ρp,
the conductivity of the bulk material kb and the conductivity of the powder
material kp probably influence the process. However, a relation exists between
the 2 conductivities:

kp = f(kb, ρp, . . .) (3)

In a black box model, there is no need to know kp, since it is not an independent
input in the process. The exact function is unimportant. For a complete model,
this function is the result of the calculation of one of the sub-processes.

It is possible to measure the characteristics of the deposited layer. The param-
eters that influence the upper part of figure 2 are of less direct importance to
understand the main process. This means that parameters like the deposition-
ing system, the powder morphology, the powder particle size distribution and
so on, are less important since they all determine the density and the conduc-
tivity of the deposited layer. Since no one can give valuable data on the effect
of the former parameters, it might be a good assumption to omit all parame-
ters, except the ones that are of direct practical use: the final properties of the
deposited layer. If the properties of the powder layer are not measured, most
of the researchers assume a fixed machine setup. One must be careful when
interpreting such results, because extrapolation to other equipment might be
wrong.

The same principle applies for the characteristics of the laser beam at the
scanning surface. Although the beam quality M2 is very popular as a sales
argument, it tells us little about the quality of the process. Certainly, it will,
amongst other parameters, influence the intensity profile I at the scanning
surface:

I = f(PL, M2, f, optics, . . .) (4)

where PL is the laser power and f is the focal length of the optical system.
Practically, it is difficult to characterise the intensity profile. Therefore, often
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PL, M2 and the spot size dx are used to characterise I. The contribution of
M2 is probably smallest.

Finally, the selected set of significant parameters consists of the oxygen level
%O2, the beam quality M2, the dynamic viscosity of the molten metal µ, the
surface tension or surface free energy of the molten metal σ, the melt enthalpy
δh, the laser power PL, the spot size dx, the scan spacing Ss, the scan speed V ,
the layer thickness Lt, the average diffusivity of the underlying material κ and
the density ρ. The latent heat of fusion Lf , the temperature difference between
the ambient atmosphere and the melting temperature ∆T , the density of the
powder ρp and others, can be added to this basic set. Unfortunately, not all
of these parameters can be chosen freely.

3 Dimensional analysis

3.1 The importance of dimensionless numbers

The principle of dimensionless numbers is stated by Buckingham-Pi-theorem [20]:

If n variables are connected by an unknown dimensionally homogeneous
equation, Buckingham’s theorem allows us to conclude that the equation
can be expressed in the form of a relationship among n− r dimensionless
products, in which n − r is the number of products in a complete set of
dimensionless products of the variables. (. . . ) In most cases, r is equal to
the number of fundamental dimensions in the problem.

The first benefit of dimensionless numbers is a reduction of the number of
independent parameters 2 . For SLM, if only 12 parameters are used (as de-
scribed above) 3 fundamental dimensions exist: mass in [kg], length in [m]
and time in [s]. 9 independent dimensionless numbers can be found to form a
complete set 3 . If parameters containing temperature in [◦K] are added, this
introduces a 4th fundamental dimension. At the end of the section, a complete
set of dimensionless numbers will be enumerated for SLM.

2 The set of parameters was selected to be independent, however, without exploit-
ing the fact that unknown dimensionally homogeneous equations must exist. The
parameters are still independent, but the description of the result of the process, can
be expressed with less independent parameters, being the dimensionless numbers.
3 Completeness means that every other dimensionless number can be written as a
multiplications of all the basic dimensionless numbers to a certain power. Different
methods to find a complete set or to test if a set is complete can be found in
literature [20,21,22,23].
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It is possible to write every dimensionally homogeneous equation in a dimen-
sionless form. Although the dimensionless quantities in such dimensionless
equation are not unique, most of them have a specific physical meaning. More-
over, the introduction of dimensionless number divides the multidimensional
space in different regions. The best known example is found in aerospace. Fly-
ing supersonic (M > 1, M = Mach number) is something completely different
from flying subsonic (M < 1). Another example is the mass-spring-damper
system. The mass can be critically, sub-critically or over-critically damped,
depending on a single dimensionless parameter, namely the damping ratio
(ζ = c

2
√

km
). For the Peclet number 4 Pe, there are three regions, but not with

an exact transition from the one to the other. For Pe � 1 conduction domi-
nates the process. For Pe� 1 convection dominates the process. For Pe ≈ 1
conduction and convection are equally important. This second advantage of
dimensionless numbers may allow us to understand the interactions between
different sub-processes.

