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Laser powder bed fusion enables the fabrication of complex components such as thin-walled cellular structures
including lattice or honeycomb structures. Numerous manufacturing parameters are involved in the resulting
properties of the fabricated component and a material and machine-dependent process window development
is necessary to determine a suitable process map. For cellular structures the thickness, which correlates with
the process parameters, directly influences the mechanical properties of the component. Thus, dimensionless
scaling laws describing the correlation between strut thickness, process parameters, and material properties en-
able predictive lattice structure design for laser powder bed fusion. This contribution develops material indepen-
dent dimensionless allometric scaling laws for both single track and contour exposure to enable process-driven
design of lattice structures in laser powder bed fusion. The theory derivedwith dimensional analysis is validated
for the powder alloys stainless steel alloy 1.4404, nickel alloy 2.4856, aluminum alloy AlSi10Mg and Scalmalloy
AlMgSc. The results can be used for the process-driven design of lattice structures and dense material obtaining
high precision in the micrometer range or economic production with high melt pool widths.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Laser powder bed fusion (LPBF) is a layerwise additive manufactur-
ing (AM) process depicted in Fig. 1a enabling the fabrication of complex
components using biomimetic design [1] and micro- and nano-lattice
structures [2]. It enables the fabrication of new architectures such as
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Fig. 1. Laser powder bed fusion process and top views of representative exposure strategies. (a) Schematic depiction of layerwise manufacturing process. (b) single track (c) contour
exposure (d) hatch exposure (e) hatch-contour exposure.
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hierarchical lattices [3] combining material-efficient production with
new mechanical properties such as quasi-elastic behavior with com-
plete recovery after N50% compression [4,5] and strength-to-density ra-
tios, which are only notably surpassed by diamond [6]. AM is a key
enabler for the fabrication ofmechanicalmetamaterials and the applica-
tion of the lightweight principle “smaller is stronger “ [7,8]. Metallic lat-
tice structures [9] find numerous technical applications, e.g. as medical
implants, heat exchangers, energy absorbers, sound control and light-
weight structures [10] or chromatography columns [11]. Their reliable
fabrication requires the development of specific process windows in-
cluding exposure strategies and process parameters, which deviate
from dense parts.

In LPBF there are several alloys in the interest of research, e.g. the
aluminum alloys AlSi10Mg [12] and AlSi12-Mg [13], stainless steel
alloy 1.4404 [14,15], nickel alloy 2.4856 [16] or titanium alloy Ti6Al4V
[17,18]. Their component quality is influenced by the part arrangement
in the build chamber [19], the general part design [20] aswell as the ex-
posure strategy and parameters. Most commercialmachines offer single
track (Fig. 1b), contour (Fig. 1c), hatch (Fig. 1d) and hatch-contour
(Fig. 1e) exposure for the component fabrication. For thin-walled lattice
components with strut thicknesses in the micrometer range contour
and single track exposure allow a better prediction of the components
dimensions [21] as well as improved mechanical properties [22]. The
most influential process parameters are the laser power P, scan speed
vs, hatch distance dh, layer thickness ls and build plate temperature Tbp,
see Fig. 1. The linear energy density

El ¼
P
vs

ð1Þ

is generally used throughout the literature to determine the resulting
component properties. Other ways of characterizing the laser-matter
interaction LPBF best possible are also discussed. A recent study by
Oliveira et al. [23] reveals that the generally used volumetric energy
density Ev = P/(vsdhls) makes it difficult to compare investigations con-
ductedwith different powder andmachine types. Hence, they introduce
the dimensionless parameter

β ¼ d50
σ

ð2Þ

into the volumetric energy density equation, where β is the ratio be-
tween the average powder size d50 and the laser beam diameter σ.
The energy density formulation in Eq. (1) is only valid in a specific pro-
cess window region with stable melt pool behavior [24] where neither
keyholing [25] nor balling [26] are dominant process phenomena. This
requires a stable and self-similar melt pool behavior where the driving



Fig. 2.Dimensional analysis schematic with (a) input variables and (b) dimensional input
and dimensionless output parameters.
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physical phenomena are not given by Marangoni convection Plateau-
Rayleigh instability or evaporation [27]. The aforementioned circum-
stances emphasize the disadvantage of dimensional equations, such as
the one used in Eq. (1), which are not capable of describing physical
phenomena and consequently never universal.

Dimensional numbers are derived through the requirement of
dimensional homogeneity using the Buckingham Π-theorem [28]. It is
used in biology [29], biomechanics [30], fluid mechanics, and nuclear
physics [31] among other disciplines where complex physical phenom-
ena with numerous involved dimensional parameters are described by
a reduced set of dimensionless parameters. One well-known example
using dimensional analysis is the Reynolds number where the degree
of turbulence in a system is described by Re = ul/ν signifying the
relationship between inertia and viscous forces. The system can thereby
be characterized by one parameter Re instead of using speed u, charac-
teristic length of the problem l and kinematic viscosityν. Thus, the num-
ber of necessary experiments is reduced to describe the problem and
they can be conducted on a smaller scale reducing cost, time and effort.
The scale invariance thus achieved by “the absolute meaning of relative
quantities” [32] allows to compare different biological or technical
systems through a single allometric scaling function. Dimensionless
parameters have also been used inwelding to correlatemelt pool height
with the specific enthalpy to determinewhether keyhole or conduction
welding is in place [33,34]. Due to the process similarities to LPBF these
models have been introduced in this context [25]. Further, dimension-
less parameters are discussed in recent studies [35,36] and new ones
introduced, e.g. for the melt pool width [21] or the lack-of-fusion
porosity [37].

The available literature rarely considers process optimization in
component design although it has been proven to significantly affect
the mechanical performance including porosity [53], quasi-static
strength [22], and fatigue behavior [38,39] of lattice structures. For
thin-walled structures with a wall thickness below 650 μm it was
shown, that the energy input results in columnar grains diminishing
the mechanical component performance [40]. Additionally, process
considerations can foster the economic component production. Abele
et al. [41] reached a reduction in fabrication time by 80% through pa-
rameter optimization and Metelkova et al. [42] increased build rated
by 840% through laser defocusing. For thin-walled lattice structures in
the micrometer range single track and contour exposure result in the
most accurate lattice structures with low particle adhesion, controllable
staircase effect and porosity for improved quasi-static mechanical per-
formance [22]. Particle adhesion stems from high energy densities,
which results in powder adhering to the fabricated component. and
the staircase effect is a discontinuous surface of the component defined
by the particle size distribution and the layer thickness. In a previous
work by the authors [21] a dimensionless allometric scaling lawwas de-
rived that correlated the width of a single melt track with process and
material properties by a single function. Further, it was shown that the
width of the solidified melt track b correlates with the aforementioned
linear energy density El, cf. Eq. (1), according to

b∝
ffiffiffiffi
El

p
: ð3Þ

In this contribution, a dimensionless allometric scaling law for con-
tour exposure is derived including the hatch distance into themodeling
approach. Dimensional analysis is carried out in Section 2 using a sys-
tem with the four dimensions length, mass, time and temperature to
obtain three dimensionless parameters from seven dimensional input
parameters. In Section 3 the process conditions for the investigatedma-
terials stainless steel alloy 1.4404, nickel alloy 2.4856, and the alumi-
num alloys AlSi10Mg and AlMgSc are described. In Section 4 the
correlation between the thickness of the scan track for single track
and contour exposure and processing parameters is shown dimension-
ally. Then, the dimensionless parameters obtained in Section 2 are
discussed. A dimensionless correlation is then shown for both single
track and contour exposure including an example of industrial applica-
tion of the developedmodels. Section 5 concludes this contribution and
gives recommendations for subsequent related research.

