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This paper introduces a theoretical framework for the analysis and optimization of melting processes that
use focused moving heat sources. Specifically, we consider the Rosenthal solution for a moving point heat
source in steady state on a semi-infinite solid. Firstly, we analyze the feasibility of the thermal problem
while constraining the melt pool size and aspect ratio. We then express the maximum allowable velocity
and the corresponding power as explicit functions of the constraints and material properties. Finally, we
examine a wide range of melting processes within a dimensionless framework derived from the above
solution. The paper concludes with an application example concerning lack of fusion porosity in powder
bed fusion additive manufacturing, which shows the reliability of analytical estimates despite the com-
plexity of the underlying physics. This makes it possible to outline a direct procedure for optimizing the
main process parameters given a few basic requirements. Ultimately, the proposed methods are not
intended to replace other modeling and experimental approaches, but rather to complement their capa-
bilities and encourage more efficient use of available resources. In addition, reframing seemingly different
problems within a common perspective can improve understanding, reveal new levels of similarity, and
sometimes even allow for global solutions.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Given their industrial relevance, welding and Additive Manu-
facturing (AM) have been the subject of extensive research. How-
ever, the question arises as to whether the overwhelming
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Nomenclature

� Constrained quantity
� Dimensionless quantity
� Approximate equality
r Vector differential operator
jj � jj Euclidean norm
Ar Melt pool aspect ratio
d Distance between adjacent scan lines
L Melt pool length
‘ Characteristic length
P Power
Popt Optimal power
R Melt pool half-width
r Distance from the heat source
Re End curvature radius of the melt isotherm
Ry Rykalin number
s Nominal layer thickness
Sg Tile gap cross-sectional area
T Temperature

T0 Initial or preheating temperature
Tm Melting point
U Velocity magnitude
Uopt Optimal velocity magnitude
W0 �ð Þ Principal branch of the Lambert W function
X x-coordinate of melt pool half-width R
Xþ Maximum x-coordinate of the melt pool
X� Minimum x-coordinate of the melt pool
x; y; z Cartesian coordinates along x̂; ŷ; ẑ
a Thermal diffusivity
b Blending coefficient for R
dRe Necking of the melt isotherm
dTe End temperature perturbation
DTm Temperature difference Tm � T0
g Blending coefficient for Ar

h Scanning direction angle
k Thermal conductivity
/ Surface fraction of inter-bead gaps

ig. 1. Eulerian reference frame used to express the thermal field produced by a
oint heat source located at its origin O and moving along its x-axis with constant

velocity of magnitude U relative to the semi-infinite solid z 6 0.
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amount of publications on the topic reflects its actual complexity
or rather the lack of an overall perspective. After all, each material
and technology has indeed its own peculiarities not to be over-
looked, but assessing every case on an individual basis in a frantic
search for novelty and specific solutions can be highly inefficient.

In response, analytical models are expressions of the will to
understand, predict, and generalize experimental evidence within
the limits of reason. This implies a propensity to simplification in
apparent contrast to the continued development towards greater
accuracy driven by the increase in data volume and computational
resources. Nonetheless, the two approaches are not mutually
exclusive. Closed-form solutions provide a clear overview of the
main process parameters and outline their correlation with quality
attributes. All this helps practitioners to narrow the design space
while making it possible for researchers to minimize development
efforts by generalizing the outcome of experimental and more
elaborate modeling approaches.

The Rosenthal solution (Section 2) defines the thermal field pro-
duced by a moving point heat source in steady state on a semi-
infinite solid. Despite its singularity, constant thermophysical prop-
erties, infinite substrate, and adiabatic boundary, it has repeatedly
proven effective in modeling numerous melting processes [1–4].
Significant efforts have beenmade to improve the solution accuracy
by introducing higher-order effects without sacrificing computa-
tional efficiency. In particular, the infinite substrate, adiabatic
boundary, and axisymmetry assumptions can be worked around
by combining heat sinks and multiple heat sources devised to
model finite domains, surface heat loss, and keyhole mode melting
[5–9]. Thermal transients and material nonlinearities are typically
addressed via numerical integration or transform functions, while
nonsingular solutions require distributed heat sources with finite
heat flux densities [5,10,11]. In this case, however, we chose to pri-
oritize simplicity over accuracy and analyzed the technological
implications of the Rosenthal core solution with the aim of provid-
ing a basic theoretical framework for process engineering. It follows
that our findings are instrumental for quantitative understanding
and first-order assessments but should be subject to critical inter-
pretation in view of the general research scope.

In summary, Section 3 describes a closed-form procedure to
determine the optimal operating condition given two geometric
constraints on the melt isotherm. Section 4 examines a broad range
of welding and AM processes from a dimensionless perspective by
factoring out scale andmaterial dependencies. Lastly, Section 5 pre-
2

sents a practical application of the above solution for estimating lack
of fusion porosity in powder bed fusion additive manufacturing.

2. Rosenthal solution

In the Eulerian reference frame of Fig. 1, the steady state ther-
mal field produced by a point heat source moving on the surface
of a semi-infinite solid has the following expression:

T ¼ T0 þ P
2prk

exp � U
2a

r þ xð Þ
� �

ð1Þ

where:

� T0 is the initial temperature, which remains unchanged at an
infinite distance from the heat source

� P is the thermal power transferred to the solid
� U is the velocity magnitude of the heat source relative to the
solid
F
p
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� r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
is the distance from the heat source

� k is the thermal conductivity
� a is the thermal diffusivity.

It should be noted that, given its axisymmetry about the axis of
motion, Eq. (1) can represent the steady state thermal field pro-
duced by a point heat source moving on the apex of an infinite
wedge of angle u 2 ð0;2p�, provided that P is multiplied by p

u [2].

Thus, the analysis and results presented in this section are applica-
ble with minor adjustments to any thermal problem derived from
or related to the above scenario.

The melt isotherm (Fig. 2), i.e., the isotherm of temperature
T ¼ Tm > T0, can be expressed as follows:

‘

r
exp � r þ x

‘

� �
¼ 1

Ry
ð2Þ

where ‘ is the characteristic length:

‘ ¼ 2a
U

ð3Þ

and Ry is the Rykalin number [1,2]:

Ry ¼ PU
4pka Tm � T0ð Þ ð4Þ

Of the two independent degrees of freedom, ‘ scales the melt iso-
therm, whereas Ry also affects its shape. However, neither is typi-
cally of practical use since the requirements and specifications for
manufacturing processes involving localized melting are often
expressed in terms of the size (e.g., width and penetration) and
quality (e.g., limited distortions, inclusions, and porosity) of the
melted zone. Conversely, the maximum half-width of the melt iso-
therm R and its aspect ratio Ar are two geometric quantities that are
more meaningful in practice, as the former defines the transverse
size of the melted zone, while the latter is inversely correlated with
the weld quality (Section 3).

The thermal field defined by Eq. (1) is axisymmetric about the x-
axis; hence, R represents both the half-width and penetration of
the melted zone. It solves simultaneously Eq. (2) with

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ R2

p
, where X is the x-coordinate of maximum width for

the melt isotherm, and the derived constraint:
Fig. 2. Schematic representation of the melt isotherm T ¼ Tm produced by a
moving point heat source in steady state on a semi-infinite solid, where L and R are
its maximum length and half-width, respectively.

3

@

@x
‘ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ R2
p exp �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ R2

p
þ x

‘

 !" #�����
x¼X

¼ 0 ð5Þ

Although the system is not explicitly solvable for R and X, Wang
et al. [1,2] retrieved the following approximated expressions:

R � ‘ Ry 1þ 2
e Ry

� 	b=2
" #1=b

with b ¼ �1:7312 ð6Þ

X � �‘ Ry2 1þ e Ryð Þ0:999
h i�1=0:999

ð7Þ

whose relative errors compared to the exact solutions are less than
0:7236% and 1:9051% for any value of Ry and tend to zero for either
Ry ! 0 or Ry ! 1.

The aspect ratio Ar is defined as the maximum length of the
melt isotherm L divided by its maximum width 2R. In particular,
L is the difference between the two roots of Eq. (2) with r ¼ jxj:
L ¼ Xþ � X� ð8Þ
where Xþ is related to Ry through the principal branch W0 of the
Lambert W function:

Xþ ¼ ‘

2
W0 2 Ryð Þ ð9Þ

while:

X� ¼ �‘ Ry ð10Þ
It follows that:

Ar ¼ L
2R

¼ ‘

2R
1
2
W0 2 Ryð Þ þ Ry

� �
ð11Þ

but given that R cannot be formulated explicitly, Wang et al. [2]
retrieved an approximated expression also for Ar:

Ar � 1þ e Ry
8

� 	g=2
" #1=g

with g ¼ 1:904 ð12Þ

whose relative deviation from the exact solution is less than 1:994%
for any value of Ry and again tends to zero for either Ry ! 0 or
Ry ! 1.

3. Power-velocity optimization

We can now consider the problem of identifying the optimal
operating condition for a generic melting process compliant with
the Rosenthal solution. Our goal is to maximize the heat source
velocity (and thus productivity) while satisfying the following
constraints:

� the half-width or penetration of the melted zone must be
greater than or equal to R:
‘ R
y 1þ 2
e Ry

� 	b=2
" #1=b

P R ð13Þ
� the melt pool aspect ratio must be lower than or equal to Ar:
1þ e Ry
8

� 	g=2
" #1=g

6 Ar ð14Þ

While R is generally known a priori as a direct or indirect pro-
cess requirement, identifying Ar is often nontrivial and requires a
trade-off between quality and productivity. After all, Ar is a prop-
erty of the thermal field closely related to the melt pool and solid-
ification dynamics, which in turn affect the resulting
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microstructure, porosity, and residual stresses. In the absence of
stricter case-specific constraints, the Rayleigh-Plateau instability
[12] limits Ar whenever bead uniformity is required. In fact, surface
perturbations grow as the melt pool aspect ratio increases, eventu-
ally causing periodic beadlike protuberances known as BCM1

humps [13]. This limits the productivity of highly automated manu-
facturing processes involving material melting via focused moving
heat sources (including low-current GMAW2, energy beam welding,
and several AM technologies). Furthermore, surface perturbations
negatively affect the bead quality, thus remaining a serious concern
in semi-automatic and manual processes as well.

