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Abstract. Laser powder bed fusion (LPBF), a prominent metal-based additive manufacturing
(AM) technique, enables the production of complex, neat-net-shape components with minimal
material waste and reduced lead times. However, achieving high final product quality is chal-
lenging due to numerous process variables and intricate, nonlinear interactions introduced by
LPBF’s thermal-mechanical mechanisms. This study employs a copula-based analysis using
multi-physics numerical simulations to probabilistically map relationships among process and
part quality variables. Dependence and tail-dependence analyses are performed to provide
deeper insights into variable interactions, enabling the identification of preferred operational
windows with a balanced trade-off between product quality and productivity. The developed
methodology advances the understanding of uncertainty propagation in LPBF, contributing to-
ward improved process optimization, repeatability, and reliability.
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1 INTRODUCTION

Additive manufacturing (AM) is a manufacturing technique that builds 3D components by
progressively depositing and fusing materials together in a layer-by-layer patternalong a pre-
define path. In recent years, a type of metal-based AM technique named laser powder bed
tusion (LPBF), also known as selective laser melting, has become increasingly popular and
broadly applied in various fields such as the aerospace industry, automotive industry, and
medicine. This is mainly attributed to its ability to manufacture neat-net-shape components
with highly complicated geometry, minimal material waste, and reduced lead time, in com-
parison to conventional subtractive manufacturing techniques such as machining and tooling
l6].

In any manufacturing process, the primary goal is to produce high-quality components with
accurate geometry and reliable mechanical properties. However, in spite of its merits, guaran-
teeing the repeatability of the LPBF process with satisfie fina part quality has been a recurrent
research topic. On the one hand, the more sophisticated and dynamic nature of the LPBF pro-
cess, compared to conventional techniques, introduces additional process variables as sources
of uncertainty making it more challenging to accurately measure and quantify these uncertain-
ties. Furthermore, a complicated multi-physics mechanism is involved in the LPBF process,
showing a high-dimensionalnon-linearrelationship between process and part quality variables.
Based on these factors, the propagation of uncertainties in process variables and their effect on
the variability of part quality variables are highly unpredictable without a systematic analysis
method.

In order to address this problem, uncertainty quantificatio (UQ) techniques have been ap-
plied to gain a better understandingof the relationship between process and part quality vari-
ables. This is particularly significan in terms of enhancing reliability, guiding robust design
decisions, and reducing risk in production. Importantefforts have been done in previous works,
most of them focus on the (global) sensitivity analysis method either using experimental data
or simulation data to directly quantify the variability in part quality variables by varying one
or more process variables [17, [13} [18} [19]. In References [16} [12} 21} 2], Bayesian estima-
tion and calibration methods are used to predict the part quality variables in consideration of
the associated uncertainties. Some other methods, such as Bayesian networks [9] and genetic
programming [8], have been used to perform the UQ analysis. However, most of the existing
methods rely on the assumption of simple correlation structures, largely overlooking the pos-
sibility of more complex dependencies between variables. Many of these approaches focus on
only a small subset of variables, limiting their capacity to capture the full complexity in the
multi-parameter LPBF process.

To address these limitations, an analysis method based on copulas is proposed in this work
to establish a deeper understandingof the probabilistic relationship among both process vari-
ables and part quality variables. Specificall , the strength and structure of the dependencies
of the variables are researched in the UQ analysis to identify the key process variables. The
tail dependence is evaluated to investigate the possibility of the co-occurrence of extreme val-
ues. Based on these analyses, a preferred operational window is suggested to achieve a balance
within the trade-off between the fina productquality and productivity.

The paper structureis organized as follows: In Section [2} the mechanismof the LPBF process
and the relevant process and part quality variables are introduced. In Section [3| the construction
of the multi-physics numerical simulation model for the LPBF process and the copula-based
analysis are presented. In Section [4} a case study of the Inconel 625 superalloy is introduced,

165



Yunfan Zhang, Maria Nogal, Iuri B. C. M. Rocha, Oswaldo Morales Napoles

including the variability for the Monte Carlo (MC) sampling and the configuration for the
simulation. In Section [5] the dependence analysis is performed to investigate both the effect
of process variables on part quality and the interdependence among the part quality variables
themselves.

