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Abstract
The variety of processable materials for the powder bed fusion of metals using a laser beam (PBF-LB/M) is still limited. 
In particular, high-strength aluminum alloys are difficult to process with PBF-LB/M without the occurrence of hot cracks. 
In situ alloying is a promising method to modify the physical properties of an alloy to reduce its hot cracking susceptibility. 
In this work, the aluminum alloy 7075 and blends with 2 wt.%, 4 wt.%, and 6 wt.% of Si were processed via PBF-LB/M. 
The Rappaz–Drezet–Gremaud (RDG) model and the Kou model were investigated regarding their capability of predicting 
the hot cracking behavior for the aluminum alloy 7075 and the three powder blends. The smoothed-particle hydrodynam-
ics (SPH) method was used to gain the thermal input data for the RDG model. A clear tendency of a reduced hot cracking 
susceptibility with an increasing amount of Si was observed in the experiments and in the simulations. A detailed analysis of 
the type of the hot cracking mechanism in the aluminum alloy 7075 provided several indications of the presence of liquation 
cracking. The Kou model and the RDG model may be applicable for both solidification and liquation cracking. The presented 
methodology can be used to investigate any material combination and its susceptibility to hot cracking.

Keywords  Additive manufacturing (AM) · Powder bed fusion · Smoothed-particle hydrodynamics (SPH) · In situ alloying · 
Simulation · Hot cracking

1 � Introduction and state of the art

The powder bed fusion of metals using a laser beam (PBF-
LB/M) has proven to be a suitable method for the manufac-
turing of structural parts with high geometric complexity 
[1]. Especially aluminum alloys (AA), with their key char-
acteristics such as a low density in combination with a high 

strength [2], are promising materials for the automotive and 
aviation sectors [3].

The choice of AA that are processible by PBF-LB/M is 
still limited due to the formation of defects during the manu-
facturing process [4]. In particular, high-strength AA, such 
as the 7XXX series, which are of great industrial relevance, 
are difficult to process with PBF-LB/M without the occur-
rence of hot cracks [5]. A few alloys specifically designed 
for the PBF-LB/M process already exist, among them Scal-
malloy or Addalloy, which are alternatives for high-strength 
7XXX AA for specific applications. However, Rometsch 
et al. [6] discussed in their study that adding nanoparticles 
to a wrought 7XXX powder may achieve significantly higher 
yield strength values compared to the mentioned alterna-
tives. The authors concluded that there is still a substantial 
need for printable high-strength AA.

A highly promising approach to influence the crack-
ing susceptibility is to blend the powder with additives. 
Montero-Sistiaga et  al. [7] increased the density of the 
AA 7075 alloy by adding Si, while Aversa et al. [8] showed 
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that introducing Ni strongly increases the hardness of an 
Al–Si–Ni alloy. Zhang et al. [9] demonstrated that the hot 
cracking susceptibility of an Al–Cu–Mg alloy can be signifi-
cantly reduced by the addition of Zr. With this method, the 
thermo-physical properties and, thus, the cracking suscep-
tibility of the solidifying melt pool can be modified by the 
addition of elements with different physical properties [10].

However, testing the effects of changes in the alloy 
composition on the hot cracking behavior consumes high 
amounts of powder and is associated with high experimental 
effort and costs. Using only experimental investigations, the 
transferability of the findings to other additives is difficult. 
To reduce the experimental effort and to achieve a physically 
based view of the hot crack formation process, a predictive 
simulation of the crack formation during the PBF-LB/M 
process is required.

In this work, the term hot crack is specified as a crack 
formed at temperatures near the completion of solidification 
[11]. In the following, hot cracking refers only to failures 
in the microdomain with liquid films present at the grain 
boundaries. Within this definition, the two relevant types 
of hot cracking are solidification cracking and liquation 
cracking.

Sun et  al. [12] investigated the high-entropy alloy 
Co–Cr–Fe–Ni regarding its hot cracking susceptibility dur-
ing PBF-LB/M via experimental and simulative approaches. 
Using atom probe tomography (APT), the authors revealed 
that no elemental segregation was present at intergranular 
cracks, which was reported by Chauvet et al. [13] as the 
cause of hot cracking. To quantify their observations, they 
used the Rappaz–Drezet–Gremaud (RDG) model. A new 
set of characteristic values for the depression pressure and 
the grain size were obtained, at which hot cracking is to be 
expected.

Dreano et al. [14] proposed a design procedure for a 
crack-free aluminum alloy for additive manufacturing rely-
ing on decreasing the brittle temperature range to mitigate 
the hot cracking. They added additional optimization cri-
teria concerning the phase fractions and the solid solution 
strengthening to preserve the mechanical strength.