Another issue indirectly related to the aspect ratio is hot crack-
ing, i.e., the genesis of shrinkage defects during the solidification of
the weld bead. This can happen when local temperature variations
cause the necking of the melt pool in its trailing portion. If such
necking fragments the melt pool, the material solidifies in isolated
hot spots with no liquid available to compensate for its shrinkage.
This phenomenon is known to cause local concentrations of low-
melting-point compounds (often containing impurities), which
reduce the intergranular cohesion and may initiate cracking. The
ensuing hot cracks are mostly longitudinal and grow under the
tensile stresses arising throughout the cooling phase.

We can model the above phenomenon at the first order by con-
sidering a positive temperature drop dTe occurring near the end of
the melt pool. Such perturbation would cause a local necking dRe of
approximately:

dRe � dTe

krTjT¼Tmk
ð15Þ

where krTjT¼Tmk is the norm of the thermal gradient at solidifica-
tion. As easily verifiable by deriving Eq. (1), the gradient norm at
the end of the melt pool has the following expression:

krT �‘ Ry;0;0ð Þk ¼ DTm

‘ Ry
ð16Þ

where DTm ¼ Tm � T0 will be used hereinafter to improve readabil-
ity. If we approximate by default the tail gradient norm with its end
value, Eq. (15) becomes:

dRe � ‘ Ry dTe

DTm
ð17Þ

In addition, the trailing portion of the melt isotherm is locally
approximated by a hemispherical surface of radius equal to the
end curvature radius Re:

Re ¼ ‘ Ry
1þ Ry

ð18Þ

obtainable from two derivations of Eq. (2). To prevent the local frag-
mentation of the melt pool, we must then simply impose dRe < Re,
which by combining Eqs. (17,18) results in the following condition:

Ry <
DTm

dTe
� 1 ð19Þ

Knowing the expected (process- and material-dependent) tempera-
ture drop dTe, Eq. (12) allows to transfer the above constraint from
Ry to Ar and thus identify the corresponding Ar. Condition (19) sug-
gests that, given a fixed T0, the higher the melting point and process
stability, the lower the susceptibility to hot cracking. Preheating
(i.e., increasing T0) reduces DTm along with the thermal gradients
and residual stresses [14], but it has an opposite effect on the risk
of hot cracking.
1 Beaded Cylinder Morphology.
2 Gas Metal Arc Welding.
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Additional technological constraints may introduce lower and
upper bounds on the control variables [15], and either direct or
indirect requirements on the transverse aspect ratio3 of the melt
pool may limit the energy density. Although these constraints were
either not deemed applicable under the assumptions made or con-
sidered too case-specific to be generalized in accordance with the
scope of our research, we provide some indications on how to
include them later in this section.

Before solving the optimization problem, we define the dimen-
sionless velocity:

eU ¼ R
‘
¼ UR

2a
ð20Þ

and the dimensionless power:

eP ¼ RyeU ¼ P
2pkRDTm

ð21Þ

to remove the problem’s dependence on the selected R. We then
reformulate the inequality constraints (13,14) by replacing the con-
trol variables with their dimensionless counterparts:

eP 1þ 2

eeP eU
� 	b=2

" #1=b
P 1 ð22Þ

1þ eeP eU
8

 !g=2
24 351=g

6 Ar ð23Þ

and combine them by making eU explicit:

eU 6 2

eeP min eP�b � 1
� ��2=b

;4 Agr � 1
� �2=g� �

ð24Þ

The resulting inequality defines the unbounded and non-convex
feasible region exemplified in Fig. 3.

Considering the first quadrant of the eUeP-plane, which is the
only physically meaningful region, the monotonically increasing
bound (22) intersects the monotonically decreasing hyperbolic
bound (23) at a single point of coordinates:

eUopt � 8
e

Agr � 1
� �2=g

1þ 2�b Agr � 1
� ��b=g

� �1=b
ð25Þ

ePopt � 1þ 2�b Agr � 1
� ��b=g

� ��1=b

ð26Þ

where eUopt is the maximum dimensionless velocity achievable for

the given Ar. This implies that the above intersection point, whose
dimensional coordinates are obtainable by inverting Eqs. (20,21):

Uopt � 2a
R
eUopt ð27Þ

Popt � 2pkRDTm
eP opt ð28Þ

constitutes the optimal operating condition for maximizing produc-
tivity while satisfying the specified constraints. As it is located at a
vertex of the feasible region, the calculated condition is unreliable
since even slight variations of power (or an increase in velocity)
would produce a constraint violation. Thus, the selected velocity
should be lower than Uopt by a factor of safety, which depends on
the expected accuracy and a case-specific trade-off between quality
and productivity.

As represented in Fig. 4, both eUopt and ePopt increase with Ar, and
the feasible region widens, thus allowing higher velocities pro-
vided that the heat source power is increased to prevent constraint
(22) from being violated. At some point, however, additional issues
3 I.e., the ratio between the depth and width of the melted zone.



Fig. 3. Exemplified representation of the feasible region F and optimal operating
condition. The contour map shows the hyperbolic isolines of aspect ratio.

ig. 4. Dimensionless power and velocity corresponding to the optimal operating
ondition varying the maximum allowable aspect ratio.
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may render the optimal operating condition less cost-effective
than other suboptimal solutions. For example, box-type, linear,
and nonlinear technological constraints on U and P may restrict
the feasible region making Uopt; Popt


 �
infeasible in practice [16].

Another issue may arise at low Ar, as when the optimal operating

condition gets closer to 0;1ð Þ on the eUeP-plane, the energy density
increases, and the evaporation recoil pressure reshapes the melt
pool into a keyhole. In fact, since the energy density is always
directly proportional to P and inversely proportional to U regard-
less of the specific formulation, its value approaches infinity as
the velocity gets arbitrarily close to zero with finite power. If
U; Pð Þ are the only variables, and the energy density is considered
the discriminating factor between conduction and keyhole mode
melting, the transition region between those regimes should be

representable as an angle on the eUeP-plane (as the lines passing
through the origin of that plane have constant energy densities
proportional to their gradients). In that case, the lower side of such
angle constitutes the theoretical limit of applicability of the Rosen-
thal solution (1), which is not suitable for modeling the keyhole
formation without combining multiple heat sources4. It follows
that the feasible region (24) is unbounded simply because the con-
sidered mathematical model is not affected by a generalized con-
straint on the transverse aspect ratio of the melt pool, which
instead is always present in practice.

Ultimately, it is not completely fair to consider the thermal
problem independent of the length scale, as many phenomena,
including the melt pool stability, microstructure evolution, and
surface heat transfer effectiveness relative to conduction, are noto-
riously scale-dependent. However, additional or scale-dependent
inequality constraints may affect the shape and size of the feasible
region (possibly precluding the use of dimensionless variables) but
not the overall problem structure. Therefore, the optimization
problem remains inherently two-dimensional (unless any inequal-
ity constraint is maintained active, making it an equality con-
straint), and any scalar reduction ends up providing only a
section view of the whole picture, which instead can be fully exam-
ined using two independent variables.
4 To break the axisymmetry of the thermal field about the axis of motion [8,9].
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F
c

4. Exploratory data analysis

We examined a broad spectrum of manufacturing processes
under the unified theoretical framework defined in Section 3.
Specifically, our exploratory data analysis covered Arc and Beam5

Welding (AW and BW, respectively) on various materials, joint types,
and bead sizes ranging from 0:5 to over 10 mm. As for AM technolo-
gies, we considered6 Laser Metal Deposition (LMD) and Selective
Laser Melting (SLM) but not Electron Beam Melting (EBM) due to
the lack of information about the process parameters. Despite being
limited by the assumptions of the Rosenthal solution, the proposed
approach could still serve as a baseline for assessing several applica-
tions that would technically fall out of its scope without proper
adjustments, including keyhole mode welds and additively manufac-
tured parts of feature size comparable to the process resolution.

Fig. 5 shows the dimensionless operating conditions selected
from reviewing the publications in Table 1. Each nominal operating
condition is marked with a symbol and a color corresponding to
the process type and processed material, respectively. The error
bars represent the estimated power losses due to the process-
and material-dependent energy absorptivity (or efficiency), which
is rarely known in practice. In fact, P is defined as the thermal
power transferred to the solid, and its difference compared to the
nominal power constitutes the main uncertainty in locating each

operating condition on the eUeP-plane. However, a simple yet effec-
tive way of reducing this uncertainty would be to measure R exper-
imentally and then estimate P by inverting Eqs. (4,6).

The hyperbolic isolines of Ar (Fig. 3) become linear in logarith-
mic scale, and, apart from some outliers, the operating conditions
appear evenly distributed above constraint (22) within the range
1:1 6 Ar 6 7. A closer look reveals that AW rarely exceeds Ar ¼ 2,
whereas BW and LMD are generally limited to Ar 6 3 (with some
rare exceptions still lower than Ar ¼ 4). On the other hand, the
range above Ar ¼ 3 is dominated by the SLM process, whose oper-
ating conditions extend even beyond Ar ¼ 7. This is likely due to
the higher priority given to productivity over quality in AM com-
pared to welding. In fact, a typical SLM process can comprise mil-
lions of scan lines, and the quality of a single weld bead has little to
5 Including both Laser and Electron Beam Welding, commonly abbreviated as LBW
and EBW, respectively.

6 By limiting the research to the last five years of published literature in an attempt
to provide an up-to-date overview of metal AM technologies.



Fig. 5. Dimensionless nominal operating conditions retrieved from the reviewed literature (Table 1). The error bars represent the estimated power losses, i.e., the power
fractions not contributing to the heating process. The solid line R ¼ R is the feasibility boundary defined by the dimensionless constraint (22), while the contour map shows
the isolines of aspect ratio.