3.2 Similarity

Two systems that can be described with the same set of dimensionless param-
eters are called completely similar [20,24]. This is the foundation for experi-
ments on scaled prototypes. The three major levels of similarity are: (i) ge-
ometrical similarity, for example similar triangles, (ii) kinematical similarity,
being geometrical similar and similar for the velocities, and (iii) dynamical
similarity, being kinematical similar and similar for the forces. For thermal
systems, thermal similarity exists when the temperature differences between
corresponding points bear a fixed ratio. The idea of similarity is interesting
when studying the effect of certain sub-processes. For example, consider the
Marangoni convection. The effect can be studied by using another material,
possibly in combination with another heat source [25,26]. It is correct to as-
sume that the behaviour of a metal is the same as observed in polymers, if
either the dimensionless parameters are the same, or the dimensionless pa-
rameters are in a region were a change of these parameters has hardly any
influence.

Similarity is seldom indicated, but is often assumed in experimental work.
Starting from this work, similarity could be used to study the effect of different
material properties, as will be discussed below.

4 For a description of Pe see below.
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3.3 Input dimensionless numbers

Although the theorem of Buckingham-pi was never applied rigorously in liter-
ature to the process of SLM, many authors have used dimensionless equations
and dimensionless numbers, however, without explicitly constructing a com-
plete set. In this subsection, all the common dimensionless numbers that can
be used as input parameters, with the parameter set as described above, to
control the process of SLM are described 5 .

3.3.1 Oxygen level

The percentage of oxygen in the chamber is a dimensionless number. It is
a measure for the probability that a molten molecule of the metal interacts
with an oxygen molecule. It should be clear that the first action to be taken is
lowering the oxygen level under a certain threshold level, which is not known
very well.

3.3.2 Beam quality

The beam quality M2 of a laser heat source is a constant property of a laser
system. The theoretical minimal spot diameter of a laser system is function of
the beam quality and the quality of the optics. Furthermore, M2 is a parameter
that determines part of the intensity profile.

3.3.3 Melting efficiency

An important parameter is the melting efficiency ηm. It is defined as

ηm =
V LtSsδh

PL

(5)

This is the ratio of the needed melt energy to the applied energy. One must
be careful to interpret this, as the dimensions used in this definition of the
efficiency are not the resulting dimensions of a single molten track. For 3D
parts, the average dimensions correspond to the ones used in the equation (5).

A variant is the dimensionless power Pdim:

Pdim =
PL

V δhd2
x

(6)

5 The easiest way to find the meaning of the most common dimensionless numbers
is via the web, for example [27].
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The physical meaning of this parameter is less clear as is the case for ηm.
However, since Pdim contains the intensity PL/d2

x, it might be a good estimator
for laser processing.

Two other parameters can be used to express the efficiency. The first is the
operating parameter n, often used in welding industry. Its definition is

n =
PLV

4πκ2ρCp(Tm − T∞)
(7)

The other is the Rykalin number Ry, which is almost the same

Ry =
PLV

κ2δh
(8)

The relation between ηm and Pdim on the one hand, and n and Ry on the
other hand will become clear after the introduction of the Pe number.

3.3.4 Peclet number

Another important parameter in laser machining is the Peclet number Pe
which is defined as

Pe =
V D

κ
(9)

where D is a characteristic length such as the layer thickness, the spot diameter
or the melt pool width or depth. It is the ratio of convection to conduction.
Convection is dominant at high velocity, whereas conduction is dominant for
small velocity. The spot diameter is normally used as a characteristic length.

A linked dimensionless parameter is the Christensen number Ch, defined as

Ch =
V 2Am

κ2
(10)

where Am is the melt pool cross section, often chosen as Am = Lt · Ss. As can
easily be seen

Ch ∼ Pe2 (11)

if the melt pool cross section is related to the spot size.

The following relation exists as a result

Ch = ηm ·Ry. (12)

This indicates that Ry and n can be seen as efficiencies.
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3.3.5 Prandtl number

The Prandtl number Pr only depends on the materials used and is defined as

Pr =
Cpµ

k
=

µ

ρκ
=

CaPe

We
(13)

It is proportional to the momentum diffusivity compared to the thermal diffu-
sivity. The capillary number Ca and the Weber number We will be introduced
later.

3.3.6 Interaction time

The time scale makes it possible to distinguish between different laser processes
([28,29], see figure 4 on p. 23). It is likely that the time scale also influences
the sub-processes. The dimensional interaction time τ = dx/V measures the
contact time of a laser source. This parameter can be used as a reference time
scale, to be compared to other time scales.