2. Dimensional analysis

Themelt pool behavior in LPBF significantly influences thewidth of a
thin-walled cellular structure. Duringmelting several physical phenom-
ena arise such as Marangoni convection, Plateau-Rayleigh instability,
evaporation, and recoil pressure, buoyancy and capillary forces as well
as temperature-dependent material properties [27,43]. The advantage
of dimensional analysis lies in finding a suitable idealization of the con-
sidered system [31]. Assuming a self-similarmelt pool the physical phe-
nomena described above are neglected. Accordingly, the strut width d
as target variable, the process parameters P, vs and dh as well as the ma-
terial properties specific heat capacity ρ ⋅ cp, conductivity λ and temper-
ature difference between build plate and liquidus temperature ΔTl = Tl
− Tbp are chosen as input for the dimensional analysis. The heat of fu-
sion is ignored in the model because it is negligible in comparison to
the melting heat of the material [36]. Also, the layer thickness ls of
the powder has a neglectable influence in the development of scaling
laws [36].

It can thus be concluded that the wall thickness d can be described
through a function f as:

d ¼ f P; vs; dh;λ;ρ � c;ΔTlð Þ: ð4Þ

In dimensional analysis according to the Buckingham Π-theorem,
the number of dimensionless parametersm is determined from the dif-
ference between the number of input variables n and the number of in-
volved basic units q [44]. For simplicity, the product of specific heat
capacity and density is regarded as one parameter, i.e. the specific
heat capacity ρ ⋅ c. In the present case this yieldsm= n− q=3 dimen-
sionless parameters (cf. Fig. 2b using a system consisting of the q = 4



Table 2
Material properties of used powder materials.

AlSi10Mg 1.4404 2.4856 AlMgSc

d50 [μm] 48 28 30 40
λ [Wm−1K−1] 140 20 30.05 110
ρ [kgm−3] 2670 7900 8440 2640
cp [Jkg−1K−1] 910 700 735 980
Tl [K] 870 1723 1623 912
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basic units which are mass M, length L, time T and temperature Θ. The
resulting dimensional system is shown in Table 1.

This yields the three dimensionless variables:

Πu ¼ d � vs � ρ � c
λ

; ð5Þ

Π1 ¼ dh � vs � ρ � c
λ

; ð6Þ

Π2 ¼ P � vs � ρ � c
λ2 � ΔTl

: ð7Þ

As a consequence of the Buckingham Π-Theorem, Eq. (4) can be
reorganized in the form

Πu ¼ f Π1;Π2ð Þ: ð8Þ

The relationship between these three dimensionless variables ac-
cording to Eq. (8) can only be determined through experimental data
[44] which will be done subsequently.

3. Materials and methods

3.1. Machine and material

For the fabrication of specimens a LPBF machine EOS M290 is used.
The Yb-fiber laser has a beam diameter of 80 μm. For the present inves-
tigation the commercially available powder materials AlSi10Mg, 1.4404
(316 L), 2.4856 (IN625) and AlMgSc (Scalmalloy) have been used and
the layer thickness is held constantly at ls = 30 μm for AlSi10Mg and ls
= 40 μm for 1.4404 and 2.4856. The corresponding material properties
are summarized in Table 2. The mass-based average particle diameter
d50 has been determined through scanning electron microscopy using
a Phenom ProX Desktop SEM system. The build plate temperature was
125∘C for AlSi10Mg and AlMgSc, and 80∘C for 2.4856 and 1.4404.

3.2. Specimen fabrication

The specimens for wall thickness measurement consist of single
walls, with 3 mm in height and 20 mm in length, see Fig. 3. The thin
walls are fabricated by two single paths according to Fig. 1c.

To determine the influence of laser power P and scan speed vs on the
width b of a scan track for single track exposure 30 specimenswere fab-
ricated for stainless steel alloy 1.4404, 30 for nickel alloy 2.4856, 32 for
aluminum alloy AlSi10Mg, and 30 for Scalmalloy AlMgSc. To investigate
the effects of laser power P, scan speed vs and scan spacing dh on the
thickness of the final strut d 112 specimens were fabricated for alumi-
num alloy AlSi10Mg, 30 for nickel alloy 2.4856, 32 for 1.4404 and 27
for Scalmalloy AlMgSc. In total, 323 specimens were fabricated and
processed. The used parameters for fabrication are listed in Table 3.

3.3. Method of measurement

The visual evaluation is conducted observing polishedmicrosections
under a lightmicroscope ZEISS Axioskop A1 HAL 100. Microsections are
Table 1
Dimensional table with basic dimensions for the considered input quantities for dimen-
sional analysis.

d P vs dh ρ ⋅ cp λ ΔTl

M 0 1 0 0 1 1 0
L 1 2 1 1 −1 1 0
T 0 −3 −1 0 −2 −3 0
Θ 0 0 0 0 −1 −1 1
taken with 50× magnification and show the top view of the ground
walls, cf. Fig. 3a.Matt black lack spray is applied before grinding, leading
to a high contrast and a good separation between section and
background enabling a reliable evaluation of the width with a gray-
value-based image processing algorithm that has been written in
MATLAB (Fig. A.1). The microscope has a maximum resolution of
2452 × 2056 pixels allowing to evaluate 2452 data points for each spec-
imen. The script detects the contour pixels of themicrosections by eval-
uating the mean gray value of an evaluation area. Afterwards width
measurement at each pixel allows a statistical evaluation of the width
progression at about 2400 support points. At 50× magnification the
microscopic pictures show about 3 mm of the length of the wall of
the specimens. The edges of the specimens were not considered in the
evaluation because the jump delay of the laser leads to a thickening of
the walls.

Mean wall thickness and standard deviation are considered for the
following investigations. In Fig. A.1 the working principle of the
MATLAB algorithm is illustrated with four exemplary specimens for dif-
ferent process window regions.