Table 1
Summary of the reviewed literature. Manufacturing processes are classified into four categories: Arc Welding (AW), Beam Welding (BW), Laser Metal Deposition (LMD), and
Selective Laser Melting (SLM); materials are classified based on the main alloy elements into six macro-categories and, where appropriate, additional sub-categories.

Material Process

Category Properties AW BW LMD SLM

Structural steel [17–24] [17,18,20,23,25–32] [32–36]
Stainless steel [28,37–42] [18,43–45] [41,46] [47–57] [58–75]
Tool steel [76,77] [78] [61,79–86]
Maraging steel [87] [61,88–95]

Al2xxx [96] [96–102] [103] [104,105]
Al4xxx [106] [107,108] [109–123]
Al5xxx [124–126] [125] [127,128] [129,130] [131–137]
Al6xxx [138] [139,140] [141–146] [113]
Al7xxx [147] [148,149] [150] [151–153]

Ti alloys [154,155] [156,157] [155,158–163] [164–182] [183–200]

Ni alloys [201–204] [205,206] [207,208] [209–216] [172,217–241]

Cu alloys [242–244] [245] [245–248] [249–251] [94,252–270]

Co-Cr alloys [271,272] [273–275] [276] [214,277–281] [226,282–288]
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Table 2
Thermophysical properties of Inconel 718 alloy [291].

Property Value

Thermal conductivity 25 W m�1 K�1

Thermal diffusivity 5 � 10�6 m2 s�1

Melting point 1538 K
Energy absorptivity7 0:7

7 Estimated by measuring the bead size.

ig. 7. Tested nominal operating conditions. The contour map shows the theoretical
olines of R (dashed for R ¼ R) based on Eq. (6) and the input data listed in Tables
,3.
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no effect on the quality of the entire manufactured part, provided
that porosity is kept within the prescribed tolerance. Conversely,
bead quality standards are generally higher in welding at the
expense of productivity. Moreover, a higher degree of automation
and control often corresponds to a higher allowable Ar, which in
turn must be exploited to recover the additional costs associated
with the potential increase in productivity.

The above considerations apply when comparing different pro-
cess types for the same material. However, focusing on each type
separately and comparing the operating conditions for different
materials leads to further interesting observations. In particular,
the behavior of Cu- and Al-based alloys can be clearly distin-
guished from that of other materials, which, despite their different
thermophysical and mechanical properties, have similar distribu-

tions on the eUeP-plane.
Copper alloys typically have lower absorptivities and higher

thermal conductivities than the other materials considered here.
Therefore, as we can infer from Eqs. (26,28), they require signifi-
cantly higher nominal powers for the same R and Ar, which makes
them more likely to saturate the available power sources. In addi-
tion, Cu alloys are less commonly used (and thus less developed)
than most others, and together these factors lead to the lower
aspect ratios currently achievable with the same process types.

On the other hand, aluminium alloys are among the most
widely used, despite also having the absorptivity and thermal con-
ductivity issues mentioned above. Nonetheless, even the most
productivity-oriented SLM processes rarely exceed an aspect ratio
of two with Al alloys, while they easily achieve values three times
higher with other non-copper alloys. Our guess is that hot cracking
Fig. 6. Cut surface of a specimen printed with uniform hemicylindrical beads of radius R a
thickness s is less than half of the hatch distance d. Otherwise, the gap fraction of the
respective scan line.

7

F
is
2

[105,152,289] may constitute the main hindrance due to the low
melting point. In fact, BCM humping limits the processability of
other materials at much higher aspect ratios, whereas the low
DTm (especially in case of significant preheating) combined with
the large grain size of Al alloys [153] may anticipate the onset of
hot cracking (19) at Ry � 10 (or equivalently, Ar � 2). Mitigating
this issue [104] and compensating for the evaporation of highly
volatile alloying elements (mainly Mg and Zn [122,131]) should
thus be considered essential prerequisites for increasing the pro-
ductivity and viability of AM technologies on aluminium alloys.

5. Application on lack of fusion porosity

To showcase the practical utility of the analytical approach pre-
sented in previous sections, we will now address the issue of pre-
nd a hatch angle �h of 67�. Substrate gap intersections may occur if the nominal layer
entire cut surface is the same as that of any tile d

2jcos hj � s with a top vertex on the



Fig. 8. Predicted and measured lack of fusion porosity for the nine operating
conditions represented in Fig. 7 (error bars are omitted if smaller than the
respective marker).

Table 3
Pre-set SLM process parameters for Inconel 718.

Parameter Value

Nominal layer thickness 60 lm
Hatch distance 90 lm
Hatch angle8 67�
Preheating temperature 541 K

8 Angle between the scanning directions of two consecutive layers.
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venting lack of fusion porosity in Powder Bed Fusion (PBF) additive
manufacturing. Specifically, we consider the selective laser melting
of Inconel 718 (thermophysical properties in Table 2) using a Ren-
Fig. 9. Cross-section photomicrographs of selective laser melted Inconel 718 with verti
conditions U; Pð Þ represented in Fig. 7 and the process parameters listed in Table 3. Kall
made it easier to distinguish lack of fusion from gas entrapment.

8

ishaw RenAM 500E on a commercial powder compliant with the
ASTM F3055 standard [290].

Lack of fusion porosity can be estimated as the surface fraction
of inter-bead gaps /. As exemplified in Fig. 6, if R is constant, and
the nominal layer thickness s (i.e., the distance increment between
the recoater and the base plate) is greater than half of the hatch
distance d (i.e., the distance between adjacent scan lines), hemicy-
lindrical beads cannot intersect the inter-bead gaps of underlying
layers. In this case, / is the same for any cutting plane of normal
unit vector n̂ perpendicular to the build direction, and the cut sur-
face consists of layered tiles with horizontal stretch factor

1
jcos hj ¼ jsec hj, where h is the scanning direction angle relative to

n̂. It follows that, as the tile gap cross-sectional area
Sg hð Þ ¼ jsec hjSg 0ð Þ:
cal build direction. The nine specimens were printed using the nominal operating
ing’s reagent II was used to detect bead boundaries on less porous surfaces, which
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/ ¼ 2Sg hð Þ
jsec hjds ¼

2Sg 0ð Þ
ds

ð29Þ

and the value of / for the entire cut surface can be calculated con-
sidering a single tile with h ¼ 0:

/ ¼

1� pR2
2ds if R 6 d

2

1� R1
2s � R2

ds arctan
d

2R1

� �
if d

2 < R 6 s

1� R1
2s � R2

d � R2

ds arctan d
2R1

� �
� arccot s

R2

� �h i
if s < R 6 R

0 otherwise

8>>>>>><>>>>>>:
ð30Þ

where R1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � d2

4

q
, R2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � s2

p
, and R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 þ d2

4

q
.

Fig. 8 shows the comparison between the predicted and mea-
sured lack of fusion porosity for the nine operating conditions rep-
resented in Fig. 7. Each operating condition was used to print its
corresponding specimen (Fig. 9) with the process parameters listed
in Table 3, which made the above formulation applicable since
s ¼ 60lm is greater than d

2 ¼ 45lm. Despite the simplicity of the
model, its predictions were generally accurate with minor overes-
timations of / in the range 65lm 6 R 6 70lm, which likely
resulted from the actual bead shapes not being hemicylindrical
as assumed. Most importantly, the theoretical full-density thresh-
old R P R ¼ 75lm delimited all operating conditions associated
with negligible lack of fusion porosity.

The result quality should always be assessed in relation to the
process variability. In this specific case, we limited the model
uncertainty by estimating the energy absorptivity across a wide
range of process parameters. In particular, we sampled multiple
melted zones for each operating condition, computed their average
radius via least-squares circle fitting, solved Eq. (6) for Ry, deter-
mined P from Eq. (4), and divided its value by the nominal power,
which resulted in an average absorptivity of 0:7 consistent with the
available data [292]. However, while computing the best-fit circle
radii, we observed a 14% coefficient of variation that roughly rep-
resents the maximum accuracy achievable without taking into
account the local differences between nominally identical scan
lines. This intrinsic limitation of the model, combined with the
practical inability to reproduce the actual bead shapes and powder
distribution relative to the inter-bead gaps, make predicting inci-
dental porosity features virtually impossible at present. Neverthe-
less, the agreement with experimental evidence suggests that,
presumably owing to their non-systematic nature, most of the
above errors (apart from assuming hemicylindrical bead shapes)
are only marginally reflected in the estimated /.

Based on these final considerations, we could outline the fol-
lowing procedure for setting up a generic PBF process:

1. Select s and Ar as a trade-off between resolution, quality, and
productivity

2. Compute R ¼
ffiffiffi
2

p
s considering d

2 ¼ s

3. Compute Ry by inverting Eq. (12) with Ar ¼ Ar

4. Select the maximum allowable preheating temperature to limit
residual stresses without incurring the risk of hot cracking (19),
i.e., T0 < Tm � dTe Ryþ 1ð Þ

5. Compute eUopt and ePopt from Eqs. (25,26)
6. Compute Uopt and Popt from Eqs. (27,28)
7. Determine the nominal power by dividing Popt by the expected

energy absorptivity
8. Adjust s and d at constant R according to the actual bead shape

(which is mainly dependent on the energy density), i.e., reduce
d relative to s nearing the keyhole mode and vice versa.
9

Needless to say, the selected s, Ar, and T0, as well as the resulting
operating condition, must comply with the case-specific techno-
logical constraints, and parameter fine-tuning may still require
structured experimental approaches.