2 LASER POWDER BED FUSION PROCESS

LPBF is a common type of metal-based AM technique, which manufactures 3D metallic
components from material in powder form. In this process, thin layers of metallic powder are
deposited on a build platform and selectively fused together by a high-powered laser to build
components in a layer-by-layer pattern. This system is mainly composed of three parts: (i)
the powder feed system responsible for powder deposition, (ii) the build chamber containing
a build platform, powder bed, and inert gas environment, and (iii) the energy delivery system
of a laser source. As shown by the process fl wchart in Figure [I} the LPBF process starts
with a sliced 3D digital model in computer-aided design (CAD). After an optional preheating
operation of the build platform, the powder feed system works to evenly deposit a new layer of
metallic powder at the top surface of the build platform using a recoater blade. The laser source
is navigated through optical control units to scan across the deposed powder layer, melting
and fusing the powder together along a pre-define path of the digital model. Then, the build
piston is lowered down, and the operations above are repeated until the last slice of the layer is
successfully printed. At the end, the printed componentis cooled down and undergoes optional
post-processing procedures to improve mechanical properties or surface quality.

3D-CAD
model in slices
Build platform preheating
(optional)

v

Deposition of a new
powder layer

v

Laser melting
and fusion

v

Build piston descent

Print the last layer?

Yes

A

Component cooling-down

v

Post-processing
(optional)

Figure 1: Flowchart of the LPBF process for the manufacturing of a metal component.
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The major advantage offered by LPBF is its ability to manufacture near-net-shape compo-
nents with highly complicated geometry, minimal material waste, and reducedlead times, which
is a nearly impossible task for conventional subtractive manufacturing processes. However, the
physical process involved in LPBF brings in more complexities. This is mainly reflecte in two
aspects: (i) The usage of a high-powered laser source and metallic powder feedstock introduces
additional process variables as sources of uncertainty making the accurate quantificatio of
laser and material properties a challenging task. In particular, the powder feedstock is usually
more sensitive to the processing environment change due to its loosely distributed state com-
pared to bulk material. Therefore, the variability as well as the change of material properties
need to be taken into account before and during the processing cycle. (ii) The LPBF process
entails a highly intensive multi-physics mechanism that exhibits a non-linear relationship of
high dimensionality between process and part quality variables. This makes a precise predic-
tion of the part quality quite difficul while propagating uncertaintysources throughthe process
model. Therefore, the combined effect of both factors can lead to a fina productthat does not
reach the expected high quality in manufactured components. In order to achieve a stable and
reliable LPBF process, a good understandingof the relationship between process variables and
part quality variables needs to be established.

There are a large number of process variables that significantl influenc the part quality in
the LPBF process due to the coexistence of multiple physical models [10]. This work focuses on
three types of process variables: variables related to the process itself, the thermal-dependent
material properties, and the mechanical material properties. Specificall , these variables are
laser power, scan speed, absorptivity, powder density, specifi heat capacity, thermal expan-
sion, Young’s modulus, and yield stress. The choice of the variables related to the process and
thermal properties is primarily based on the existing literature in which dependence has been
reported between the melting process and the melt pool evolution [4, 13} [16, [17]. In addition,
the mechanical properties are also investigated in this work, as they are playing a crucial role
in the formation of distortion and residual strain and stress during the cooling down process.
Despite their importance, the effects of thermal expansion, Young’s modulus, and yield stress
on part quality and the mechanical performance of the fina productare largely overlooked in
the literature.