Sonawane et al. [15] set up a simulation model to predict 
the hot cracking susceptibility during PBF-LB/M for the 
AA6061. The hot cracks in the alloy were characterized via 
Scanning Electron Microscopy (SEM). A dendritic surface 
was detected, which was attributed to solidification crack-
ing. Based on these findings, the RDG model was selected 
for the subsequent simulations. With this methodology, they 
determined a critical pressure drop, at which hot cracking is 
expected to occur.

Sonawane et al. [16] extended their approach by inves-
tigating the changes in the chemical composition of the 
AA6061. They varied the Si and Mg contents and studied 
the influence on the cracking behavior with their simulation 

approach. They showed that changing the Si content had no 
significant influence on solidification cracks. In contrast, the 
addition of Mg led to a reduced cracking susceptibility. The 
findings for the Si content, however, are not consistent with 
those from Montero-Sistiaga et al. [7] and Stopyra et al. [17] 
for AA 7075.

Regarding modeling of the melt pool during PBF-LB/M, 
several classical simulation approaches using Eulerian 
descriptions have been applied to PBF-LB/M in the past, 
e.g., by Sun et al. [18] and Koch et al. [19] using the volume-
of-fluid method (VOF). However, considering the complex 
physics including multiple phase interfaces, phase change 
phenomena, variable surface tension, and violent interface 
deformation and fragmentation, these methods are strongly 
limited in their applicability by the nature of the schemes.

As a remedy, particle-based Lagrangian methods have 
gained strong interest as they are naturally suited for this 
application. Russell et al. [20] and Weirather et al. [21] 
demonstrated that the Smoothed-Particle Hydrodynamics 
(SPH) method is a viable and promising numerical tool for 
simulating the PBF-LB/M process. For a long time, one of 
the main obstacles to the breakthrough of the method was 
the high computational cost. Afrasiabi et al. [22] showed 
that an SPH implementation utilizing GPUs can significantly 
decrease the computational time of powder-scale SPH simu-
lations. Another approach to perform multi-track simulations 
in a reasonable time was presented by Fürstenau et al. [23] 
and Lüthi et al. [24]. In their work, a full spatial adaptivity 
was enabled by a splitting and merging of particles, while a 
simultaneous refining and coarsening of the spatial resolu-
tion was possible for multiple times.

1.1 � Research questions

In conclusion with regard to the state of the art, only limited 
knowledge exists about the hot crack formation in general, 
and in particular for the AA 7075, during the PBF-LB/M 
process. This raises the following research questions:

•	 What are appropriate hot cracking models for predicting 
the failure behavior during PBF-LB/M, and when should 
they be applied?

•	 How precise is the prediction of the hot cracking sus-
ceptibility with thermal calibration data originating from 
physically based process models?

•	 What type of hot crack is present in the AA 7075 when 
manufactured by PBF-LB/M?

•	 What is the effect of Si addition on the hot cracking sus-
ceptibility of AA 7075?
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1.2 � Approach

In this work, the hot cracking susceptibility of the research-
relevant AA 7075 was studied for the PBF-LB/M process. Two 
appropriate hot cracking models were selected and imple-
mented in the authors’ existing SPH framework [21, 25].  To 
ensure a realistic mapping of the process, single-track simula-
tions were performed to obtain thermal data from the PBF-
LB/M process to serve as input for the hot cracking models. 
The single-track simulations of the AA 7075 were compared 
to experimental data for three different parameter settings. The 
validated simulation model was then further used to investigate 
its capability of simulating the in situ alloying and its applica-
tion to reduce the hot cracking susceptibility. The additive Si 
was selected, and three blends of the modified AA 7075 were 
then processed using PBF-LB/M. The prediction of the hot 
cracking susceptibility of the two models was then compared 
with the experimental data. Subsequently, the type of the crack 
was analyzed, and the applicability of the two hot cracking 
models was discussed.

2 � Materials and experimental methods

This section gives a detailed description of the powder blend-
ing and the experimental setup used in this work.

2.1 � Powder

According to the presented state of the art, the addition of 
Si to aluminum alloys is highly attractive for reducing hot 
cracking. The experiments in this work were conducted with 
a AA 7075 powder (Poudres Hermillon, France) and with 
blends containing the AA 7075 as the base powder and 2 wt.%, 
4 wt.%, and 6 wt.% of Si (US Research Nanomaterials, USA) 
as additive. The chemical composition of the AA 7075 is given 
in Table 1.