6. Conclusions

We presented a closed-form procedure to determine the opti-
mal operating condition for melting processes compliant with
the Rosenthal solution. The derived framework enabled us to com-
pare welding and AM processes from a dimensionless perspective
and appreciate the remarkable similarities between the reframed
operating conditions for a wide range of materials. In addition,
the literature data analysis combined with a few theoretical con-
siderations led us to identify hot cracking as possibly the main hin-
drance to productivity for additive manufacturing of aluminium
alloys. On a more practical level, we estimated the void surface
fraction of selective laser melted Inconel 718 based solely on the
Rosenthal solution and concluded by outlining a basic procedure
for setting up PBF processes.

Our research shows that, despite being often overlooked in
favor of experimental and more elaborate modeling approaches,
analytical solutions provide a clear insight into the multidimen-
sional design space underlying most welding and AM technologies.
As such, the Rosenthal solution is inherently well suited for educa-
tional purposes, explanatory and exploratory data analyses, feasi-
bility and sensitivity analyses, and all applications where
usability and performance are to be prioritized over accuracy and
flexibility. Most notably, if calibrated through a few simple mea-
surements, it can provide guidance for experimental procedures
in process optimization and serve as internal model for industrial
control systems.

In the end, even with the limitations it entails, simplicity
remains a decisive advantage in the vast majority of practical
cases.
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[184] R. Konečná, L. Kunz, A. Bača, G. Nicoletto, Resistance of direct metal laser
sintered Ti6Al4V alloy against growth of fatigue cracks, Eng. Fract. Mech. 185
(2017) 82–91, https://doi.org/10.1016/j.engfracmech.2017.03.033.

[185] P. Edwards, M. Ramulu, Fatigue performance evaluation of selective laser
melted Ti-6Al-4V, Mater. Sci. Eng. A 598 (2014) 327–337, https://doi.org/
10.1016/j.msea.2014.01.041.

[186] M. Waddell, K. Walker, R. Bandyopadhyay, K. Kapoor, A. Mallory, X. Xiao, A.C.
Chuang, Q. Liu, N. Phan, M.D. Sangid, Small fatigue crack growth behavior of
Ti-6Al-4V produced via selective laser melting: In situ characterization of a
3D crack tip interactions with defects, Int. J. Fatigue 137 (2020) 105638,
https://doi.org/10.1016/j.ijfatigue.2020.105638.

[187] W. Xu, M. Brandt, S. Sun, J. Elambasseril, Q. Liu, K. Latham, K. Xia, M. Qian,
Additive manufacturing of strong and ductile Ti-6Al-4V by selective laser
melting via in situ martensite decomposition, Acta Mater. 85 (2015) 74–84,
https://doi.org/10.1016/j.actamat.2014.11.028.

[188] K. Chang, E. Liang, W. Huang, X. Zhang, Y. Chen, J. Dong, R. Zhang,
Microstructural feature and mechanical property in different building
directions of additive manufactured Ti6Al4V alloy, Mater. Lett. 267 (2020)
127516, https://doi.org/10.1016/j.matlet.2020.127516.

[189] W. Sun, Y. Ma, W. Huang, W. Zhang, X. Qian, Effects of build direction on
tensile and fatigue performance of selective laser melting Ti6Al4V titanium

https://doi.org/10.1007/s00170-018-1996-8
https://doi.org/10.1007/s00170-018-1996-8
https://doi.org/10.1016/j.jallcom.2016.12.371
https://doi.org/10.1016/j.optlastec.2018.07.065
https://doi.org/10.1016/j.acme.2017.12.001
https://doi.org/10.1016/j.acme.2017.12.001
https://doi.org/10.1016/j.jmapro.2019.12.056
https://doi.org/10.1007/s11771-010-0538-9
https://doi.org/10.1007/s40194-019-00831-z
https://doi.org/10.1016/j.msea.2020.139079
https://doi.org/10.1016/j.msea.2020.139079
https://doi.org/10.1016/j.powtec.2019.08.082
https://doi.org/10.1016/j.jallcom.2019.06.123
https://doi.org/10.1016/j.jallcom.2019.06.123
https://doi.org/10.1115/1.4028539
https://doi.org/10.1016/j.jmatprotec.2019.116504
https://doi.org/10.1016/j.jmatprotec.2019.116504
https://doi.org/10.1016/j.jmatprotec.2018.10.002
https://doi.org/10.1016/j.jmatprotec.2018.10.002
https://doi.org/10.1007/s40997-019-00287-y
https://doi.org/10.1007/s40997-019-00287-y
https://doi.org/10.1016/j.jmatprotec.2020.116837
https://doi.org/10.1016/j.jmatprotec.2020.116837
https://doi.org/10.1007/s11665-016-2214-1
https://doi.org/10.1007/s11665-016-2214-1
https://doi.org/10.1016/S0921-5093(99)00662-0
https://doi.org/10.1016/S0924-0136(96)02263-7
https://doi.org/10.1016/j.jmatprotec.2008.08.026
https://doi.org/10.1016/j.jmatprotec.2008.08.026
https://doi.org/10.1115/1.4025578
https://doi.org/10.1016/j.phpro.2012.10.056
https://doi.org/10.1016/j.msea.2011.06.074
https://doi.org/10.1016/j.jmatprotec.2011.01.018
https://doi.org/10.1016/j.jmapro.2016.06.020
https://doi.org/10.1016/j.addma.2014.10.003
https://doi.org/10.1016/j.addma.2014.10.003
https://doi.org/10.1016/j.msea.2016.07.038
https://doi.org/10.1002/adem.201900220
https://doi.org/10.1002/adem.201900220
https://doi.org/10.3390/ma13040962
https://doi.org/10.3390/ma13040962
https://doi.org/10.1016/j.addma.2020.101234
https://doi.org/10.1016/j.addma.2020.101234
https://doi.org/10.5281/zenodo.1331915
https://doi.org/10.5281/zenodo.1331915
https://doi.org/10.1179/1362171815Y.0000000050
https://doi.org/10.1179/1362171815Y.0000000050
https://doi.org/10.1016/j.ijfatigue.2019.105236
https://doi.org/10.1016/j.ijfatigue.2019.105236
https://doi.org/10.1016/j.bioactmat.2018.12.003
https://doi.org/10.1016/j.addma.2015.03.005
https://doi.org/10.1016/j.addma.2015.03.005
https://doi.org/10.1016/j.proeng.2015.08.007
https://doi.org/10.1016/j.msea.2015.12.026
https://doi.org/10.1016/j.addma.2016.09.002
https://doi.org/10.1016/j.addma.2016.09.002
https://doi.org/10.1016/j.jmatprotec.2018.08.041
https://doi.org/10.1016/j.jmatprotec.2018.08.041
https://doi.org/10.3390/ma11020284
https://doi.org/10.1016/j.ijfatigue.2017.03.002
https://doi.org/10.1016/j.engfracmech.2017.03.033
https://doi.org/10.1016/j.msea.2014.01.041
https://doi.org/10.1016/j.msea.2014.01.041
https://doi.org/10.1016/j.ijfatigue.2020.105638
https://doi.org/10.1016/j.actamat.2014.11.028
https://doi.org/10.1016/j.matlet.2020.127516


M. Moda, A. Chiocca, G. Macoretta et al. Materials & Design 223 (2022) 110991
alloy, Int. J. Fatigue 130 (2020) 105260, https://doi.org/10.1016/j.
ijfatigue.2019.105260.

[190] Y.N. Hu, S.C. Wu, P.J. Withers, J. Zhang, H.Y.X. Bao, Y.N. Fu, G.Z. Kang, The
effect of manufacturing defects on the fatigue life of selective laser melted Ti-
6Al-4V structures, Mater. Des. 192 (2020) 108708, https://doi.org/10.1016/
j.matdes.2020.108708.

[191] C. Chen, D. Gu, D. Dai, L. Du, R. Wang, C. Ma, M. Xia, Laser additive
manufacturing of layered TiB2/Ti6Al4V multi-material parts: Understanding
thermal behavior evolution, Opt. Laser Technol. 119 (2019) 105666, https://
doi.org/10.1016/j.optlastec.2019.105666.

[192] A.M. Khorasani, I. Gibson, M. Goldberg, G. Littlefair, Production of Ti-6Al-4V
acetabular shell using selective laser melting: Possible limitations in
fabrication, Rapid Prototyp. J. 23 (1) (2017) 110–121, https://doi.org/
10.1108/RPJ-11-2015-0159.

[193] N. Dai, L.C. Zhang, J. Zhang, Q. Chen, M. Wu, Corrosion behavior of selective
laser melted Ti-6Al-4 V alloy in NaCl solution, Corros. Sci. 102 (2016) 484–
489, https://doi.org/10.1016/j.corsci.2015.10.041.

[194] D.S. Nguyen, H.S. Park, C.M. Lee, Optimization of selective laser melting
process parameters for Ti-6Al-4V alloy manufacturing using deep learning, J.
Manuf. Process. 55 (2020) 230–235, https://doi.org/10.1016/j.
jmapro.2020.04.014.

[195] K. Refai, C. Brugger, M. Montemurro, N. Saintier, An experimental and
numerical study of the high cycle multiaxial fatigue strength of titanium
lattice structures produced by Selective Laser Melting (SLM), Int. J. Fatigue
138 (2020) 105623, https://doi.org/10.1016/j.ijfatigue.2020.105623.

[196] Q. Yan, B. Chen, N. Kang, X. Lin, S. Lv, K. Kondoh, S. Li, J.S. Li, Comparison study
on microstructure and mechanical properties of Ti-6Al-4V alloys fabricated
by powder-based selective-laser-melting and sintering methods, Mater.
Charact. 164 (2020) 110358, https://doi.org/10.1016/j.matchar.2020.110358.

[197] C. Ni, L. Zhu, Z. Zheng, J. Zhang, Y. Yang, R. Hong, Y. Bai, W.F. Lu, H. Wang,
Effects of machining surface and laser beam scanning strategy on
machinability of selective laser melted Ti6Al4V alloy in milling, Mater. Des.
194 (2020) 108880, https://doi.org/10.1016/j.matdes.2020.108880.