Depending on the selected process parameters specimens with dif-
ferent types of quality are obtained, which is schematically illustrated
in Fig. 4. Examples with continuous melt tracks (Fig. A.1a), discontinu-
ous melt tracks (Fig. A.1b), pronounced Plateau-Rayleigh instability
[45] (Fig. A.1c) or particle adhesion (Fig. A.1d) are shown. Selected spec-
imens are embedded in polymer resin as shown in Fig. 3b to examine
the front view of the specimens.

In the discussion the expressions melt pool and melt tracks or scan
tracks are used. The expression melt pool refers to the behavior of the
liquid melt pool as shown in Fig. 2a, whereas the expression scan
track refers to a fabricated scan track according to Fig. 3a.

4. Results and discussion

4.1. Dimensional scaling law

In this study the influence of the process parameters on the resulting
width of two adjacentmelt tracks, the so-called contour exposure, is in-
vestigated. Initially, a dimensional correlation between the resulting
wall thickness d and the process parameters laser power P, scan speed
vs, and hatch distance dh is derived. This includes thematerials stainless
steel alloy 1.4404, nickel alloy 2.4856, and the aluminum alloys
AlSi10Mg and AlMgSc. The results are shown in Fig. 5 (corresponding
P-vs-diagrams are shown in Appendix B) for the investigated materials
including single track and contour exposure indicating that the width
of the melt pool correlates with the process parameters. The main ob-
servations can be concluded as follows:

• For the more heat-conductive alloys AlSi10Mg and AlMgSc shown in
Fig. 5c and Fig. 5d the same linear energy density El generally leads
to higher wall thicknesses. For less heat conductive alloys 1.4404
and 2.4856 thewall thickness is less sensitive to the applied linear en-
ergy density El.

• The hatch distance acts as an additive term on the linear energy den-
sity with a different scaling coefficient for each material.

• With single melt tracks widths equal to contour exposure can be
achieved.



Fig. 3. Specimen geometry for width measurement (a) Specimen dimensions and
representative specimen of the powder alloy AlSi10Mg. (b) Specimens embedded in
resin for polished microsections.
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Stable melt tracks with high widths are desirable allowing higher
machine-specific build rates [46] and thus fostering economic produc-
tion with LPBF. The process dependent width of a single track has
been extensively investigated in the available literature. Campanelli
et al. [47] investigated the melt pool geometry of maraging steel for
hatch exposure and found a correlation between both the width and
depth of a single track. Gong et al. [48] investigated themelt pool geom-
etry for titanium alloy Ti6Al4V. Wei et al. [49] found a dimensional cor-
relation between AlSi10Mg single track width and depth with scanning
speed. Metelkova et al. [42] reported for stainless steel alloy 1.4404 that
laser defocus significantly affects the beam diameter at high laser pow-
ers resulting in a productivity increase of up to 840%. The research con-
ducted highlights the strong scientific interest to compute themelt pool
width as well as its industrial potential. Since there is a strong develop-
ment in machines and powders holistic scaling laws that can describe
the melt pool behavior independently of the used material, machine,
and process parameters are highly desired. A corresponding work was
presented by the authors in a previous work [21] and validated for the
powder alloys maraging steel alloy 1.2709, titanium alloy Ti6Al4V, and
aluminum alloy AlSi10Mg. Considering dimensional correlation be-
tween single track b and line energy according to b∝

ffiffiffiffi
El

p
(cf. Eq. (3))

contour exposure qualitatively exhibits the same behavior for the wall
thickness d. Concerning that circumstance and the observations above
the following generalized dimensional equation is introduced

d ¼ c1dh þ c2E
c3
l ; ð9Þ

where c1, c2 and c3 are material and process specific coefficients and
have to be determined experimentally.
Table 3
Process window range for the manufacturing of specimens.

AlSi10Mg 1.4404 2.4856 AlMgSc

P [W] 150–350 150–350 200–350 250–350
vs [mms−1] 1000–3500 470–2850 380–1830 1218–3410
dh [μm] 40–120 60–120 60–120 60–120
The corresponding scaling law coefficients are shown in Table 4. The
behavior of a single track can be considered as a specific case of Eq. (9)
with dh = 0 μm. For the single track behavior b the coefficient c3 was
found 0.5 carrying out thefirst lawof thermodynamics and dimensional
analysis [21]. Especially for more heat conductive alloys the proportion-
ality b∝

ffiffiffiffi
El

p
exhibited higher deviations neglecting the heat conductiv-

ity λ. The first-order approximation neglected quantities such as heat
of fusion, layer thickness, particle diameter, beam diameter as well as
physical phenomena such as recoil forces, evaporation, Marangoni con-
vection, and Plateau Rayleigh instability [27]. Thus, both Eqs. (3) and (9)
are suitable for application purpose to a certain extent and provided a
stable process window region as illustrated in Fig. 4a. Representative
specimen for the linear energy density El ≈ 200 J/m are visualized in
Fig. A.2. Whereas for stainless steel alloy 1.4404 stable scan tracks are
obtained with El ≈ 200 J/m, nickel alloy 2.4856 requires higher energy
densities to avoid Plateau-Rayleigh instability and obtain stable scan
tracks. The more heat conductive aluminum alloys AlSi10Mg and
AlMgSc exhibit high particle adhesions and must, therefore, experience
higher energy densities.

In the curve fit it is inherent in Eq. (9), which requires aminimumof
three experiments to determine the coefficients c1, c2 and c3. In a prior
publication the authors investigated the process dependent mechanical
behavior of strut based lattice structures fabricated by contour exposure
[22]. It was observed, that the circular cross-sections from the previous
study show qualitatively the same process dependent behavior as the
here considered rectangular cross-sections. It must be noted that the
turning point of structures subjected to contour and hatch exposure ex-
hibit an increased normalized enthalpy ΔH/hs, where ΔH is the specific
enthalpy and hs ist the enthalpy at melting. This effect is shown in Fig. 6
leads to a higher wall thickness in the turning point and has been ob-
served byMartin et al. [50]. They developed amitigation strategy reduc-
ing the specific enthalpy in the turning point to avoid keyhole pores in
this area.