The Si powder had a purity of 99.995 %. Particle-size dis-
tribution (PSD) measurements were performed using a parti-
cle analyzer (Camsizer X2, Retsch, Germany), which is based 
on a dynamic image analysis, and yielded D 10 = 29.3 µm, 
D 50 = 48.7 µm, and D 90 = 97.6 µm for the base powder, and 
D 10 = 3.3 µm, D 50 = 6.1 µm, and D 90 = 9.0 µm for the Si 
additive. The mixing was performed with a roller mixer (RM 
2, Edmund Buehler, Germany). The blends with 2 wt.% and 
4 wt.% Si were mixed for 1 h, while the blend with 6 wt.% Si 
was mixed for two hours to avoid agglomerations of the Si 
particles.

When blending a base powder with additive particles, 
an even distribution of the additives must be ensured. For 
this work, this is particularly important in order not to over- 
or underestimate the hot cracking behavior of the modified 
alloy due to an accumulation of the Si additive. Figure 1 
shows an exemplary SEM image of the powder blend with 
AA 7075 and 2 wt.% of Si. The figure shows that the smaller 
Si particles were adsorbed homogeneously to the bigger 
AA 7075 particles, which indicates an overall homogene-
ous distribution.

2.2 � PBF‑LB/M setup

When using various process parameters, several powder 
mixtures, and different types of scanning strategies, the 
experimental setup must have a high degree of flexibility. 
Therefore, a novel PBF-LB/M test bench [26, 27] was uti-
lized (see Fig. 2).

The test bench consisted of a 1000 W fiber laser (YLR-
1000-WC-Y14, IPG Laser, Germany), a chiller (P300, Ter-
motek, Germany), a self-built PBF-LB/M chamber, and 
an optical setup. The optical setup included a breadboard 
(Thorlabs, USA), on which several optical instruments were 
mounted and aligned for an open beam path. The beam was 
expanded by a collimator (D50-F200, IPG Laser, Germany) 
and then guided through the scanning systems for area irra-
diation (intelliSCAN III30, Scanlab, Germany) and beam 

Table 1   Chemical composition 
of the AA 7075 used in this 
work

Element Al Fe Si Mn Zn Mg Cu Cr Ti Ni Ga V

Amount
in wt.%

89.60 0.10 0.39 <0.01 5.90 2.30 1.50 0.22 <0.01 <0.01 0.01 <0.01

Fig. 1   SEM image of the powder blend consisting of AA 7075 as the 
base powder (big grey particles) and 2 wt.% Si as the additive (small 
white particles)
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waist variation (varioSCAN de40i, Scanlab, Germany). 
The test bench enabled the fabrication of single as well as 
multiple powder layers over an area of 32 × 70 mm2 . There-
fore, the amount of powder needed for the experiments was 
comparatively small, which made the setup well-suited for 
investigating different powder mixtures.

In this work, single-track as well as multi-layer experi-
ments were conducted. Preliminary studies were performed 
using the parameter set of [17] as a starting basis to find an 
appropriate process parameter set for the AA 7075. Single 
weld lines were analyzed via optical microscopy to identify 
the set with the most consistent and reproducible solidified 
tracks. The process parameters utilized for both the experi-
ments and the simulations are listed in Table 2.

2.3 � Characterization of the samples

The equipment used for the characterization of the sin-
gle tracks and the cubes is specified in the appendix 
(Table 6). For the micrographs, the specimens were cut 
perpendicular to the scanning direction of the laser beam, 
ground, and polished with a 1 µm diamond paste. The sam-
ples were etched with an etching agent based on Kroll.

Regarding the SEM and the scanning transmission electron 
microscopy (STEM), the following parameters were applied: 
The acceleration voltage of the SEM was set to 15 kV. A probe 
current of 60 nA was chosen for the powder investigations and 
68 nA for the metallographic preparations. For the STEM, an 
acceleration voltage of 30 kV was used.

3 � Numerical modeling

This section presents two suitable hot cracking models and 
details of the numerical setup used in this work.

3.1 � Hot cracking models

The main requirements for an appropriate model that is capa-
ble of characterizing both hot cracking and in situ alloying, 
allowing a transferability of the results, can be stated as

•	 Accounting for a change in the hot cracking behavior due 
to changes in the chemical composition and

•	 To be physics based.

After evaluating various hot cracking models from the litera-
ture, the following two models were chosen for a further evalu-
ation as they fulfill the stated requirements.

RDG model. Rappaz et al. [28] proposed that hot crack-
ing is preceded by microvoid formation. The void is assumed 
to be formed due to a high strain rate generated by a ther-
mal expansion perpendicular to the dendrite axes. A pressure 
drop close to the root of the dendrites is generated due to the 
resulting deformation. The molten phase then fills the created 
spaces. Because of premature solidification, a complete com-
pensation might not be ensured, leading to micropores and, 
therefore, to hot cracking.