After propagating through the non-linear multi-physics model of the LPBF process, the pro-
cess variables of interest have either a direct or indirecteffect on the part quality of manufactured
components. To assess the influenc of the uncertaintyin the process variables, a set represen-
tative part quality variables is selected. It consists of the melt pool characteristics during the
LPBF process, namely length, height, width, and maximum temperatureof the melt pool. These
four variables are considered because the melt pool status is one of the most importantfactors
that determines the solidificatio process, the formation of defects, and consequently, the part
quality of manufactured components. For instance, the melt pool with an increased temperature
has a weaker surface tension and a smaller dynamic viscosity. This will lead to a recoil effect
due to the strong oscillation in melt pool fl w and consequently cause the formation of unde-
sirable defects, such as balling, irregularity, distortion, and spatter behind the melt pool track
[15]. In addition, other part quality variables that are directly related to the geometric accuracy
of manufactured components are also included. The variables are the maximum displacement
and maximum residual strain of the solidifie material, which are expected to be kept as small
as possible. The residual strain here is the L2-normalized equivalent residual strain, which is
simply named residual strain in this work for simplicity.
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3 METHODOLOGY

To investigate the relationship between process variables and part quality variables, a nu-
merical simulation model is developed to emulate the multi-physics mechanism of the LPBF
process in this work. Compared to experimental data, numerical simulation can synthesize an
unlimited amountof data without the need for expensive experimental setup and data collection.
Moreover, certain part quality variables, such as melt pool dimension and maximum tempera-
ture, pose measurementchallenges because of the transient manufacturing environmentof high
temperature. The adoption of numerical simulation enables us to concentrate on the effect of
the variability in process variables without the contaminationof other sources of uncertainty. In
Section the mechanism of the multi-physics simulation of the LPBF process is explained.

The synthetic data from the developed model is then analyzed by a copula-based method
from a probabilistic perspective. Compared to the sensitivity analysis pattern commonly ap-
plied, copulas can capture the complex and joint dependence structures among multiple vari-
ables simultaneously, rather than treating each variable’s effect in isolation. In addition, copulas
can provide more information about the shape and strength of dependence that goes beyond
simple correlation measures, offering a deeper understandingof how variables co-vary under
different conditions. The theory of the copula and its analysis are introducedin Section

3.1 Multi-physics simulation of the LPBF process

The multi-physics simulation model of the LPBF process is constructed based on the work
presented in References [20| [11], where the time-dependent thermal-mechanical problem is
solved using a one-way coupling approach. In this approach, the solution of the thermal simu-
lation model is taken as the input of the elastoplastic simulation model to solve for the mechan-
ical behavior of the material under the influenc of temperature, as illustrated in Figure [2} The
simulation assumes isotropic material behavior and perfect plasticity while neglecting factors
such as vaporization and powder geometry to focus on the primary thermal and mechanical
phenomena.

The thermal simulation shown in Figure [2] is considered a transient heat transfer problem,
where the temperaturefiel 7; at any pointin the simulation domainis continually changing at
each time step ¢ under the effect of external heat energy input. This process is modeled by the
heat conduction equation based on Fourier’s law in three dimensions

or
pCP 8t
where 7' is the temperaturedistributionas a function of space and time, p is the material density,
C, is the specifi heat capacity, and £ is the thermal conductivity of the heat flux Notably, the
material properties - density, specifi heat capacity, and thermal conductivity - are dependenton
temperatureand typically modeled by linear regression functions to approximate their values in
response to temperature.
The elastoplastic simulation shown in Figure [2| is governed by the equilibrium equation in
three dimensions, in which the divergence of the stress tensor o must be equal to zero. That is

=V (kVT), (1)

V.o=0, )

which assumes there are no body forces in the material.
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Figure 2: Multi-physics simulation model of the LPBF process using a one-way coupling approach. (078 U 045)
and (9, B U 0, B) are the set of the Dirichlet and Neumannboundaries for the thermal and elastoplastic simulation.
T;, u;, €;, and o; denotes the solution for the temperature, displacement, strain, and stress fiel at the time step
1 =1,...,n, respectively.