It can be summarized that Eq. (9) offers an equation to design lattice
structures in LPBF. However, it is strongly dependent on the chosenma-
terial andmachine type and amaterial andmachine-independent equa-
tion is highly desirable. Oliveira et al. [23] raises the question, whether
the energy density, cf. Eq. (1), is a valid formulation to equate the energy
input into the structure. Consequently they introduce thedimensionless
parameter β= d50/σmaking results for different powder and machine
types more comparable. Obtaining process maps, which a priori com-
pare different machines, materials and process parameters in a single
diagram, provide a valuable framework for industrial application.
Thomas et al. [51] develop such a framework condensing information
on several machines, materials and powders in one diagram. Bajaj
et al. [52] develop a normalized process map to predict the melt pool
size. The application of dimensional analysis delivers added value con-
densing the respective information on a single curve. In a previous pub-
lication the authors developed such a scale-invariant solution for a
single melt track [21]. Here, this approach is being expanded to two ad-
jacentmelt tracks obtaining two dimensionless parameters and a scale-
invariant solution, which correlates information on machine, material
and process parameters.
4.2. Dimensionless scaling law for single track exposure

Dimensional analysis was carried out using a [LMTΘ] system. The
input parameters were the process-specific quantities laser power P,
scan speed vs and hatch distance dh as well as and the material-
specific heat capacity ρc and conductivity λ with the strut thickness d
being the target variable. This provided the dimensionless parameters
derived in Eqs. (5)–(7). The first two dimensionless parameters
Eqs. (5) and (6) are known as the Peclet number



Fig. 4. (a) Schematic process window for double track exposure with AlSi10Mg and (b) representative specimen exhibiting continuous walls (1–2), scan track separation (3–4), and high
waviness with pronounced particle adhesion (5–6).
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Pe ¼ bvsρc
λ

; ð10Þ

where b is a characteristic length of the problem, which can be themelt
pool width b itself, the resulting strut thickness d or the hatch distance
dh. The Peclet number represents a ratio between two characteristic
time scales, i.e. the diffusive time tdiff = ρcb2/λ and the convective time
tconv= b/vs [21]. The Peclet number, which can consequently bewritten
in the form Pe = tdiff/tconv, is commonly used in the welding-related
literature to assess whether keyhole or conduction welding is present.
Rai et al. [34] reported that in high thermal conductivity alloys
efficiently dissipated from the melt pool into the solid region leading
to relatively small weld pools in contrast to less conductive mate-
rials. The third dimensionless parameter Eq. (7) is introduced as the
specific power

Pþ ¼ Pvsρc
λ2ΔTl

: ð11Þ

To interpret P+ two characteristic length scales are introduced. The
diffusive length

ldiff ¼
P

λΔTl
ð12Þ

represents a ratio of the energy flow into and out of the liquidmelt pool.
The second length scale a/vs, where a is the thermal diffusivity λ/(ρc),
represents the characteristic lengthwhere the liquidmelt pool traveling
with the scan speed vs experiences a heat flow from the liquid into the
solid material. Introducing a characteristic time scale τ, a/vs represents
a ratio of a diffusive length and a convective length

l�diff ¼
ffiffiffiffiffiffi
aτ

p
;

l�conv ¼ vτ:
ð13Þ

Consequently, the specific power P+ can be written as a ratio of one
convective and two diffusive length scales:

Pþ ¼ l�conv
l�diff
� �2

=ldiff
: ð14Þ

For alloys with high liquidus temperatures this results in a small dif-
fusive length scale compared to the convective length resulting in rela-
tively small melt pools. Consequently, alloys with high thermal
conductivity and high melting temperatures show smaller melt pools.
This was also observed by Rai et al. [34] investigating keyhole mode in
laser welding. This substantiates the suggestions by Oliveira et al. [23]
to utilize the welding-related knowledge instead of developing new
models. Recent LPBF related studies use this approach [25,35,36].
Whereasmostmodels focus on the depth of themelt pool to assess key-
hole or conductionmodewelding, Fig. 7 shows a dimensionless correla-
tion for the width of the melt pool for a single scan track. In a previous
contribution the authors provided evidence on the theory for the com-
mercially available powder alloys AlSi10Mg, 1.2709 and Ti6Al4V. Here,
new evidence is provided for the melt pool width of stainless steel
alloy 1.4404, nickel alloy 2.4856 and Scalmalloy AlMgSc. The experi-
mental results can be correlated by the function

Pe ¼ 0:2969 � P6964
þ : ð15Þ

This equation enables rapid process development with a single melt
track being the absolute basis of any exposure strategy utilized in LPBF.
The material independent correlation shows that alloys with high
thermal conductivity and high liquidus temperature lead to smaller
melt pools than alloys with higher conductivity and higher liquidus
temperature. Both Fig. 7 and Eq. (15) deliver added value in terms of
productivity and precision for LPBF by utilizing higher or lower melt
pool widths. The provided framework thus enables the predictive de-
sign of lattice structures by geometric controllability of themelt pool be-
havior making expensive methods such as μ-CT based geometry
optimization dispensable [17].

4.3. Dimensionless scaling law for contour exposure

When higher strut sizes are required, contour exposure is an expo-
sure strategy that offers higher strut thicknesses as well as controllable
component quality. In a previous contribution the authors revealed for
lattice structuresmade of aluminum alloy AlSi10Mg that the strut thick-
ness can be scaled with the process parameters laser power P and scan
speed vs maintaining a constant hatch distance dh =100 μm. This dem-
onstrates that the hatch distance dh is of practical relevance in lattice
structure design. Consequently, it must be considered in providing a di-
mensionless predictive material independent framework. Thematerial-
dependent influence of the hatch distance onmelt track formation is in-
vestigated e.g. for the stainless steel alloys 1.4404 (316L) and 1.4539
(904L) by Yadroitsev & Smurov [54] or for AlSi10Mg by Buchbinder
et al. [46]. By carrying out dimensional analysis with the input parame-
ters shown in Fig. 2, three dimensionless parameterswere obtained and
discussed above. Considering the Peclet number Pe and the specific
power P+ in Eqs. (5)–(7) can be expressed in the following form:



Fig. 5. Correlation between wall thickness d and line energy El for (a) 1.4404, (b) 2.4856, (c) AlSi10Mg and (d) AlMgSc.

Fig. 6. Increased strut thickness in the turn point of an AlSi10Mg specimen.

Table 4
Scaling law coefficients.

1.4404 2.4856 AlSi10Mg AlMgSc

c1 1 0.93 0.77 0.98
c2 24 3.39 13.66 17.94
c3 0.36 0.68 0.51 0.46
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Fig. 7.Dimensionless plot of the Pe and P+ number for the width of the singlemelt track b. The data for the powder alloys AlSi10Mg and 1.2709were taken from a prior publication by the
authors [21]. Here, new evidenve is provided veryfing the proposed scaling law from [21] including new materials in the study, i.e. the powder alloys stainless steel 1.4404, nickel alloy
2.4856 and Scalmalloy AlMgSc.

Fig. 8. Dimensional analysis for contour exposure with the strut thickness d as the characteristic length scale of the Peclet number Ped.
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Fig. 9. Scan track separation for particular hatch distances dh.

Fig. 11. Scaling law based heater design for optimized heat exchange.
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Ped ¼ dvsρc
λ

;

Peh ¼ dhvsρc
λ

;

Pþ ¼ Pvsρc
λ2ΔTl

:

ð16Þ

As a consequence of Eq. (8), Eq. (16) can be rewritten according to

Ped ¼ f Peh; Pþð Þ: ð17Þ

Fig. 8 shows the corresponding results for contour exposure. This is
only valid for process parameters that do not exhibit scan track separa-
tion. Preliminary tests have been made to exclude specimens with scan
track detachment as depicted in Fig. 9 from the investigation.