Normally, the Fourier number Fo is used as a dimensionless time in the dif-
fusion equation:

Fo =
κτ

L2
(14)

where L is a characteristic length. In the case of SLM, the characteristic length
is the spot size so that:

Fo =
κdx

V d2
x

=
κ

V dx

=
1

Pe
(15)

which is therefore not an independent dimensionless number.

There are some other, less used, time scales. Some systems are characterised
by a number of stable modes, having amplitudes that increase as eγit, with
γ proportional to σ

µR
, being a grow rate. A viscous liquid cylinder on which

capillary forces act is an example of such a system [30, ch. XII]. The growth
Γ of an instability can be written as

Γ =
σ

µdx

τ =
σ

µV
(16)

This suggest that a certain time is needed for the instability to develop fully.

Another possibility is the factor
√

d3
xρ
σ

which is an inertially limited time
scale [31, p 104]. This results in a dimensionless interaction time

J =
τ√
d3

xρ
σ

=
1

V

√
σ

ρdx

(17)
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The inertially limited time scale can be used if the melt is inviscid.

If the inertia can be neglected, the time scale is d2
x

ν
, with ν the kinematic

viscosity. The criterion for inviscid instability development is [31]

d2
x

ν

√
σ

ρd3
x

=

√
σρdx

µ2
� 1 (18)

This means that the scale is important.

From a controlling point of view, it might be interesting to have a parameter
that contains the fraction τ in combination with material parameters. In this
way, a clear distinction between Pe and the interaction time can be made.
This can be obtained by defining:

IT = τ
δh

µ
(19)

which is the dimensionless interaction time.

3.3.7 Capillary number

The capillary number Ca is proportional to the ratio of viscous forces to the
surface tension forces. It is defined as:

Ca =
µV

σ
(20)

Surface tension is dominant when Ca is small. This parameter could be im-
portant for balling and wetting phenomena.

3.3.8 Stefan

If the latent heat is added to the set of input parameters, the Stefan number
St is introduced, defined as:

St =
cp(Tm − T∞)

Lf

(21)

This parameter is important for melting and solidification. Since δh = ρLf +
ρcp∆T , this parameter can be rewritten as

St =
δh
ρ
− Lf

Lf

=
δh

ρLf

− 1 (22)

Instead of adding St to the set of dimensionless parameters, it is more con-
venient to add ρLf/δh, which is the ratio of latent heat to the total amount
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of heat needed. The value lies between 0 and 1. For SLM, it is unlikely that
this factor is nearly 1 since a significant temperature difference must exist to
avoid sintering of the loose powder. If Lf is unimportant, this factor becomes
0.

3.3.9 Weber number

The Weber number We is proportional to the ratio of the inertial forces to
the surface tension forces. It is defined as:

We =
dxV

2ρ

σ
(23)

and is used in momentum transfer in general and in calculations for bub-
ble/droplet formation and breakage of liquid jets in particular [32].

3.3.10 Ohnesorge

In literature on molten droplet deposition and solidification, the Ohnesorge
number Z is introduced as

Z =
µ√
ρσdx

(24)

Z depends on previous parameters, which can easily be verified by:

Z2 =
µ

ρσdx

=
Ca2

We
(25)

The Ohnesorge number scales the force that resists the spreading. At high Z
the resistance is viscous, and at low z it is inertial [32].

3.3.11 Referenced dimensionless numbers

To create dimensionless numbers, it is always possible to take the ratio of
parameters with the same dimensions. Some have a specific physical meaning.

When building 3D parts, the two most important parameters are Lt and Ss.
Both can be related to dx. Every length in the system can be related to dx.
Instead, it might be interesting to use the parameter Lt/Ss as it is an indication
of the aspect ratio of the scanned cross section.

The ratio of ρp/ρb is a measure of the need to compact the powder material
to obtain full density. The ratio kp/kb evaluates the difference in conductivity
that the laser observes when complex 3D parts are produced. Many more
factors can be found in this way.
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3.4 Output dimensionless numbers

If one wants to write the relation between input and output, also the output
has to be dimensionless. Therefore, different numbers that are the output of
a (sub-)process are described here (The output of one sub-process can be the
input of another sub-process). In the next subsection, the common dimension-
less parameters that use output parameters of a sub-processes, such as the
temperature gradient in the melt pool, are described.