The constitutive model is define as J2 perfect plasticity in this case, and the resulting initial
boundary value problem (IBVP) is solved using a classic return-mappingalgorithm as follows:

. S
trial dev
O;+1 = Ui+1 - <Snorm - O-y>+ 3
Snorm
trial 3

Ao = Mr(Ae)l + 2uAe,

trial trial

where o™ is the elastic trial stress, s is the deviatoric part of "%, o, is the yield stress, € is
the strain tensor, and A and y are the Lame’s parameters. The last term (Spom — 0y) . is the
yield condition of J2 perfect plasticity, where the operator () is define as a ramp function
satisfying (x), = 3(z + |z|). Note that the Lame’s parameters are directly derived from the
Poisson’s ratio v and the Young’s modulus £.

The effect of temperatureis taken into account througha thermal strain term e, as follows:

Ae =¢€;41 — € — Em,

(4)
Eth = 04V<Tz‘+1 - Ti)]a

where ay is the thermal expansion coefficient The superscripts in Equations (3] and (4) denote
the discretized time step.

As shown in Figure |2} the Dirichlet and Neumannboundary conditions are imposed on both
temperature and elastoplastic field at the set of boundaries (0rB U 9,8) and (9,8 U 0,8),
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respectively. Specificall , the heat flu of the laser source g, is define at the top surface of
the domain and assumed to follow a Gaussian energy distribution as follows:

2nP —2d?
Qlaser = n_Q exp < 2 )7 (5)
7T7nb Tb

where 7) is the absorptivity of the material, P is the laser power, 7}, is the laser beam radius, and
d is the distance between the laser beam center and the material point. Additionally, heat flu
terms from convection and radiation are accounted for as described in References (20} [11].

3.2 Copula-based analysis

Copula is a multivariate joint distribution function with uniformly distributed marginals.
For a sequence of randomvariables X; for j = 1, ..., d with a marginal distribution function
F;(z;), copula is define by the Sklar’s theorem [14] as

C(Fi(z1), ..., Fa(zq)) = F(x1, ..., x4q), (6)

where C' is the cumulative distribution function (CDF) of the multivariate copula and F is the
joint CDF of the d-dimensional randomvariables define on the original scale. In Sklar’s theo-
rem, the randomvariables are standardized by probability integral transformusing the marginal
distribution function u; = F);(z;), and u; follows a uniform distribution in the range of [0, 1].

The associated probability density function (PDF) of the multivariate copula can be obtained
by calculating its differentiation as

flxy, ... xq)

Wi, Falwa)) = Fe v —r sy 7
where c is the copula density and f and f; are the joint and marginal PDF of the random
variables, respectively.

The major advantage offered by the copula lies in its ability to separate the dependence
between random variables in spite of the different shapes and ranges of associated marginal
distributions. Therefore, it is possible to constructa unique copula for multiple randomvariables
with arbitrary marginal distributions while keeping the dependence structure unchanged. In
this work, we primarily focus on bivariate copulas, as they provide a fundamental framework
for examining the dependence between two random variables. Numerous families of bivariate
copulas - such as Gaussian, Student’s t, and various Archimedean types - have been developed.
Interested readers are referred to [5] for a detailed overview.

To quantitatively assess the strength of dependence between two randomvariables, the rank-
based correlation coefficient Kendall’s tau 7, is commonly used, which is define as the proba-
bility of concordance minus the probability of discordance of two randomvariables X; and X5
[5]. Kendall’s tau has a range of [—1, 1], with 0 indicating complete independence, 1 for per-
fect positive correlation, and -1 for perfect negative correlation. Compared to the conventional
Pearson correlation coefficient Kendall’s tau is based on the rank and, therefore not dependent
on the actual values and ranges of randomvariables.