Based on Eq. (9) the following correlation for Eq. (17) is assumed:

Ped ¼ a0 � Peh þ a1 � Pa2
þ : ð18Þ

A regression analysis using all the experimental data collected in this
study for the materials 1.4404, 2.4856, AlSi10Mg and AlMgSc result in
the following expression for Fig. 8:

Ped ¼ 0:9573Peh þ 0;1808P0:699
þ : ð19Þ

This equation extends the previously developed Eq. (15) by the
hatch distance dh and can be used in the same way with equal
Fig. 10. Front view of se
underlying physical mechanisms as discussed above. A top view visual-
ization of representative scan tracks for single and contour exposure is
given in Fig. A.2. For the dimensionless plot in Fig. 8 polished front
view microsections were created for the aluminum alloy AlSi10Mg
and are shown in Fig. 10. They indicate that the proposed scaling law
can be utilized to design thin-walled structures where micrometer pre-
cision is required. Fig. 10(1)–(3) demonstrate that laser powers P be-
tween 250 W and 300 W provide stable melt tracks. Here the hatch
distance can be increased significantly without a loss of strut quality
to obtain higher build rates. Fig. 10 (4) demonstrates the dominating in-
fluence of the melt pool stability during melting with exhibiting pro-
nounced Plateau-Rayleigh instability.

4.4. Exemplary application: heat exchanger design

Cellular structures have a high potential for single and two-phase
heat transfer due to their extended geometrical possibilities. Karwa
et al. [55], for example, developed a printed heat sink for cooling
thermoelectric coolers. The production based on plastics limits the
application range for higher temperatures. Besides, the use of metal-
lic structures is expected to lead to higher efficiency compared to
plastic components due to the higher thermal conductivity. For an
optimized thermal-fluid-dynamic design, precise manufacturing is
lected specimens.
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especially relevant to maintain a given pressure drop. Fig. 11a and
Fig. 11b show a corresponding heater, which has a flow path opti-
mized for heat transfer and is used to cool a tubular heater. This ex-
ample illustrates the applicability of the above derived scaling laws
in Eqs. (15) and (19).
5. Conclusion

Dimensional analysis was carried out to describe the thickness of
a wall fabricated by a single track and contour exposure in a dimen-
sionless manner. This resulted in a dimensionless diagram for each
exposure strategy enabling to describe the resulting thickness of a
single track b or a double track d by one function independently of
the chosen material. The strut thickness of a scan track fabricated
by single track or contour exposure can be determined by a correla-
tion between the Peclet number Pe, which is utilized in the welding
related literature, and the specific power P+, a newly introduced di-
mensionless parameter.

In this contribution 323 scan tracks were fabricated and exam-
ined using a self-written MATLAB code exhibiting strut thicknesses
ranging from 93 μm to 438 μm. As a consequence of this research,
the information on the width of these specimen can be described
by a single function for each considered exposure strategy enabling
a predictive process development for both economic and more pre-
cise fabrication in LPBF. Also, it enables industrial users to design
Fig. A.1. Measurement of specimen for specimens with the corresponding wall thickness d
discontinuous melt tracks as well as fig:messalgo3 with pronounced Plateau-Rayleigh instabili
lattice structures reliably and without iterative process optimization
processes.

Future research should focus on determining the thresholds of the
proposed theory to determine whether keyhole or surface welding is
present. Further, recoil forces and evaporation due to high laser powers
as well as Plateau-Rayleigh instability leading to balling and Marangoni
convection leading to spatters must be investigated regarding their im-
pact on melt track stability. Also, the influence of other relevant process
parameters that have been neglected in the present model must be ex-
amined. This includes the layer thickness, beam diameter, particle di-
ameter as well as absorbtivity of the powder. This will eventually
enable the shift from dimensional material-dependent process maps
to dimensionless processmaps unveiling the underlying physicalmech-
anisms and ultimately enabling process-driven design for economic and
precise fabrication independently of the chosen machine or powder.
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Appendix A. Specimen width measurement

A.1. Algorithm based data processing
istribution with exemplary specimens for fig:messalgo1 continuous and fig:messalgo2
ty and fig:messalgo4 particle adhesion.
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A.2. Top view of selected specimens
Fig. A.2. Top view of specimens showing the melt track stability for single track and contour exposure for linear energy densities El ≈ 200.
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Appendix B. Process windows

B.1. Aluminum alloy AlSi10Mg
Fig. B.1. Process window for AlSi10Mg with resulting wall thickness d for (a) single track exposure and (b)-(d) double track exposure.
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B.2. Stainless steel alloy 1.4404
Fig. B.2. Process window for 316 L with resulting wall thickness d for (a) single track exposure and (b)-(d) double track exposure.
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B.3. Nickel alloy 2.4856
Fig. B.3. Process window for In625 with resulting wall thickness d for (a) single track exposure and (b)-(d) double track exposure.
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B.4. Scalmalloy AlMgSc
ing wall thickness d for (a)-(d) double track exposure.
References

[1] A. Velasco-Hogan, J. Xu, M.A. Meyers, Additive manufacturing as a method to design
and optimize bioinspired structures, Adv. Mater. (Deerfield Beach, Fla.) 30 (52)
(2018), e1800940. https://doi.org/10.1002/adma.201800940.

[2] X. Zhang, Y. Wang, B. Ding, X. Li, Design, fabrication, and mechanics of 3d micro-/
nanolattices, Small (Weinheim an der Bergstrasse, Germany) (2019) e1902842,
https://doi.org/10.1002/smll.201902842.

[3] L.R. Meza, A.J. Zelhofer, N. Clarke, A.J. Mateos, D.M. Kochmann, J.R. Greer, Resilient 3d
hierarchical architected metamaterials, Proc. Natl. Acad. Sci. U. S. A. 112 (37) (2015)
11502–11507, https://doi.org/10.1073/pnas.1509120112 ISSN 0027-8424.

[4] L.R. Meza, S. Das, J.R. Greer, Strong, lightweight, and recoverable three-dimensional
ceramic nanolattices, Science 345 (2014) 1322–1326, https://doi.org/10.1126/
science.1255908.

[5] T.A. Schaedler, A.J. Jacobsen, A. Torrents, A.E. Sorensen, J. Lian, J.R. Greer, L. Valdevit,
W.B. Carter, Ultralight metallic microlattices, Science (New York, N.Y.) 334 (6058)
(2011) 962–965, https://doi.org/10.1126/science.1211649.

[6] J. Bauer, A. Schroer, R. Schwaiger, O. Kraft, Approaching theoretical strength in glassy
carbon nanolattices, Nat. Mater. 15 (4) (2016) 438–443, https://doi.org/10.1038/
nmat4561 ISSN 1476-1122.

Fig. B.4. Process window for Scalmalloy with result
[7] X.W. Gu, J.R. Greer, Ultra-strong architected cu meso-lattices, Extreme Mech. Lett. 2
(2015) 7–14, https://doi.org/10.1016/j.eml.2015.01.006 ISSN 23524316.