3.4.1 Dimensionless temperature

In heat transfer, the dimensionless temperature θ is defined as

θ =
T − T∞
Tm − T∞

(26)

where T∞ is the ambient temperature, Tm the melting temperature and T the
temperature under consideration.

3.4.2 Marangoni number

The Marangoni number Ma is a measure of the extent of Marangoni convec-
tion and is defined as [25]:

Ma =
− ∂σ

∂T
∆TLm

µα
(27)

or

Ma =
−ρ ∂σ

∂T
∆TLm

µ2
(28)

where Lm is the radius of the melt pool at the surface, ∂σ
∂T

is the temperature
coefficient of surface tension and ∆T is the difference between the melt pool
peak temperature and the solidus temperature.

In SLM, two Peclet numbers can be defined, one on the macroscopic scale
and one on the microscopic scale. The second one results from the Marangoni
convection. It is an output parameter. To control the process, the former one
is used.
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3.4.3 Reynolds

The Reynolds number Re is defined as [33]:

Re =
ρV D

µ
(29)

with D a characteristic length and can be expressed as [33]:

Re =
Ma

Pr
=

We

Ca
(30)

The Reynolds number expresses the ratio of inertia to viscous forces. A small
value of Re indicates that the flow is governed by viscous forces.

3.4.4 Grashof

If gravity g is taken into account, the Grashof number can be used:

Gr =
L3ρ2gα∆T

µ2
(31)

The Grashof number Gr is proportional to the ratio of buoyancy forces to the
viscous forces. Buoyancy is often negligible in the weld pool dynamics [21].

3.4.5 Bond

Another way to introduce the gravity g is the Bond number Bo which is
defined as:

Bo =
∆ρgR2

σ
(32)

where ∆ρ is the density difference, between a liquid zone compared to the
surrounding liquid, R is the radius of the liquid zone and σ is the liquid-fluid
surface tension [34]. Due to the small dimensions in the problem, it can be
shown by means of the Bond number, that the influence of gravity is negligible
compared to the surface tension.

3.5 Complete set

In the previous section, 12 input parameters were selected. The problem is
to find the relationship between these 12 parameters and a given output pa-
rameter. A complete set consists of 9 dimensionless input parameters and 1
dimensionless output parameter. This subsection discusses how a complete
set could look like. Owing to the process of selection of the parameters, the
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temperature as fundamental unit was not included. This will be discussed
afterwards.

The procedure to set the input parameters is as follows:

(1) Choose a laser system →M2

(2) Decrease the oxygen level until a small variation in oxygen level has no
effect on the result → %O2

(3) Select the material. This sets the Prandtl number (and St if latent heat
of fusion is taken into account). The problem is that the Prandtl number
changes drastically when the geometry of the part changes. Fortunately
this change is less dramatically inside the melt itself → Pr

(4) Apply preheating (or not) → ρ2δhκ3

µσ2 .

(5) Adjust the spot size if possible → σdx

µκ
.

(6) Control laser power and scan speed → V dx

κ
and PL

κdxδh
.

(7) Control layer thickness and scan spacing → Lt

dx
and Ss

dx
.

Two new parameters were introduced here, because they are not known in
literature. They are, as predicted by the theory, dependent on the numbers
described earlier. The first one is used for the preheating.

ITWe2

Pe3
=

ρ2δhκ3

µσ2
(33)

The advantage of this parameter and Pr, is that they are constant for a given
alloy. The second parameter is the dimensionless spot size σdx

µκ
. The advantage

of this parameter is that the spot size is related to material parameters only.
Since it is not always possible to change the spot size, this becomes a fixed
parameter in many experiments.

According to the theory on dimensional analysis, every other dimensionless
number can be formed using these 9 numbers if no new parameters are added.
If the latent heat of fusion is added, St has to be added to the dimensionless
numbers. If ρp is added, ρp

ρ
is also added.

Once the laser is installed and a material is chosen, not all dimensionless
parameters can be changed anymore. The number of non fixed dimensionless
numbers is the same as the number of dimensional input parameters: Lt, Ss,
V , PL and dx or dimensionless: Lt

dx
, Ss

dx
, Pe, ηm and σdx

µκ
. Nevertheless, by using

this set of parameters, it is easier to compare test results with those obtained
on other equipment. Doing tests on 4 different powders, high or low Pr and
high or low ρ2δhκ3

µσ2 , makes it possible to study all material parameters!
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3.6 Adding the fundamental dimension temperature

It might appear strange that temperature is not a fundamental dimension
in the small set of parameters. Typical parameters that contain temperature
are Tm, T∞, k, Cp and α. In the previous sections however, only the factors
Cp ·∆T , with ∆T = Tm−T∞( 6 ), in δh and k/Cp in κ are used, not containing
the temperature anymore.