In addition to the rank correlation, copula can provide more information with respect to the
dependence structurethroughthe tail dependenceanalysis. The upperand lower tail dependence
coefficien of a bivariate copula is define as
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1 —2m+ C(m,m)

?

AP — lim P(X, > Fy ' (m)| X, > Fy Y (m)) = lim

m—1- m—1- 1—m
C(m,m) ®
Aover — im P(X, < Fyt(m)| X, < FyY(m)) = lim ———2,
m—0+ m—0t m

where the limiting probability of simultaneous extreme movements in the upper and lower tails
are quantified respectively [5]]. The analysis of the tail dependence s of significan importance,
particularly for the accurate assessment of extreme risks during manufacturing.

4 APPLICATION CASE

In this work, a numerical simulation focused on single-track scanning is performed to re-
search the thermo-mechanical behavior of the phase-changing material to input process vari-
ables in the LPBF process. Specificall , a nickel-based superalloy, Inconel 625, is employed
due to the extensive research [20] and industrial experience available on processing this material
using AM and LPFB techniques, making it an ideal reference material for the investigation.

An MC simulation is conducted by stochastically sampling the process variables of interest
described in Section [2]and using them as inputs to the multi-physics model described in Section
As a result, the PDFs for the part quality variables are obtained. The mean and standard
deviation values for the process variables of Inconel 625 are listed in Table [I] The selection of
the mean values is based on previous works and industrystandards [1,[19]. A standarddeviation
of £10% is assumed to facilitate the analysis of the variables, while the actual variability can be
deviated from these values in practical applications. As for the thermal-dependentcharacteris-
tics modeled by linear regression functions and the values of the constant process variables, we
simply adopted the property data from Reference [19] and assumed that the powder material of
Inconel 625 shares the same thermal-dependentproperties as the bulk material.

Process variable Units  Mean value Standard deviation
Laser power, P w 195 +10%
Scan speed, v, mm/s 800 +10%
Density, p kg/m’ 8604 +10%
Specifi heat capacity, C, J/kg-K 428 +10%
Absorptivity, n - 0.31 +10%
Thermal expansion coefficient & um/m-K 14 +£10%
Young’s modulus, &/ GPa 150 +10%
Yield stress, o, MPa 650 +10%

Table 1: Mean values and standard deviations of the studied process variables. All the variables are assumed to
follow Generalized Beta distributions.

The process variables are assumed to follow Generalized Beta distributions X; ~ GBeta(c,
3, a,b), where X; denotes the process variable of interest, o and [ are the shape parameters, and
a and b are the bounds of the supportrange. The supportrange is considered as [0.6:x;, 1.4/1x,],
which corresponds to 4 times the standard deviation from the mean. An advantage of using
the Generalized Beta distribution is that the sampled variables are strictly bounded within a
supportrange while keeping a shape resembling a Gaussian distribution, avoiding the sampling
of invalid values.
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The open-source Python library JAX-FEM [20] is used in this work to constructa numerical
simulation model for the LPBF process. The simulation object has a dimension of 3.2 x 0.8 x
0.4 mn?’ in length, width, and depth, with a mesh element size of 20 um in each direction. The
total simulation time is set to three times the laser-on duration, using a time incrementof 5 ps.
This simulation setting is determinedbased on a comparison experiment in which various com-
binations of mesh element sizes and time increments were tested. The combination offering the
optimal trade-off between computationaltime and accuracy was selected. The thermal distribu-
tion over the simulation object is computed at every time step, while the mechanical behavior
is evaluated every tenth time step in order to reduce computational overhead, as recommended
by the library developer [20]. The simulation is run 500 times on TU Delft’s supercomputes
DelftBlue [7], producinga sufficien amountof data for further analysis.