[198] Z. Chen, X. Yan, S. Yin, L. Liu, X. Liu, G. Zhao, W. Ma, W. Qi, Z. Ren, H. Liao, M.
Liu, D. Cai, H. Fang, Influence of the pore size and porosity of selective laser
melted Ti6Al4V ELI porous scaffold on cell proliferation, osteogenesis and
bone ingrowth, Mater. Sci. Eng. C 106 (2020) 110289, https://doi.org/
10.1016/j.msec.2019.110289.

[199] A. Arjunan, M. Demetriou, A. Baroutaji, C. Wang, Mechanical performance of
highly permeable laser melted Ti6Al4V bone scaffolds, J. Mech. Behav.
Biomed. Mater. 102 (2020) 103517, https://doi.org/10.1016/j.
jmbbm.2019.103517.

[200] X. Yan, C. Shi, T. Liu, Y. Ye, C. Chang, W. Ma, C. Deng, S. Yin, H. Liao, M. Liu,
Effect of heat treatment on the corrosion resistance behavior of selective
laser melted Ti6Al4V ELI, Surf. Coat. Technol. 396 (2020) 125955, https://doi.
org/10.1016/j.surfcoat.2020.125955.

[201] Special Metals, Inconel alloy 718 (2007).
[202] Special Metals, Inconel alloy 625 (2013).
[203] Y. Wang, J. Shi, Y. Liu, Competitive grain growth and dendrite morphology

evolution in selective laser melting of Inconel 718 superalloy, J. Cryst. Growth
521 (2019) 15–29, https://doi.org/10.1016/j.jcrysgro.2019.05.027.

[204] The International Nickel Company Inc, Alloy IN-738 Technical Data (1981).
[205] D. Dye, O. Hunziker, S.M. Roberts, R.C. Reed, Modeling of the mechanical

effects induced by the tungsten inert-gas welding of the IN718 superalloy,
Metall. Mater. Trans. A 32 (7) (2001) 1713–1725, https://doi.org/10.1007/
s11661-001-0149-z.

[206] X. Yin, G. He, W. Meng, Z. Xu, L. Hu, Q. Ma, Comparison Study of Low-Heat-
Input Wire Arc-Fabricated Nickel-Based Alloy by Cold Metal Transfer and
Plasma Arc, J. Mater. Eng. Perform. 29 (7) (2020) 4222–4232, https://doi.org/
10.1007/s11665-020-04942-3.

[207] J.M. Kalinowski, Weldability of a Nickel-Based Superalloy, Contractor Report
195376, NASA (1994).

[208] B. Choudhury, M. Chandrasekaran, Electron beam welding of aerospace alloy
(Inconel 825): A comparative study of RSM and ANN modeling to predict
weld bead area, Optik 219 (2020) 165206, https://doi.org/10.1016/j.
ijleo.2020.165206.

[209] K. Yuan, W. Guo, P. Li, J. Wang, Y. Su, X. Lin, Y. Li, Influence of process
parameters and heat treatments on the microstructures and dynamic
mechanical behaviors of Inconel 718 superalloy manufactured by laser
metal deposition, Mater. Sci. Eng. A 721 (2018) 215–225, https://doi.org/
10.1016/j.msea.2018.02.014.

[210] L.J. Kumar, C.G.K. Nair, Laser metal deposition repair applications for Inconel
718 alloy, Mater. Today: Proc. 4 (10) (2017) 11068–11077, https://doi.org/
10.1016/j.matpr.2017.08.068.

[211] M. Fujishima, Y. Oda, R. Ashida, K. Takezawa, M. Kondo, Study on factors for
pores and cladding shape in the deposition processes of Inconel 625 by the
directed energy deposition (DED) method, CIRP J. Manuf. Sci. Technol. 19
(2017) 200–204, https://doi.org/10.1016/j.cirpj.2017.04.003.

[212] A.M. Kamara, S. Marimuthu, L. Li, Finite Element Modeling of
Microstructure in Laser-Deposited Multiple Layer Inconel 718 Parts,
Mater. Manuf. Process. 29 (10) (2014) 1245–1252, https://doi.org/
10.1080/10426914.2014.930963.

[213] C. Zhong, J. Kittel, A. Gasser, J.H. Schleifenbaum, Study of nickel-based super-
alloys Inconel 718 and Inconel 625 in high-deposition-rate laser metal
deposition, Opt. Laser Technol. 109 (2019) 352–360, https://doi.org/10.1016/
j.optlastec.2018.08.003.
14
[214] H. Rao, I. Jayasekara, B. Dutta, D. Maurice, Segregation phenomena during
deposition of functionally graded zirconia-based ceramics with Stellite 21 on
a steel substrate, Surf. Coat. Technol. 383 (2020) 125270, https://doi.org/
10.1016/j.surfcoat.2019.125270.

[215] F. Liu, X. Lin, C. Huang, M. Song, G. Yang, J. Chen, W. Huang, The effect of laser
scanning path on microstructures and mechanical properties of laser solid
formed nickel-base superalloy Inconel 718, J. Alloy. Compd. 509 (13) (2011)
4505–4509, https://doi.org/10.1016/j.jallcom.2010.11.176.

[216] T.R. Walker, C.J. Bennett, T.L. Lee, A.T. Clare, A validated analytical-numerical
modelling strategy to predict residual stresses in single-track laser deposited
IN718, Int. J. Mech. Sci. 151 (2019) 609–621, https://doi.org/10.1016/j.
ijmecsci.2018.12.004.

[217] M. Moda, B.D. Monelli, M. Benassi, M. Palladino, Validation of a multi-scale
simulation strategy based on the Pointwise Strain Superposition Method, IOP
Conf. Ser.: Mater. Sci. Eng. 1038 (1) (2021) 012022, https://doi.org/10.1088/
1757-899X/1038/1/012022.

[218] C. Pei, D. Shi, H. Yuan, H. Li, Assessment of mechanical properties and fatigue
performance of a selective laser melted nickel-base superalloy Inconel 718,
Mater. Sci. Eng. A 759 (2019) 278–287, https://doi.org/10.1016/j.
msea.2019.05.007.

[219] W.M. Tucho, P. Cuvillier, A. Sjolyst-Kverneland, V. Hansen, Microstructure
and hardness studies of Inconel 718 manufactured by selective laser melting
before and after solution heat treatment, Mater. Sci. Eng. A 689 (2017) 220–
232, https://doi.org/10.1016/j.msea.2017.02.062.

[220] M. Calandri, S. Yin, B. Aldwell, F. Calignano, R. Lupoi, D. Ugues, Texture and
microstructural features at different length scales in Inconel 718 produced by
selective laser melting, Materials 12 (8) (2019) 1293, https://doi.org/
10.3390/ma12081293.

[221] R. Barros, F.J.G. Silva, R.M. Gouveia, A. Saboori, G. Marchese, S. Biamino, A.
Salmi, E. Atzeni, Laser Powder Bed Fusion of Inconel 718: Residual Stress
Analysis Before and After Heat Treatment, Metals 9 (12) (2019) 1290, https://
doi.org/10.3390/met9121290.

[222] Y. Cao, P. Bai, F. Liu, X. Hou, Y. Guo, Effect of the solution temperature on the
precipitates and grain evolution of IN718 fabricated by laser additive
manufacturing, Materials 13 (2) (2020) 340, https://doi.org/
10.3390/ma13020340.

[223] Y. Lu, S. Wu, Y. Gan, T. Huang, C. Yang, L. Junjie, J. Lin, Study on the
microstructure, mechanical property and residual stress of SLM Inconel-718
alloy manufactured by differing island scanning strategy, Opt. Laser Technol.
75 (2015) 197–206, https://doi.org/10.1016/j.optlastec.2015.07.009.

[224] A.J. Dunbar, E.R. Denlinger, J. Heigel, P. Michaleris, P. Guerrier, R. Martukanitz,
T.W. Simpson, Development of experimental method for in situ distortion
and temperature measurements during the laser powder bed fusion additive
manufacturing process, Addit. Manuf. 12 (2016) 25–30, https://doi.org/
10.1016/j.addma.2016.04.007.

[225] D.S. Watring, K.C. Carter, D. Crouse, B. Raeymaekers, A.D. Spear, Mechanisms
driving high-cycle fatigue life of as-built Inconel 718 processed by laser
powder bed fusion, Mater. Sci. Eng. A 761 (2019) 137993, https://doi.org/
10.1016/j.msea.2019.06.003.

[226] I. Yadroitsev, M. Pavlov, P. Bertrand, I. Smurov, Mechanical properties of
samples fabricated by selective laser melting, 14èmes Assises Européennes
du Prototypage & Fabrication Rapide 625 (2009) 24–25.

[227] M.A. Anam, D. Pal, B. Stucker, Modeling and Experimental validation of
Nickel-based super alloy (Inconel 625) made using Selective Laser Melting,
24th International Solid Freeform Fabrication Symposium (2013) 463–473,
https://doi.org/10.13140/2.1.4009.1201.

[228] G. Marchese, X. Garmendia Colera, F. Calignano, M. Lorusso, S. Biamino, P.
Minetola, D. Manfredi, Characterization and Comparison of Inconel 625
Processed by Selective Laser Melting and Laser Metal Deposition, Adv. Eng.
Mater. 19 (3) (2017) 1600635, https://doi.org/10.1002/adem.201600635.

[229] M. Scurria, B. Möller, R. Wagener, J. Pena, T. Bein, Effects of Surface
Preparation, Support Structures and Build Orientation on the Cyclic Stress-
Strain Behavior of Inconel 718 Produced by SLM, SAE Technical Paper (2019)
2019-01-0918, https://doi.org/10.4271/2019-01-0918.

[230] S.Y. Liu, H.Q. Li, C.X. Qin, R. Zong, X.Y. Fang, The effect of energy density on
texture and mechanical anisotropy in selective laser melted Inconel 718,
Mater. Des. 191 (2020) 108642, https://doi.org/10.1016/
j.matdes.2020.108642.