[8] X. Li, H. Gao, Mechanical metamaterials: smaller and stronger, Nat. Mater. 15 (4)
(2016) 373–374, https://doi.org/10.1038/nmat4591 ISSN 1476-1122.

[9] L.J. Gibson, M.F. Ashby, Cellular solids: structure and properties, Cambridge Solid
State Science Series, 2 ed.Cambridge Univ. Press, Cambridge, 2001 , 1. paperback
ed. (with corr.), transferred to digital printing edition. (ISBN 0521499119).

[10] M.F. Ashby, A. Evans, N.A. Fleck, L.J. Gibson, J.W. Hutchinson, H.N.G. Wadley, Metal
foams: a design guide, Mater. Des. 23 (1) (2002) 119, https://doi.org/10.1016/
S0261-3069(01)00049-8 ISSN 02613069.

[11] C. Salmean, S. Dimartino, 3d-printed stationary phases with ordered morphology:
state of the art and future development in liquid chromatography, Chromatographia
82 (1) (2019) 443–463, https://doi.org/10.1007/s10337-018-3671-5 ISSN 0009-
5893.

[12] L. Liu, P. Kamm, F. García-Moreno, J. Banhart, D. Pasini, Elastic and failure response of
imperfect three-dimensional metallic lattices: the role of geometric defects induced
by selective laser melting, J. Mech. Phys. Solids 107 (2017) 160–184, https://doi.org/
10.1016/j.jmps.2017.07.003 ISSN 00225096.

[13] M. Leary, M. Mazur, J. Elambasseril, M. McMillan, T. Chirent, Y. Sun, M. Qian, M.
Easton, M. Brandt, Selective laser melting (slm) of alsi12mg lattice structures,

https://doi.org/10.1002/adma.201800940
https://doi.org/10.1002/smll.201902842
https://doi.org/10.1073/pnas.1509120112
https://doi.org/10.1126/science.1255908
https://doi.org/10.1126/science.1255908
https://doi.org/10.1126/science.1211649
https://doi.org/10.1038/nmat4561
https://doi.org/10.1038/nmat4561
https://doi.org/10.1016/j.eml.2015.01.006
https://doi.org/10.1038/nmat4591
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0045
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0045
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0045
https://doi.org/10.1016/S0261-3069(01)00049-8
https://doi.org/10.1016/S0261-3069(01)00049-8
https://doi.org/10.1007/s10337-018-3671-5
https://doi.org/10.1016/j.jmps.2017.07.003
https://doi.org/10.1016/j.jmps.2017.07.003


16 A. Großmann et al. / Materials and Design 194 (2020) 108952
Mater. Des. 98 (2016) 344–357, https://doi.org/10.1016/j.matdes.2016.02.127 ISSN
02613069.

[14] C. Yan, L. Hao, A. Hussein, P. Young, D. Raymont, Advanced lightweight 316l stainless
steel cellular lattice structures fabricated via selective laser melting, Mater. Des. 55
(2014) 533–541, https://doi.org/10.1016/j.matdes.2013.10.027 ISSN 02613069.

[15] T. Zhong, K. He, H. Li, L. Yang, Mechanical properties of lightweight 316l stainless
steel lattice structures fabricated by selective laser melting, Mater. Des. 181
(2019) 108076, https://doi.org/10.1016/j.matdes.2019.108076 ISSN 02613069.

[16] M. Leary, M. Mazur, H. Williams, E. Yang, A. Alghamdi, B. Lozanovski, X. Zhang, D.
Shidid, L. Farahbod-Sternahl, G. Witt, I. Kelbassa, P. Choong, M. Qian, M. Brandt,
Inconel 625 lattice structures manufactured by selective laser melting (slm): me-
chanical properties, deformation and failure modes, Mater. Des. 157 (2018)
179–199, https://doi.org/10.1016/j.matdes.2018.06.010 ISSN 02613069.

[17] S. van Bael, G. Kerckhofs, M. Moesen, G. Pyka, J. Schrooten, J.P. Kruth, Micro-ct-based
improvement of geometrical andmechanical controllability of selective laser melted
ti6al4v porous structures, Mater. Sci. Eng. A 528 (24) (2011) 7423–7431, https://doi.
org/10.1016/j.msea.2011.06.045 ISSN 09215093.

[18] R. Wauthle, B. Vrancken, B. Beynaerts, K. Jorissen, J. Schrooten, J.-P. Kruth, J. van
Humbeeck, Effects of build orientation and heat treatment on the microstructure
and mechanical properties of selective laser melted ti6al4v lattice structures,
Addit. Manufact. 5 (2015) 77–84, https://doi.org/10.1016/j.addma.2014.12.008
ISSN 22148604.

[19] Verein Deutscher Ingenieure, Vdi-richtlinie 3405 blatt 3 / additive
fertigungsverfahren / konstruktionsempfehlungen für die bauteilfertigung mit
laser-sintern und laser-strahlschmelzen, 2014.

[20] J. Kranz, D. Herzog, C. Emmelmann, Design guidelines for laser additive manufactur-
ing of lightweight structures in tial6v4, J. Laser Appl. 27 (S1) (2015) S14001, https://
doi.org/10.2351/1.4885235 ISSN 1042-346X.

[21] A. Großmann, J. Gosmann, C. Mittelstedt, Lightweight lattice structures in selective
laser melting: design, fabrication and mechanical properties, Mater. Sci. Eng. A
766 (2019) 138356, https://doi.org/10.1016/j.msea.2019.138356 ISSN 09215093.

[22] A. Großmann, J. Felger, T. Frölich, J. Gosmann, C. Mittelstedt, Melt pool controlled
laser powder bed fusion for customised low-density lattice structures, Mater. Des.
181 (2019) 108054, https://doi.org/10.1016/j.matdes.2019.108054 ISSN 02613069.

[23] J.P. Oliveira, T.G. Santos, R.M. Miranda, Revisiting fundamental welding concepts to
improve additive manufacturing: from theory to practice, Prog. Mater. Sci. 107
(2020) 100590, https://doi.org/10.1016/j.pmatsci.2019.100590 ISSN 00796425.

[24] U.S. Bertoli, A.J. Wolfer, M.J. Matthews, J.-P.R. Delplanque, J.M. Schoenung, On the
limitations of volumetric energy density as a design parameter for selective laser
melting, Mater. Des. 113 (2017) 331–340, https://doi.org/10.1016/j.matdes.2016.
10.037 ISSN 02613069.

[25] W.E. King, H.D. Barth, V.M. Castillo, G.F. Gallegos, J.W. Gibbs, D.E. Hahn, C. Kamath,
A.M. Rubenchik, Observation of keyhole-mode lasermelting in laser powder-bed fu-
sion additivemanufacturing, J. Mater. Process. Technol. 214 (12) (2014) 2915–2925,
https://doi.org/10.1016/j.jmatprotec.2014.06.005 ISSN 09240136.