S RESULTS AND DISCUSSION

Based on the MC simulation results, the relationship between (i) each pair of process and
part quality variables and (ii) among part quality variables is investigated from a probabilistic
perspective. Specificall , a series of bivariate copula functionsis fitte for each pair of variables,
and the one with the lowest prediction error based on the Akaike information criterion (AIC) is
considered the best-fitte copula. Figure [3| shows the rank correlation matrix between the pro-
cess and part quality variables. Then, the amountand structure of the dependence between the
variables are quantifie based on the fitte copula and its rank correlation coefficient Finally,
the interaction of the variables in the tail of the fitte copula, that is, the tail dependence, is
qualitatively analyzed in terms of its physical implication in the LPBF process.

In Section a dependence analysis between the process and part quality variables is per-
formed to investigate the influenc of the process variables. In Section a dependence anal-
ysis solely between the part quality variables is presented to understandhow they are correlated
to each other and consequently influenc the fina quality of manufactured components. For the
full list of the best-fitte copulas for each pair of the variables, refer to Appendix|[A]

5.1 Dependence analysis between process and part quality variables

The discussion is structured based on the type of part quality variables involved. Namely,
(i) the effect of process variables on melt pool dimension, (ii) maximum temperature, and (iii)
maximum displacement and residual strain.

5.1.1 Effect of process variables on melt pool dimension

The stability of the melt pool is one of the most importantfactors in the LPBF process, as it
has a significan impact on the following physical processes, such as microstructureand defect
formation, which are directly related to the fina quality of manufactured components. Melt
pool dimensionis a crucial metric to determine the stability of the melt pool development. For
instance, a sudden change in the melt pool dimension may imply the occurrence of a mechan-
ical malfunction in operation devices. Moreover, a precise estimation of melt pool dimension
in advance can facilitate the optimization of process variables, such as hatch distance and layer
thickness, to avoid the occurrence of an unmelted region or porosity due to insufficient or ex-
cessive energy input.

Based on the rank correlation coefficien between each process variable and melt pool di-
mension (last three rows of the matrix shown in Figure 3, laser power and absorptivity are the
dominantfactors with the largest impact on the length, width, and depth of the melt pool. With
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Figure 3: Rank correlation matrix using Kendall’s tau between the process and part quality variables and among
part quality variables. The rank correlation between process variables to each other is set to 0, as they are sampled
from independentGBeta distributions. Most of the variables are define in Section [2]and[3]  is the magnitude of
the displacement and €., is the L2-normalized equivalent residual strain.

an increase in absorptivity and laser power, the melt pool size expands correspondingly as a re-
sult of a higher energy input. Following that, scan speed, density, and specifi heat capacity are
less influential exhibiting a negative correlation to melt pool width and depth. The rest of the
process variables (i.e., thermal expansion, Young’s modulus, and yield stress) are independent
of melt pool dimension. It is noticed that the melt pool length is largely governed by the di-
rect energy input - namely, laser power and absorptivity - while secondary factors such as scan
speed, density, and specifi heat capacity mostly influenc heat conduction in the transverse
directions (i.e., width and depth).

The best-fitte copulas for each pair of the process variables and melt pool dimensions are
represented in the last three columns of Figure[A.3]in Appendix[A] It is observed that most of the
copulas are Gaussian and elliptically symmetric, and no significan tail dependenceis observed.
This means that the relationships between the process variables and melt pool dimensions do
not exhibit pronounced extreme co-movement at the tails, indicating a consistent correlation
structure across the entire data range. The analysis of the tail dependence is of particular im-
portance, as it provides importantinformation about the relationship of associated variables in
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extreme conditions to facilitate risk assessment and management.

5.1.2 Effect of process variables on maximum temperature

Similarly, it is observed in Figure [3| that the most influentia variables on maximum temper-
ature are laser power and absorptivity, followed by density and scan speed with less impact,
and the others are considered independent. This is explained by the heat conduction mecha-
nism introduced in Section where more heat energy input, i.e., increased laser power and
absorptivity, means a higher maximum temperatureand vice versa.

In the firs row in Figure the copulas between the process variables and maximum
temperature do not show any tail dependence at both ends, meaning that uniform correlations
are maintainedacross the entire domain.