[231] T.D. McLouth, D.B. Witkin, G.E. Bean, S.D. Sitzman, P.M. Adams, J.R. Lohser, J.
M. Yang, R.J. Zaldivar, Variations in ambient and elevated temperature
mechanical behavior of IN718 manufactured by selective laser melting via
process parameter control, Mater. Sci. Eng. A 780 (2020) 139184, https://doi.
org/10.1016/j.msea.2020.139184.

[232] D.A. Lesyk, S. Martinez, B.N. Mordyuk, V.V. Dzhemelinskyi, A. Lamikiz, G.I.
Prokopenko, Post-processing of the Inconel 718 alloy parts fabricated by
selective laser melting: Effects of mechanical surface treatments on surface
topography, porosity, hardness and residual stress, Surf. Coat. Technol. 381
(2020) 125136, https://doi.org/10.1016/j.surfcoat.2019.125136.

[233] C. Chen, J. Yin, H. Zhu, X. Zeng, G. Wang, L. Ke, J. Zhu, S. Chang, The effect of
process parameters on the residual stress of selective laser melted Inconel
718 thin-walled part, Rapid Prototyp. J. 25 (8) (2019) 1359–1369, https://doi.
org/10.1108/RPJ-09-2018-0249.

[234] S. Luo, W. Huang, H. Yang, J. Yang, Z. Wang, X. Zeng, Microstructural evolution
and corrosion behaviors of Inconel 718 alloy produced by selective laser
melting following different heat treatments, Addit. Manuf. 30 (2019) 100875,
https://doi.org/10.1016/j.addma.2019.100875.

https://doi.org/10.1016/j.ijfatigue.2019.105260
https://doi.org/10.1016/j.ijfatigue.2019.105260
https://doi.org/10.1016/j.matdes.2020.108708
https://doi.org/10.1016/j.matdes.2020.108708
https://doi.org/10.1016/j.optlastec.2019.105666
https://doi.org/10.1016/j.optlastec.2019.105666
https://doi.org/10.1108/RPJ-11-2015-0159
https://doi.org/10.1108/RPJ-11-2015-0159
https://doi.org/10.1016/j.corsci.2015.10.041
https://doi.org/10.1016/j.jmapro.2020.04.014
https://doi.org/10.1016/j.jmapro.2020.04.014
https://doi.org/10.1016/j.ijfatigue.2020.105623
https://doi.org/10.1016/j.matchar.2020.110358
https://doi.org/10.1016/j.matdes.2020.108880
https://doi.org/10.1016/j.msec.2019.110289
https://doi.org/10.1016/j.msec.2019.110289
https://doi.org/10.1016/j.jmbbm.2019.103517
https://doi.org/10.1016/j.jmbbm.2019.103517
https://doi.org/10.1016/j.surfcoat.2020.125955
https://doi.org/10.1016/j.surfcoat.2020.125955
https://doi.org/10.1016/j.jcrysgro.2019.05.027
https://doi.org/10.1007/s11661-001-0149-z
https://doi.org/10.1007/s11661-001-0149-z
https://doi.org/10.1007/s11665-020-04942-3
https://doi.org/10.1007/s11665-020-04942-3
https://doi.org/10.1016/j.ijleo.2020.165206
https://doi.org/10.1016/j.ijleo.2020.165206
https://doi.org/10.1016/j.msea.2018.02.014
https://doi.org/10.1016/j.msea.2018.02.014
https://doi.org/10.1016/j.matpr.2017.08.068
https://doi.org/10.1016/j.matpr.2017.08.068
https://doi.org/10.1016/j.cirpj.2017.04.003
https://doi.org/10.1080/10426914.2014.930963
https://doi.org/10.1080/10426914.2014.930963
https://doi.org/10.1016/j.optlastec.2018.08.003
https://doi.org/10.1016/j.optlastec.2018.08.003
https://doi.org/10.1016/j.surfcoat.2019.125270
https://doi.org/10.1016/j.surfcoat.2019.125270
https://doi.org/10.1016/j.jallcom.2010.11.176
https://doi.org/10.1016/j.ijmecsci.2018.12.004
https://doi.org/10.1016/j.ijmecsci.2018.12.004
https://doi.org/10.1088/1757-899X/1038/1/012022
https://doi.org/10.1088/1757-899X/1038/1/012022
https://doi.org/10.1016/j.msea.2019.05.007
https://doi.org/10.1016/j.msea.2019.05.007
https://doi.org/10.1016/j.msea.2017.02.062
https://doi.org/10.3390/ma12081293
https://doi.org/10.3390/ma12081293
https://doi.org/10.3390/met9121290
https://doi.org/10.3390/met9121290
https://doi.org/10.3390/ma13020340
https://doi.org/10.3390/ma13020340
https://doi.org/10.1016/j.optlastec.2015.07.009
https://doi.org/10.1016/j.addma.2016.04.007
https://doi.org/10.1016/j.addma.2016.04.007
https://doi.org/10.1016/j.msea.2019.06.003
https://doi.org/10.1016/j.msea.2019.06.003
https://doi.org/10.13140/2.1.4009.1201
https://doi.org/10.1002/adem.201600635
https://doi.org/10.4271/2019-01-0918
https://doi.org/10.1016/j.matdes.2020.108642
https://doi.org/10.1016/j.matdes.2020.108642
https://doi.org/10.1016/j.msea.2020.139184
https://doi.org/10.1016/j.msea.2020.139184
https://doi.org/10.1016/j.surfcoat.2019.125136
https://doi.org/10.1108/RPJ-09-2018-0249
https://doi.org/10.1108/RPJ-09-2018-0249
https://doi.org/10.1016/j.addma.2019.100875


M. Moda, A. Chiocca, G. Macoretta et al. Materials & Design 223 (2022) 110991
[235] X.F. Ma, H.L. Zhai, L. Zuo, W.J. Zhang, S.S. Rui, Q.N. Han, J.S. Jiang, C.P. Li, G.F.
Chen, G.A. Qian, S.J. Zhao, Fatigue short crack propagation behavior of
selective laser melted Inconel 718 alloy by in-situ SEM study: Influence of
orientation and temperature, Int. J. Fatigue 139 (2020) 105739, https://doi.
org/10.1016/j.ijfatigue.2020.105739.

[236] M. Sadowski, L. Ladani, W. Brindley, J. Romano, Optimizing quality of
additively manufactured Inconel 718 using powder bed laser melting
process, Addit. Manuf. 11 (2016) 60–70, https://doi.org/10.1016/j.
addma.2016.03.006.

[237] V.A. Popovich, E.V. Borisov, A.A. Popovich, V.S. Sufiiarov, D.V. Masaylo, L.
Alzina, Functionally graded Inconel 718 processed by additive
manufacturing: Crystallographic texture, anisotropy of microstructure and
mechanical properties, Mater. Des. 114 (2017) 441–449, https://doi.org/
10.1016/j.matdes.2016.10.075.

[238] C. Guo, S. Li, S. Shi, X. Li, X. Hu, Q. Zhu, R.M. Ward, Effect of processing
parameters on surface roughness, porosity and cracking of as-built
IN738LC parts fabricated by laser powder bed fusion, J. Mater. Process.
Technol. 285 (2020) 116788, https://doi.org/10.1016/j.
jmatprotec.2020.116788.

[239] M. Balbaa, S. Mekhiel, M. Elbestawi, J. McIsaac, On selective laser melting
of Inconel 718: Densification, surface roughness, and residual stresses,
Mater. Des. 193 (2020) 108818, https://doi.org/10.1016/
j.matdes.2020.108818.

[240] B.B. Ravichander, A. Amerinatanzi, N. Shayesteh Moghaddam, Study on the
Effect of Powder-Bed Fusion Process Parameters on the Quality of as-Built
IN718 Parts Using Response Surface Methodology, Metals 10 (9) (2020) 1180,
https://doi.org/10.3390/met10091180.

[241] 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): Mechanical properties, deformation and failure modes,
Mater. Des. 157 (2018) 179–199, https://doi.org/10.1016/
j.matdes.2018.06.010.

[242] L. Alter, A. Heider, J.P. Bergmann, Investigations on copper welding using a
frequency-doubled disk laser and high welding speeds, Procedia CIRP 74
(2018) 12–16, https://doi.org/10.1016/j.procir.2018.08.003.

[243] J. Freudenberger, H. Warlimont, Copper and Copper Alloys, Springer
Handbook of Materials Data (2018) 297–305, https://doi.org/10.1007/978-
3-319-69743-7_12.

[244] Metalcor GmbH, CuCr1Zr Datasheet (2020).
[245] L.J. Zhang, Q.L. Bai, J. Ning, A. Wang, J.N. Yang, X.Q. Yin, J.X. Zhang, A

comparative study on the microstructure and properties of copper joint
between MIG welding and laser-MIG hybrid welding, Mater. Des. 110 (2016)
35–50, https://doi.org/10.1016/j.matdes.2016.07.117.

[246] L.J. Zhang, J. Ning, X.J. Zhang, G.F. Zhang, J.X. Zhang, Single pass hybrid laser-
MIG welding of 4-mm thick copper without preheating, Mater. Des. 74
(2015) 1–18, https://doi.org/10.1016/j.matdes.2015.02.027.

[247] J.N. Yang, L.J. Zhang, J. Ning, Q.L. Bai, X.Q. Yin, J.X. Zhang, Single-pass hybrid
laser-MIG welding of 8-mm-thick pure copper (T2) without preheating: weld
geometry and integrity, Int. J. Adv. Manuf. Technol. 91 (9) (2017) 3749–3773,
https://doi.org/10.1007/s00170-017-0083-x.

[248] J. Ning, L.J. Zhang, A. Wang, Q.L. Bai, J.N. Yang, J.X. Zhang, Effects of double-
pass welding and extrusion on properties of fiber laser welded 1.5-mm thick
T2 copper joints, J. Mater. Process. Technol. 237 (2016) 75–87, https://doi.
org/10.1016/j.jmatprotec.2016.06.011.