[26] R. Li, J. Liu, Y. Shi, L. Wang, W. Jiang, Balling behavior of stainless steel and nickel
powder during selective laser melting process, Int. J. Adv. Manuf. Technol. 59
(9–12) (2012) 1025–1035, https://doi.org/10.1007/s00170-011-3566-1 ISSN
0268-3768.

[27] S.A. Khairallah, A.T. Anderson, A. Rubenchik, W.E. King, Laser powder-bed fusion ad-
ditive manufacturing: physics of complex melt flow and formation mechanisms of
pores, spatter, and denudation zones, Acta Mater. 108 (2016) 36–45, https://doi.
org/10.1016/j.actamat.2016.02.014 ISSN 13596454.

[28] L.P. Yarin, The Pi-Theorem, Springer Berlin Heidelberg, Berlin, Heidelberg,
2012https://doi.org/10.1007/978-3-642-19565-5 ISBN 978-3-642-19564-8.

[29] G.B.West, J.H. Brown, B.J. Enquist, The fourth dimension of life: fractal geometry and
allometric scaling of organisms, Science (New York, N.Y.) 284 (5420) (1999)
1677–1679, https://doi.org/10.1126/science.284.5420.1677.

[30] P.F. Pelz, A. Vergé, Validated biomechanical model for efficiency and speed of row-
ing, J. Biomech. 47 (13) (2014) 3415–3422, https://doi.org/10.1016/j.jbiomech.
2014.06.037 ISSN 0021-9290.

[31] G.I. Barenblatt, Scaling, Cambridge University Press, Cambridge, 2003https://doi.org/
10.1017/CBO9780511814921 ISBN 9780511814921.

[32] P.W. Bridgman, Dimensional Analysis, Yale University Press, 1922.
[33] D.B. Hann, J. Iammi, J. Folkes, A simple methodology for predicting laser-weld prop-

erties frommaterial and laser parameters, J. Phys. D 44 (44) (2011) 445401, https://
doi.org/10.1088/0022-3727/44/44/445401 ISSN 0022-3727.

[34] R. Rai, J.W. Elmer, T.A. Palmer, T. DebRoy, Heat transfer and fluid flow during key-
hole mode laser welding of tantalum, ti–6al–4v, 304l stainless steel and vanadium,
J. Phys. D. Appl. Phys. 40 (18) (2007) 5753–5766, https://doi.org/10.1088/0022-
3727/40/18/037 ISSN 0022-3727.

[35] T. Mukherjee, V. Manvatkar, A. De, T. DebRoy, Dimensionless numbers in additive
manufacturing, J. Appl. Phys. 121 (6) (2017) 64904, https://doi.org/10.1063/1.
4976006 ISSN 0021-8979.
[36] A.M. Rubenchik, W.E. King, S.S. Wu, Scaling laws for the additive manufacturing, J.
Mater. Process. Technol. 257 (2018) 234–243, https://doi.org/10.1016/j.
jmatprotec.2018.02.034 ISSN 09240136.

[37] T. Mukherjee, T. DebRoy, Mitigation of lack of fusion defects in powder bed fusion
additive manufacturing, J. Manuf. Process. 36 (2018) 442–449, https://doi.org/10.
1016/j.jmapro.2018.10.028 ISSN 15266125.

[38] S. Amin Yavari, R. Wauthle, J. van der Stok, A.C. Riemslag, M. Janssen, M. Mulier, J.P.
Kruth, J. Schrooten, H. Weinans, A.A. Zadpoor, Fatigue behavior of porous biomate-
rials manufactured using selective laser melting, Mater. Sci. Eng. C 33 (8) (2013)
4849–4858, https://doi.org/10.1016/j.msec.2013.08.006.

[39] B. van Hooreweder, Y. Apers, K. Lietaert, J.-P. Kruth, Improving the fatigue perfor-
mance of porous metallic biomaterials produced by selective laser melting, Acta
Biomater. 47 (2017) 193–202, https://doi.org/10.1016/j.actbio.2016.10.005 ISSN
1742-7061.

[40] T. Niendorf, F. Brenne, M. Schaper, Lattice structures manufactured by slm: on the
effect of geometrical dimensions on microstructure evolution during processing,
Metall. Mater. Trans. B 45 (4) (2014) 1181–1185, https://doi.org/10.1007/s11663-
014-0086-z ISSN 1073-5615.

[41] E. Abele, H.A. Stoffregen, K. Klimkeit, H. Hoche, M. Oechsner, Optimisation of process
parameters for lattice structures, Rapid Prototyp. J. 21 (1) (2015) 117–127, https://
doi.org/10.1108/RPJ-10-2012-0096 ISSN 1355-2546.

[42] J. Metelkova, Y. Kinds, K. Kempen, C. de Formanoir, A. Witvrouw, B. van
Hooreweder, On the influence of laser defocusing in selective laser melting of
316l, Addit. Manufact. 23 (2018) 161–169, https://doi.org/10.1016/j.addma.2018.
08.006 ISSN 22148604.

[43] T. Heeling, M. Cloots, K. Wegener, Melt pool simulation for the evaluation of process
parameters in selective laser melting, Addit. Manufact. 14 (2017) 116–125, https://
doi.org/10.1016/j.addma.2017.02.003 ISSN 22148604.

[44] E. Buckingham, On physically similar systems; illustrations of the use of dimensional
equations, Phys. Rev. 4 (4) (1914) 345–376, https://doi.org/10.1103/PhysRev.4.345.

[45] A.V. Gusarov, I. Smurov, Modeling the interaction of laser radiationwith powder bed
at selective laser melting, Phys. Procedia 5 (2010) 381–394, https://doi.org/10.1016/
j.phpro.2010.08.065 ISSN 18753892.

[46] D. Buchbinder, H. Schleifenbaum, S. Heidrich, W. Meiners, J. Bültmann, High power
selective laser melting (hp slm) of aluminum parts, Phys. Procedia 12 (2011)
271–278, https://doi.org/10.1016/j.phpro.2011.03.035 ISSN 18753892.

[47] S.L. Campanelli, G. Casalino, N. Contuzzi, A. Angelastro, A.D. Ludovico, Analysis of the
molten/solidified zone in selective laser melted parts, in: Friedhelm Dorsch (Ed.),
High-Power Laser Materials Processing: Lasers, Beam Delivery, Diagnostics, and Ap-
plications III, SPIE Proceedings, SPIE 2014, p. 896311, https://doi.org/10.1117/12.
2042170.

[48] H. Gong, G. Hengfeng, K. Zeng, J. Dilip, D. Pal, B. Stucker, D. Christiansen, J. Beuth, J.J.
Lewandowski, Melt pool characterization for selective laser melting of ti-6al-4v pre-
alloyed powder, Proceedings of the Solid Freeform Fabrication Symposium 2014,
pp. 256–267.