5.1.3 Effect of process variables on maximum displacement and residual strain

Rows 10 and 11 in Figure [3| show that all the process variables share a similar amount of
dependence on maximum displacement with the largest absolute difference of 0.17 between
absorptivity and specific heat capacity, whereas only four process variables show evident de-
pendence on maximum residual strain, with thermal expansion as the most dominantfactor with
a correlation up to 0.41. The process variables that show very low correlations, less than 0.1,
are considered independent. Generally speaking, the effect of the process variables on maxi-
mum displacement and residual strain demonstratesa similar trend. For instance, an increased
heat energy inputleads to an increase in both maximum displacement and residual strain. The
material that is more sensitive to thermal effects with a greater thermal expansion will accu-
mulate more displacement and residual strain. The main difference is that the residual strain is
basically only related to the uncertainties in thermal-dependentproperties, while the maximum
displacement is influence by both thermal-dependentand mechanical properties.

By analyzing the tail dependence shown by the best-fitte copulas in the second and third
columns of Figure more information can be extracted in terms of the behavior of max-
imum displacement and residual strain in extreme conditions. For instance, laser power and
absorptivity exhibit a lower tail dependence with respect to maximum displacement. This could
potentially be a beneficia property that can be leveraged on purpose to produce geometrically
precise components by reducing these process variables by a large margin. On the other hand,
the upper tail of laser power, scan speed, and absorptivity is the design space that is expected
to avoid as much as possible, as it will lead to a rapid increase in the amount of displacement.
The tail dependence of maximum residual strain has a similar but weaker pattern compared to
maximum displacement.

Based on the observations above, the synergy effect of both thermal-dependentand mechan-
ical material properties must be delicately considered and designed to control the maximum
displacement to a minimum amount. However, there is a trade-off that must be noted in the
LPBF process, i.e., the trade-off between fina product quality and productiity. Although less
heat energy inputcan produce componentswith higher accuracy and fine structure, this is usu-
ally accompanied by a narrower melt pool and a lower maximum temperature based on the
dependentrelationships discussed in Section [5.1.1|and[5.1.2] consequently leading to a drop in
process stability and productivity.

In addition, materials with a higher Young’s modulus and lower yield stress seem to be an
appealing choice as they exhibit lower maximum displacement consistently. However, because
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the simulation model does not explicitly distinguish between the elastic and plastic strain, the
extent of plastic deformation remains unclear. This is potentially detrimental, as a less resilient
material is proneto experience more plastic fl w ratherthanstaying in an elastic regime, leading
to negative impacts on the fatigue behavior of manufactured components. Therefore, further
investigation into plastic fl w and its response to process parameters is necessary.

5.2 Dependence analysis between part quality variables

Beyond the commonly studied relationship between process and part quality variables, the
copula-based analysis allows the investigation of the correlation of part quality variables to each
other This provides an in-depthinsight into the LPBF process monitoring from a part quality
perspective. In Section the dependence structure of maximum temperature on other part
quality variables is analyzed and discussed. In Section the focus is mainly on maximum
displacement and residual strain. Note that melt pool dimensions are implicitly embedded in
the discussion of other part quality variables.

5.2.1 Effect on maximum temperature

In Figure [3] it is observed that the maximum temperatureis highly dependent on melt pool
dimension (correlation coefficient ranging from 0.75 to 0.88), followed by maximum displace-
mentandresidual strainin descending order. This means thatan increase in melt pool dimension
and maximum displacement and residual strain typically accompanies an increase in maximum
temperature, potentially giving rise to unstable melt pool dynamics. In this case, the maximum
temperature serves as an effective quality indicator for monitoring melt pool stability in the
LPBF process.