[249] J. Yang, F. Wu, B. Bai, G. Wang, L. Yang, S. Zhou, J. Lei, Effect of Cr additions on
the microstructure and corrosion resistance of Diode laser clad CuAl10
coating, Surf. Coat. Technol. 381 (2020) 125215, https://doi.org/10.1016/
j.surfcoat.2019.125215.

[250] F. Arias-González, J. del Val, R. Comesaña, J. Penide, F. Lusquiños, F. Quintero,
A. Riveiro, M. Boutinguiza, J. Pou, Laser cladding of phosphor bronze, Surf.
Coat. Technol. 313 (2017) 248–254, https://doi.org/10.1016/
j.surfcoat.2017.01.097.

[251] M. Samodurova, N. Shaburova, O. Samoilova, L. Radionova, R. Zakirov, K.
Pashkeev, V. Myasoedov, I. Erdakov, E. Trofimov, A study of characteristics of
aluminum bronze coatings applied to steel using additive technologies,
Materials 13 (2) (2020) 461, https://doi.org/10.3390/ma13020461.

[252] Z. Ma, D.Z. Zhang, F. Liu, J. Jiang, M. Zhao, T. Zhang, Lattice structures of Cu-Cr-
Zr copper alloy by selective laser melting: Microstructures, mechanical
properties and energy absorption, Mater. Des. 187 (2020) 108406, https://
doi.org/10.1016/j.matdes.2019.108406.

[253] Z. Ma, K. Zhang, Z. Ren, D.Z. Zhang, G. Tao, H. Xu, Selective laser melting of Cu-
Cr-Zr copper alloy: Parameter optimization, microstructure and mechanical
properties, J. Alloy. Compd. 828 (2020) 154350, https://doi.org/10.1016/
j.jallcom.2020.154350.

[254] G. Zhang, S. Liu, C. Chen, X. Zhang, X. Gan, Q. Lei, Z. Li, K. Zhou, Effect of heat
treatment on microstructure and mechanical properties of a selective laser
melted Cu-15Ni-8Sn alloy, Mater. Sci. Eng. A 763 (2019) 138132, https://doi.
org/10.1016/j.msea.2019.138132.

[255] Y. Chen, S. Ren, Y. Zhao, X. Qu, Microstructure and properties of CuCr alloy
manufactured by selective laser melting, J. Alloy. Compd. 786 (2019) 189–
197, https://doi.org/10.1016/j.jallcom.2019.01.179.

[256] Z. Tan, X. Zhang, Z. Zhou, Z. Zhou, Y. Yang, X. Guo, Z. Wang, X. Wu, G. Wang, D.
He, Thermal effect on the microstructure of the lattice structure Cu-10Sn
alloy fabricated through selective laser melting, J. Alloy. Compd. 787 (2019)
903–908, https://doi.org/10.1016/j.jallcom.2019.02.196.
15
[257] T.T. Ikeshoji, K. Nakamura, M. Yonehara, K. Imai, H. Kyogoku, Selective Laser
Melting of Pure Copper, JOM 70 (3) (2018) 396–400, https://doi.org/10.1007/
s11837-017-2695-x.

[258] S. Uchida, T. Kimura, T. Nakamoto, T. Ozaki, T. Miki, M. Takemura, Y. Oka, R.
Tsubota, Microstructures and electrical and mechanical properties of Cu-Cr
alloys fabricated by selective laser melting, Mater. Des. 175 (2019) 107815,
https://doi.org/10.1016/j.matdes.2019.107815.

[259] Y.K. Kim, S.H. Park, K.A. Lee, Effect of post-heat treatment on the
thermophysical and compressive mechanical properties of Cu-Ni-Sn alloy
manufactured by selective laser melting, Mater. Charact. 162 (2020) 110194,
https://doi.org/10.1016/j.matchar.2020.110194.

[260] C. Wallis, B. Buchmayr, Effect of heat treatments on microstructure and
properties of CuCrZr produced by laser-powder bed fusion, Mater. Sci. Eng. A
744 (2019) 215–223, https://doi.org/10.1016/j.msea.2018.12.017.

[261] S.D. Jadhav, S. Dadbakhsh, L. Goossens, J.P. Kruth, J. Van Humbeeck, K.
Vanmeensel, Influence of selective laser melting process parameters on
texture evolution in pure copper, J. Mater. Process. Technol. 270 (2019) 47–
58, https://doi.org/10.1016/j.jmatprotec.2019.02.022.

[262] S. Scudino, C. Unterdörfer, K.G. Prashanth, H. Attar, N. Ellendt, V.
Uhlenwinkel, J. Eckert, Additive manufacturing of Cu-10Sn bronze, Mater.
Lett. 156 (2015) 202–204, https://doi.org/10.1016/j.matlet.2015.05.076.

[263] S.D. Jadhav, S. Dadbakhsh, R. Chen, R. Shabadi, J.P. Kruth, J. Van Humbeeck, K.
Vanmeensel, Modification of Electrical and Mechanical Properties of Selective
Laser-Melted CuCr0.3 Alloy Using Carbon Nanoparticles, Adv. Eng. Mater. 22
(2) (2020) 1900946, https://doi.org/10.1002/adem.201900946.

[264] K. Jahns, R. Bappert, P. Böhlke, U. Krupp, Additive manufacturing of CuCr1Zr
by development of a gas atomization and laser powder bed fusion routine,
Int. J. Adv. Manuf. Technol. 107 (5) (2020) 2151–2161, https://doi.org/
10.1007/s00170-020-04941-7.

[265] J. Huang, X. Yan, C. Chang, Y. Xie, W. Ma, R. Huang, R. Zhao, S. Li, M. Liu, H.
Liao, Pure copper components fabricated by cold spray (CS) and selective
laser melting (SLM) technology, Surf. Coat. Technol. 395 (2020) 125936,
https://doi.org/10.1016/j.surfcoat.2020.125936.

[266] B. Buchmayr, G. Panzl, A. Walzl, C. Wallis, Laser Powder Bed Fusion –
Materials Issues and Optimized Processing Parameters for Tool steels,
AlSiMg- and CuCrZr-Alloys, Adv. Eng. Mater. 19 (4) (2017) 1600667,
https://doi.org/10.1002/adem.201600667.

[267] M. Colopi, L. Caprio, A.G. Demir, B. Previtali, Selective laser melting of pure Cu
with a 1 kW single mode fiber laser, Procedia CIRP 74 (2018) 59–63, https://
doi.org/10.1016/j.procir.2018.08.030.

[268] P. Guan, X. Chen, P. Liu, F. Sun, C. Zhu, H. Zhou, S. Fu, Z. Wu, Y. Zhu, Effect of
selective laser melting process parameters and aging heat treatment on
properties of CuCrZr alloy, Mater. Res. Express 6 (11) (2019) 1165c1, https://
doi.org/10.1088/2053-1591/ab4e2f.

[269] Z. Mao, D.Z. Zhang, J. Jiang, G. Fu, P. Zhang, Processing optimisation,
mechanical properties and microstructural evolution during selective laser
melting of Cu-15Sn high-tin bronze, Mater. Sci. Eng. A 721 (2018) 125–134,
https://doi.org/10.1016/j.msea.2018.02.051.

[270] E. Uhlmann, A.E. Tekkaya, V. Kashevko, S. Gies, R. Reimann, P. John,
Qualification of CuCr1Zr for the SLM Process, Proceedings of the 7th
International Conference on High Speed Forming (2016) 173–182,
https://doi.org/10.17877/DE290R-16984.

[271] Y. Zhao, Y. Koizumi, K. Aoyagi, D. Wei, K. Yamanaka, A. Chiba, Molten pool
behavior and effect of fluid flow on solidification conditions in selective
electron beam melting (SEBM) of a biomedical Co-Cr-Mo alloy, Addit. Manuf.
26 (2019) 202–214, https://doi.org/10.1016/j.addma.2018.12.002.

[272] D.G. Farwick, R.N. Johnson, Thermophysical properties of selected wear-
resistant alloys, Tech. Rep. HEDL-TME-79-6, Hanford Engineering
Development Lab. (1980).

[273] R. Rocha, A.L.B. Pinheiro, A.B. Villaverde, Flexural strength of pure Ti, Ni-Cr
and Co-Cr alloys submitted to Nd:YAG laser or TIG welding, Braz. Dent. J. 17
(1) (2006) 20–23, https://doi.org/10.1590/S0103-64402006000100005.

[274] A. Shahroozi, A. Afsari, B. Khakan, A.R. Khalifeh, Microstructure and
mechanical properties investigation of stellite 6 and Stellite 6/TiC coating
on ASTM A105 steel produced by TIG welding process, Surf. Coat. Technol.
350 (2018) 648–658, https://doi.org/10.1016/j.surfcoat.2018.07.044.

[275] A. Prakash, A.S. Shahi, Investigations on high temperature wear and
metallurgical characteristics of Stellite 6 GTA (Gas Tungsten Arc) weld
claddings, Mater. Res. Express 7 (2) (2020) 026509, https://doi.org/10.1088/
2053-1591/ab6e2b.

[276] G.P. Rajeev, M. Kamaraj, S.R. Bakshi, Comparison of microstructure, dilution
and wear behavior of Stellite 21 hardfacing on H13 steel using cold metal
transfer and plasma transferred arc welding processes, Surf. Coat. Technol.
375 (2019) 383–394, https://doi.org/10.1016/j.surfcoat.2019.07.019.

[277] J. Foster, C. Cullen, S. Fitzpatrick, G. Payne, L. Hall, J. Marashi, Remanufacture
of hot forging tools and dies using laser metal deposition with powder and a
hard-facing alloy Stellite 21, J. Remanufactur. 9 (3) (2019) 189–203, https://
doi.org/10.1007/s13243-018-0063-9.

[278] M. Moradi, A. Ashoori, A. Hasani, Additive manufacturing of stellite 6
superalloy by direct laser metal deposition – Part 1: Effects of laser power
and focal plane position, Opt. Laser Technol. 131 (2020) 106328, https://doi.
org/10.1016/j.optlastec.2020.106328.