Certainly, it is possible to add another parameter that contains temperature
to the set of input parameters. The question is wether this is useful. For
the melting process itself, α is believed to be not significant and is therefore
neglected. There is still the choice between ∆T , k and Cp. The following
relations are known:

Cp∆T =
δh− ρLf

ρ
(34)

and
k

Cp

= ρκ (35)

From these equations, it is clear that these 3 parameters are dependent. So
only one parameter can be added. But by adding one parameter and one
fundamental dimension, no new dimensionless parameters can be added.

Making ∆T dimensionless, requires adding yet another parameter with tem-
perature as a part of the unit. There are only two possibilities left: Tm and
α, resulting in ∆T/Tm = 1− T∞/Tm and α∆T . The meaning of the former is
unknown and thus not believed to influence the result. The effect of the latter
is clear: it is the strain of the material because of the temperature difference,
that must exist when melting the material. The question is, why this would
influence a parameter like the density. The parameter α∆T will affect the
thermal stresses and may so cause microcracks.

The conclusion is that either ∆T as a separate input parameter, has no in-
fluence on some processing results like density, or there is at least one other
unknown parameter that influences the process! So it seems that the choice of
a parameter set without temperature as a fundamental unit was reasonable.

Of course, ∆T has a clear influence: the melt enthalpy contains the tempera-
ture. Changing the temperature is an easy way to change only the enthalpy,
without changing any other parameter. This is much easier than changing a
material parameter. This effect can only be exploited if the temperature has

6 It should be noted that ∆T is always used in stead of an absolute temperature.
The absolute temperature also changes the material properties, but this effect is
included in the material parameters itself.
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no other significant effect, which seems to be the case. It might be worth
investing not to preheat the material, but to cool the material with liquid N2.

It is obvious that k∆T influences the process. But one does not have to know
k or ∆T . This can be demonstrated easily:

κ =
k∆T

ρCp∆T
⇒ k∆T = κ(δh− ρLf ) (36)

which is known. Of course the actual temperature does not equal ∆T , but the
excess of temperature is an output of the process, not a determining input.

If a response function must be found, it can be written as

ρres = f1(PL, V, Ss, Lt, dx, %O2, M
2, µ, σ, δh, κ, ρ, ρp, Lf ,���∆T ) (37)

or

ρres

ρ
= f2(

Lt

dx

,
Ss

dx

,
V dx

κ
,

PL

κdxδh
,
σdx

µκ
,
ρ2δhκ3

µσ2
, P r, M2, %O2, St,

ρp

ρ
) (38)

If a temperature field is observed with a thermal camera, or the temperature
field is modelled by FEM, it can be written as

θ = f3(
Lt

dx

,
Ss

dx

,
V dx

κ
,

PL

κdxδh
,
σdx

µκ
,
ρ2δhκ3

µσ2
, P r, M2, %O2, St,

ρp

ρ
,

x

dx

,
y

dx

,
z

dx

)

(39)
It is by virtue of dimensional analysis that one can arrive at such insights.

If the resulting functions are well-behaved, parameters that go to zero or
infinity can be dropped from the analysis. A clear example is the oxygen level.

Publications should contain all the parameters in eq. (37). Obviously, if the
degree of similarity cannot be estimated, the results are worthless for other
researchers. Of course it is not always possible to give material parameters like
µ and σ. In that case, an appropriate material description should be given.

4 Benefits of dimensional analysis

It is clear from the onset, that the introduction of dimensionless numbers
reduces the number of input parameters. However, as has been shown, in
many practical test setups, this advantage cannot always be exploited readily.
By choosing a good set of materials, it should be possible to realise these
reduction benefits.

Moreover, there are several other benefits related to this approach.
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a) Hauser b) Kruth

Figure 3. Processing window from from Hauser [9] and Kruth [8]

4.1 Comparing results of different research groups

It cannot be stressed enough that a complete reference of all parameters in a
publication is necessary in order to have a useful output. Many authors even
forget to mention the spot size.