By examining the tail dependence structure, we gain further insight into how to maintaina
stable operational status with stability in the melt pool dimension and maximum temperature
while identifying a preferred operational window with an adequate tradeoft between fina prod-
uct quality and productivity based on qualitative observation. In Figure |4} a strong lower tail
dependenceis observed between the maximum temperatureand other part quality variables, in-
dicating that the part quality variables jointly move toward extreme values. On the other hand,
as the part quality variables increase, the maximum temperature exhibits a wider uncertainty
range, which poses challenges for process control. Consequently, an operational window close
to the lower tail (shown in Figure [4) achieves a favorable balance between fina productquality
and productivity, providing a reasonable solution for the trade-oft problem discussed in
Within this region, the melt pool has a moderate size and is relatively easy to control, while
maximum displacement and residual strain remain low.

5.2.2 Effect on maximum displacement and residual strain

In Figure [3 it is observed that maximum displacement and residual strain share a similar
pattern of correlation to the part quality variables, with correlation values around 0.50 in the
case of maximum displacement and 0.30 in the case of maximum residual strain. The analysis
of the part quality variable relationships explains some phenomena that can not be directly
derived from their relationship to the process variables. For instance, although the specifi
heat capacity does not directly affect the maximum temperature, it influence the melt pool
dimension through the heat storage and conduction process, which in turnaffects the maximum
displacement and residual strain.
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The analysis further confirm the existence of the trade-off problem between fina product
quality and productivity discussed in Section from a part quality perspective, where a
lower degree of distortionis typically accompanied by a narrower and less dynamic melt pool,
thus requiring more layers and longer duration for manufacturing the same component. Based
on the tail dependence between the part quality variables and maximum displacement and resid-
ual strain shown in Figure it is observed that the pursuit of a very small distortion entails
a risk of experiencing a significan drop in melt pool stability. Similar to the analysis proce-
dure discussed in Section the preferred operational window is located close to the lower
tail, as shown in Figure [5} where it is possible to achieve a combination of low distortionbut a
relatively active melt pool.

6 CONCLUSIONS

In this study, a multi-physics numerical simulation model was used for the LPBF process to
enable a UQ analysis of key process variables and their effects on the fina product quality. By
applying a copula-based approach using simulation data with randomly sampled uncertainties,
the nonlinear dependent relationship and tail dependence among both process variables (e.g.,
laser power, absorptivity, and thermal expansion) and part quality variables (e.g., melt pool di-
mension, maximum temperature,and maximum displacement and residual strain) are captured.
The results revealed that variations in laser power and absorptivity have the most significan im-
pact on the melt pool dimensionand maximum temperature, while thermal expansion primarily
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drives the variability in maximumresidual strain. These finding are in line with previous works
(4, 13] and validated from a probabilistic perspective. The maximum displacement is controlled
by a synergy effect of both thermal-dependentand mechanical material properties, with each
contributing to a similar degree. This is, to our knowledge, the firs work to highlight the ef-
fect of process variables on maximum displacement. Importantly tail-dependent relationships
supportthe fact thatextreme values in maximum displacement often coincide with extreme ther-
mal or mechanical responses. Based on these analyses, a trade-off problem between the fina
product quality and productity was define in the LPBF process, and a preferred operational
window was suggested based on a qualitative observation.

By identifying the dominantprocess variables that cause significan deviation in part qual-
ity from design values, this research advances toward the optimization and control of various
parameters in LPBF to enhance repeatability and reliability. For instance, this approach has
shown the potential to defin operational windows that maximize both the fina productquality
and productiity. Further efforts are needed in reverse modeling to project these qualitatively
observed operational windows back to specifi process variables. Together with the relevant
physical and technical constraints, the process variable settings that optimize the trade-oft be-
tween the fina productquality and productiity can be determined.

This study has potential limitations, including theoretical assumptions in the numerical sim-
ulations, simplifie uncertainty ranges that may differ from realistic industrial conditions, and
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restriction to bivariate copulas. Future work will address these limitations by incorporating
experimental observations through a dependency modeling method of more complexities.
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A FITTED BIVARIATE COPULA FUNCTIONS
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