[279] K.D. Traxel, A. Bandyopadhyay, First Demonstration of Additive
Manufacturing of Cutting Tools using Directed Energy Deposition System:
Stellite-Based Cutting Tools, Addit. Manuf. 25 (2019) 460–468, https://doi.
org/10.1016/j.addma.2018.11.019.

https://doi.org/10.1016/j.ijfatigue.2020.105739
https://doi.org/10.1016/j.ijfatigue.2020.105739
https://doi.org/10.1016/j.addma.2016.03.006
https://doi.org/10.1016/j.addma.2016.03.006
https://doi.org/10.1016/j.matdes.2016.10.075
https://doi.org/10.1016/j.matdes.2016.10.075
https://doi.org/10.1016/j.jmatprotec.2020.116788
https://doi.org/10.1016/j.jmatprotec.2020.116788
https://doi.org/10.1016/j.matdes.2020.108818
https://doi.org/10.1016/j.matdes.2020.108818
https://doi.org/10.3390/met10091180
https://doi.org/10.1016/j.matdes.2018.06.010
https://doi.org/10.1016/j.matdes.2018.06.010
https://doi.org/10.1016/j.procir.2018.08.003
https://doi.org/10.1007/978-3-319-69743-7_12
https://doi.org/10.1007/978-3-319-69743-7_12
https://doi.org/10.1016/j.matdes.2016.07.117
https://doi.org/10.1016/j.matdes.2015.02.027
https://doi.org/10.1007/s00170-017-0083-x
https://doi.org/10.1016/j.jmatprotec.2016.06.011
https://doi.org/10.1016/j.jmatprotec.2016.06.011
https://doi.org/10.1016/j.surfcoat.2019.125215
https://doi.org/10.1016/j.surfcoat.2019.125215
https://doi.org/10.1016/j.surfcoat.2017.01.097
https://doi.org/10.1016/j.surfcoat.2017.01.097
https://doi.org/10.3390/ma13020461
https://doi.org/10.1016/j.matdes.2019.108406
https://doi.org/10.1016/j.matdes.2019.108406
https://doi.org/10.1016/j.jallcom.2020.154350
https://doi.org/10.1016/j.jallcom.2020.154350
https://doi.org/10.1016/j.msea.2019.138132
https://doi.org/10.1016/j.msea.2019.138132
https://doi.org/10.1016/j.jallcom.2019.01.179
https://doi.org/10.1016/j.jallcom.2019.02.196
https://doi.org/10.1007/s11837-017-2695-x
https://doi.org/10.1007/s11837-017-2695-x
https://doi.org/10.1016/j.matdes.2019.107815
https://doi.org/10.1016/j.matchar.2020.110194
https://doi.org/10.1016/j.msea.2018.12.017
https://doi.org/10.1016/j.jmatprotec.2019.02.022
https://doi.org/10.1016/j.matlet.2015.05.076
https://doi.org/10.1002/adem.201900946
https://doi.org/10.1007/s00170-020-04941-7
https://doi.org/10.1007/s00170-020-04941-7
https://doi.org/10.1016/j.surfcoat.2020.125936
https://doi.org/10.1002/adem.201600667
https://doi.org/10.1016/j.procir.2018.08.030
https://doi.org/10.1016/j.procir.2018.08.030
https://doi.org/10.1088/2053-1591/ab4e2f
https://doi.org/10.1088/2053-1591/ab4e2f
https://doi.org/10.1016/j.msea.2018.02.051
https://doi.org/10.17877/DE290R-16984
https://doi.org/10.1016/j.addma.2018.12.002
https://doi.org/10.1590/S0103-64402006000100005
https://doi.org/10.1016/j.surfcoat.2018.07.044
https://doi.org/10.1088/2053-1591/ab6e2b
https://doi.org/10.1088/2053-1591/ab6e2b
https://doi.org/10.1016/j.surfcoat.2019.07.019
https://doi.org/10.1007/s13243-018-0063-9
https://doi.org/10.1007/s13243-018-0063-9
https://doi.org/10.1016/j.optlastec.2020.106328
https://doi.org/10.1016/j.optlastec.2020.106328
https://doi.org/10.1016/j.addma.2018.11.019
https://doi.org/10.1016/j.addma.2018.11.019


M. Moda, A. Chiocca, G. Macoretta et al. Materials & Design 223 (2022) 110991
[280] M. Dahmen, M. Göbel, Mechanical properties and fracture behaviour of LMD
produced 2.4682 and wrought 2.4630 dissimilar welds, Phys. Procedia 83
(2016) 426–436, https://doi.org/10.1016/j.phpro.2016.08.044.

[281] A. Sadhu, D. Patra Karmakar, O. Mypati, G. Muvvala, S.K. Pal, A.K. Nath,
Performance of additive manufactured Stellite 6 tools in friction stir
processing of CuCrZr sheet, Opt. Laser Technol. 128 (2020) 106241, https://
doi.org/10.1016/j.optlastec.2020.106241.

[282] K. Li, X. Mao, K. Khanlari, K. Song, Q. Shi, X. Liu, Effects of powder size
distribution on the microstructural and mechanical properties of a Co-Cr-W-
Si alloy fabricated by selective laser melting, J. Alloy. Compd. 825 (2020)
153973, https://doi.org/10.1016/j.jallcom.2020.153973.

[283] H. Wang, J. Xu, Z. Nie, W. Ma, Q. Zhang, L. Guo, Preparation and properties of
Co-Cr alloy denture by selective laser melting, Mater. Res. Express 6 (2)
(2019) 026552, https://doi.org/10.1088/2053-1591/aaee5d.

[284] K.S. Kim, J.W. Hwang, K.A. Lee, Effect of building direction on the mechanical
anisotropy of biocompatible Co-Cr-Mo alloy manufactured by selective laser
melting process, J. Alloy. Compd. 834 (2020) 155055, https://doi.org/10.1016/
j.jallcom.2020.155055.

[285] C. Teng, H. Gong, A. Szabo, J.J.S. Dilip, K. Ashby, S. Zhang, N. Patil, D. Pal, B.
Stucker, Simulating Melt Pool Shape and Lack of Fusion Porosity for Selective
Laser Melting of Cobalt Chromium Components, J. Manuf. Sci. Eng. 139 (1)
(2017) 011009, https://doi.org/10.1115/1.4034137.

[286] V. Finazzi, A.G. Demir, C.A. Biffi, F. Migliavacca, L. Petrini, B. Previtali, Design
and functional testing of a novel balloon-expandable cardiovascular stent in
16
CoCr alloy produced by selective laser melting, J. Manuf. Process. 55 (2020)
161–173, https://doi.org/10.1016/j.jmapro.2020.03.060.

[287] Y. Lu, C. Yang, Y. Liu, K. Yang, J. Lin, Characterization of lattice defects and
tensile deformation of biomedical Co29Cr9W3Cu alloy produced by selective
laser melting, Addit. Manuf. 30 (2019) 100908, https://doi.org/10.1016/j.
addma.2019.100908.

[288] A.G. Demir, B. Previtali, Additive manufacturing of cardiovascular CoCr stents
by selective laser melting, Mater. Des. 119 (2017) 338–350, https://doi.org/
10.1016/j.matdes.2017.01.091.

[289] T. Qi, H. Zhu, X. Zeng, J. Yin, Effect of Si content on the cracking behavior of
selective laser melted Al7050, Rapid Prototyp. J. 25 (10) (2019) 1592–1600,
https://doi.org/10.1108/RPJ-12-2018-0310.

[290] International Standards, ASTM F3055-14a(2021) Standard Specification for
Additive Manufacturing Nickel Alloy (UNS N07718) with Powder Bed Fusion,
ASTM International, West Conshohocken, US-PA, 2021.

[291] A.S. Agazhanov, D.A. Samoshkin, Y.M. Kozlovskii, Thermophysical properties
of Inconel 718 alloy, J. Phys.: Conf. Ser. 1382 (1) (2019) 012175, https://doi.
org/10.1088/1742-6596/1382/1/012175.

[292] Y.H. Zhou, Z.H. Zhang, Y.P. Wang, G. Liu, S.Y. Zhou, Y.L. Li, J. Shen, M. Yan,
Selective laser melting of typical metallic materials: An effective process
prediction model developed by energy absorption and consumption analysis,
Addit. Manuf. 25 (2019) 204–217, https://doi.org/10.1016/j.
addma.2018.10.046.

https://doi.org/10.1016/j.phpro.2016.08.044
https://doi.org/10.1016/j.optlastec.2020.106241
https://doi.org/10.1016/j.optlastec.2020.106241
https://doi.org/10.1016/j.jallcom.2020.153973
https://doi.org/10.1088/2053-1591/aaee5d
https://doi.org/10.1016/j.jallcom.2020.155055
https://doi.org/10.1016/j.jallcom.2020.155055
https://doi.org/10.1115/1.4034137
https://doi.org/10.1016/j.jmapro.2020.03.060
https://doi.org/10.1016/j.addma.2019.100908
https://doi.org/10.1016/j.addma.2019.100908
https://doi.org/10.1016/j.matdes.2017.01.091
https://doi.org/10.1016/j.matdes.2017.01.091
https://doi.org/10.1108/RPJ-12-2018-0310
https://doi.org/10.1088/1742-6596/1382/1/012175
https://doi.org/10.1088/1742-6596/1382/1/012175
https://doi.org/10.1016/j.addma.2018.10.046
https://doi.org/10.1016/j.addma.2018.10.046

	Technological implications of the Rosenthal solution for a moving point heat source in steady state on a semi-infinite solid
	1 Introduction
	2 Rosenthal solution
	3 Power-velocity optimization
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	4 Exploratory data analysis
	5 Application on lack of fusion porosity
	6 Conclusions
	Data availability
	Declaration of Competing Interest
	Acknowledgements
	References