[49] P. Wei, Z. Wei, Z. Chen, Y. He, J. Du, Thermal behavior in single track during selective
laser melting of alsi10mg powder, Appl. Phys. A 123 (9) (2017) 133, https://doi.org/
10.1007/s00339-017-1194-9 ISSN 0947-8396.

[50] A.A. Martin, N.P. Calta, S.A. Khairallah, J. Wang, P.J. Depond, A.Y. Fong, V. Thampy,
G.M. Guss, A.M. Kiss, K.H. Stone, C.J. Tassone, J. Nelson Weker, M.F. Toney, T. van
Buuren, M.J. Matthews, Dynamics of pore formation during laser powder bed fusion
additivemanufacturing, Nat. Commun. 10 (1) (2019) 1987, https://doi.org/10.1038/
s41467-019-10009-2 ISSN 2041-1723.

[51] M. Thomas, G.J. Baxter, I. Todd, Normalised model-based processing diagrams for
additive layer manufacture of engineering alloys, Acta Mater. 108 (2016) 26–35,
https://doi.org/10.1016/j.actamat.2016.02.025 ISSN 13596454.

[52] P. Bajaj, J. Wright, I. Todd, E.A. Jägle, Predictive process parameter selection for selec-
tive laser melting manufacturing: applications to high thermal conductivity alloys,
Addit. Manufact. 27 (2019) 246–258, https://doi.org/10.1016/j.addma.2018.12.003
ISSN 22148604.

[53] H. Gong, K. Rafi, H. Gu, T. Starr, B. Stucker, Analysis of defect generation in ti–6al–4v
parts made using powder bed fusion additive manufacturing processes, Addit.
Manufact. 1-4 (2014) 87–98, https://doi.org/10.1016/j.addma.2014.08.002 ISSN
22148604.

[54] I. Yadroitsev, I. Smurov, Surface morphology in selective lasermelting ofmetal pow-
ders, Phys. Procedia 12 (2011) 264–270, https://doi.org/10.1016/j.phpro.2011.03.
034 ISSN 18753892.

[55] N. Karwa, C. Stanley, H. Intwala, G. Rosengarten, Development of a low thermal re-
sistance water jet cooled heat sink for thermoelectric refrigerators, Appl. Therm.
Eng. 111 (2017) 1596–1602, https://doi.org/10.1016/j.applthermaleng.2016.06.118
ISSN 13594311.

https://doi.org/10.1016/j.matdes.2016.02.127
https://doi.org/10.1016/j.matdes.2013.10.027
https://doi.org/10.1016/j.matdes.2019.108076
https://doi.org/10.1016/j.matdes.2018.06.010
https://doi.org/10.1016/j.msea.2011.06.045
https://doi.org/10.1016/j.msea.2011.06.045
https://doi.org/10.1016/j.addma.2014.12.008
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0095
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0095
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0095
https://doi.org/10.2351/1.4885235
https://doi.org/10.2351/1.4885235
https://doi.org/10.1016/j.msea.2019.138356
https://doi.org/10.1016/j.matdes.2019.108054
https://doi.org/10.1016/j.pmatsci.2019.100590
https://doi.org/10.1016/j.matdes.2016.10.037
https://doi.org/10.1016/j.matdes.2016.10.037
https://doi.org/10.1016/j.jmatprotec.2014.06.005
https://doi.org/10.1007/s00170-011-3566-1
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1016/j.actamat.2016.02.014
https://doi.org/10.1007/978-3-642-19565-5
https://doi.org/10.1126/science.284.5420.1677
https://doi.org/10.1016/j.jbiomech.2014.06.037
https://doi.org/10.1016/j.jbiomech.2014.06.037
https://doi.org/10.1017/CBO9780511814921
https://doi.org/10.1017/CBO9780511814921
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0160
https://doi.org/10.1088/0022-3727/44/44/445401
https://doi.org/10.1088/0022-3727/44/44/445401
https://doi.org/10.1088/0022-3727/40/18/037
https://doi.org/10.1088/0022-3727/40/18/037
https://doi.org/10.1063/1.4976006
https://doi.org/10.1063/1.4976006
https://doi.org/10.1016/j.jmatprotec.2018.02.034
https://doi.org/10.1016/j.jmatprotec.2018.02.034
https://doi.org/10.1016/j.jmapro.2018.10.028
https://doi.org/10.1016/j.jmapro.2018.10.028
https://doi.org/10.1016/j.msec.2013.08.006
https://doi.org/10.1016/j.actbio.2016.10.005
https://doi.org/10.1007/s11663-014-0086-z
https://doi.org/10.1007/s11663-014-0086-z
https://doi.org/10.1108/RPJ-10-2012-0096
https://doi.org/10.1108/RPJ-10-2012-0096
https://doi.org/10.1016/j.addma.2018.08.006
https://doi.org/10.1016/j.addma.2018.08.006
https://doi.org/10.1016/j.addma.2017.02.003
https://doi.org/10.1016/j.addma.2017.02.003
https://doi.org/10.1103/PhysRev.4.345
https://doi.org/10.1016/j.phpro.2010.08.065
https://doi.org/10.1016/j.phpro.2010.08.065
https://doi.org/10.1016/j.phpro.2011.03.035
https://doi.org/10.1117/12.2042170
https://doi.org/10.1117/12.2042170
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0240
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0240
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0240
http://refhub.elsevier.com/S0264-1275(20)30486-X/rf0240
https://doi.org/10.1007/s00339-017-1194-9
https://doi.org/10.1007/s00339-017-1194-9
https://doi.org/10.1038/s41467-019-10009-2
https://doi.org/10.1038/s41467-019-10009-2
https://doi.org/10.1016/j.actamat.2016.02.025
https://doi.org/10.1016/j.addma.2018.12.003
https://doi.org/10.1016/j.addma.2014.08.002
https://doi.org/10.1016/j.phpro.2011.03.034
https://doi.org/10.1016/j.phpro.2011.03.034
https://doi.org/10.1016/j.applthermaleng.2016.06.118

	Dimensionless process development for lattice structure design in laser powder bed fusion
	1. Introduction
	2. Dimensional analysis
	3. Materials and methods
	3.1. Machine and material
	3.2. Specimen fabrication
	3.3. Method of measurement

	4. Results and discussion
	4.1. Dimensional scaling law
	4.2. Dimensionless scaling law for single track exposure
	4.3. Dimensionless scaling law for contour exposure
	4.4. Exemplary application: heat exchanger design

	5. Conclusion
	Declaration of Competing Interest
	Appendix A. Specimen width measurement
	A.1. Algorithm based data processing
	A.2. Top view of selected specimens

	Appendix B. Process windows
	B.1. Aluminum alloy AlSi10Mg
	B.2. Stainless steel alloy 1.4404
	B.3. Nickel alloy 2.4856
	B.4. Scalmalloy AlMgSc

	section22