Parameters that have a dimension can tell us little, unless a complete set is
furnished. An example illustrates the problem. In literature about SLM, it
seems that the higher the laser power the better. Still, the use of high power
lasers is not common. In literature, this is explained by the fact that the
absorptivity A is worse for high power, CO2 lasers. This however, is not true:
the product A ·PL determines the amount of absorbed energy. For high power
lasers, this product is larger than for other lasers 7 . The reason that a CO2

laser is not better, is that the intensity of such high power system is not higher.
With a Nd:YAG laser, SLM of steel is perfectly feasible with 25 W , 100 W
or 400 W , if your spot size is 100 µm, 200 µm or 400 µm respectively. Laser
power itself has a dimension, and therefore tells us nothing on its own.

A careful comparison between Kruth et al. [8] and Hauser [9] indicates that
processing charts contradict, a known issue (see figure 3). The authors believe
that both can be fully right 8 . The difference is the region of the test param-
eters: V and dx differ much (V = 1 . . . 400 mm/s and dx = 0.2 . . . 1.1 mm).
Also slightly other boundary conditions can be expected in both cases (powder
composition, layer depositioning system, atmosphere, etc. ). As such it is not
possible to explain this apparent inconsistency. With dimensionless numbers,
it might be possible, although not easy. Another example can be helpful to
get the thought.

7 For a Nd:YAG laser, the laser power is in the range of 100 − 300 W and the
absorptivity for steel around 0.4. For high power CO2 lasers, laser power can easily
be above 3 kW and the absorptivity for steel around 0.1 [35,36].
8 A complete study of this apparent contradiction is out of scope of this work.
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Two pilots are flying at 325 m/s. The one beneath shouts at the one
above: “If I fly faster, the drag (air resistance) is increasing rather fast!”
“Sure?” replies the other one, who has a more performing aircraft: “I
sense the inverse!”

What is wrong? Well actually, they cannot hear each other, because they are
both approaching Mach 1, the sound barrier, the first one from the subsonic
regime, the other from the supersonic regime. So they are both right, since
the drag has a maximum around Mach 1. Besides, it is perfectly possible that
they both fly at 325 m/s, because they fly at a different altitude (ground level
and 11000 m respectively in a standard atmosphere).

The challenge is to find the different regions in SLM, and thus determining the
importance of different sub-processes. This cannot be done using the normal
physical parameters, but might be possible by using dimensionless numbers.
This would need an enormous amount of experiments, owing to the large num-
ber of parameters involved. However, if every publication would be complete in
terms of parameters, a virtual co-operation between different research groups
would be possible, with hardly any real interaction.

4.2 Process control

The final aim of the process optimisation is to control the process to perform
in a predictable way. One might want for example that the porosity of the
of the product changes from place to place. This could be the case for a
part for lubrication. This means that a relation like Eq. (38) must be found,
analytically or experimentally. The results will be far from linear and thus not
straightforward to implement. The most convenient way to use the function is
by constructing processing maps with dimensionless numbers. Good examples
are the controlling of jet engines in fighter aircrafts and grinding charts.

4.3 Equipment

There is another point that is of direct practical use when buying equipment.
Steen [28] has situated different laser processes in an interaction time versus
laser intensity plot. The interaction time is related to the intensity: a higher
laser intensity makes it possible to use shorter interaction times. A high inten-
sity has a significant effect on the Marangoni convection, since high PL and
small spot size give high Marangoni convection.

A more detailed plot reveals that the DMLS-process and the SLM differ at
least by one order of magnitude in interaction time. This was possible because
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Figure 4. Classification of different laser processes [28, p. 228]

better laser systems were developed, with a better beam quality and thus a
smaller spot size. Melting Titanium on a DMLS-machine is possible, but this
process cannot be compared to that on a SLM-machine.

Hence, dimensionless numbers are a tool to validate equipment and to quantify
the needs to do certain research.

5 Conclusion

In this paper, the idea of dimensional analysis was introduced as a methodo-
logy for the specific case of SLM. The most common dimensionless numbers
are enumerated and a complete set of dimensionless parameters is proposed.
By reasoning on the method of dimensional analysis, it was found that the
temperature difference as such is not a controlling input parameter, if the melt
enthalpy is used as a process parameter instead. The main benefits of this me-
thodology are that (i) by means of the similarity, afforded by dimensional
analysis, it becomes possible to compare results of different experiments, e.g.
explaining observed differences in the balling behaviour, (ii) this simplifies the
description of the problem owing to the reduction of the number of parameters
(from eq. 37 to eq. 38), and (iii) it gives a tool to meaningfully compare re-
sults of different research institutes. We believe that the research community
would greatly benefit from a systematic application of this methodology in
manufacturing process analysis and control.
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