The RDG model reads [29]

where 𝜀̇d, max describes the maximum strain rate of the den-
drites, T the temperature with |∇T| the absolute value of the 

(1)𝜀̇d, max =
|∇T|
B(T)

(
𝜆2|∇T|Δpc
180(1 + 𝛽)𝜂

−
viso𝛽H(T)

1 + 𝛽

)
,

Optical setup

PBF-LB/M
chamber

Laser 
source

Chiller

Control
computer

Control 
monitor

0.25 m

Fig. 2   Experimental setup for the PBF-LB/M process

Table 2   PBF-LB/M parameters 
for the conducted single-track 
experiments and single-track 
simulations, as well as for the 
cubic samples in the experiment

Property Experiment Simulation Unit

Laser power 300 300 W
Scanning velocities (single tracks) 225, 500, and 800 225, 500, and 800 mm/s
Scanning velocity (cuboids) 225 – mm/s
Laser spot radius 40 40 µm
Layer height 30 30 µm
Hatch spacing (cuboids) 140 – µm
Volume (cuboids) 5 × 5 × 0.5 – mm3

Exposure patterns (cuboids) meander – –
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thermal gradient, � represents the secondary dendrite spac-
ing, and � the shrinkage factor, defined as � = �S∕�L − 1 
with �S and �L as the density of the solid and the liquid, 
respectively. � describes the dynamic viscosity and Δpc the 
critical pressure drop, at which the microvoid formation is to 
be expected. viso is the velocity of the isotherms, and TS and 
TL are the temperature at the end of the solidification and the 
liquidus temperature, respectively.

The temperature-dependent functions B(T) and H(T) are 
defined as

where fS(T) is the solid fraction. Assuming that the strain 
rate is independent of the temperature in the given tempera-
ture interval [29–31], a closed-form solution for the criti-
cal strain rate 𝜀̇d,max can be obtained. The main outcome of 
the RDG model is the hot cracking susceptibility HCSRDG , 
which Rappaz et al. [28] defined as

Kou model. Kou [32] developed a criterion for the hot crack 
formation, which was concretized and applied to various 
materials [33]. Within this cracking model, the separation of 
grains from each other is caused by tensile deformation, the 
growth in the lateral direction towards each other is caused 
by solidification processes, and the feeding between the 
grains by liquid is caused by shrinkage.

The criterion characterizing the susceptibility to the crack 
formation was introduced as the maximum steepness of the 
curve in a T- f 1∕2

S
-diagram up to a certain threshold. The Kou 

criterion for the hot cracking susceptibility HCSKou reads

Blending the powder with additives alters the solidification 
path and, therefore, leads to a variation in the hot crack-
ing susceptibility. In this work, this correlation was used 
for a relative comparison of the hot cracking susceptibility 
between the different powder blends.

Considering the equations and statements above, the main 
input parameter for both models (RDG and Kou) is the solid 
fraction in the mushy zone as a function of the temperature. 
The solidification paths of the AA 7075 and the powder 
blends containing different amounts of Si were determined 

(2)B(T) = �
TL

TS

∫ TL
TS

fS(T)dTfS(T)
2

(1 − fS(T))
3

dT and,

(3)H(T) = ∫
TL

TS

fS(T)
2

(1 − fS(T))
2
dT ,

(4)HCSRDG ∼
1

𝜀̇d, max

.

(5)HCSKou ∼ max

(|||||
dT

df
1∕2
s

|||||

)
.

by the software Thermo-Calc (Thermo-Calc Software, Swe-
den). To determine the necessary values for the tempera-
ture gradients, the SPH method was applied. In contrast to 
analytical modeling of the process zone, the SPH method 
includes various physical phenomena of the melting process 
that took place prior to the solidification, which significantly 
impacts the temperature gradient.

3.2 � Numerical setup

In this work, the Lagrangian advanced manufacturing simu-
lator (LAMAS) of the Chair of Aerodynamics and Fluid 
Mechanics was used to perform single-track simulations of 
the PBF-LB/M process to generate single track temperature 
data to serve as an input for the RDG model. The numerical 
model was based on the weakly compressible multi-phase 
formulation from Hu and Adams [34], enhanced by the 
transport-velocity formulation of Adami et al. [35]. Evapo-
ration effects on the melt dynamics were incorporated by the 
recoil pressure model [21]. In the energy balance, the con-
duction, the convective cooling, the evaporative cooling, and 
the phase change including latent heat were considered [21, 
36, 37].The laser model of Weirather et al. [21] was used, 
where energy deposition is applied at the material surface 
only. Boundary conditions were set via dummy particles fol-
lowing Adami et al. [38]. The powder particle distribution 
was generated by the drop-and-roll algorithm from Zhou 
et al. [39]. With regard to the experimental validation, a 
similar PSD with powder particle sizes between 10 µm and 
30 µm was used. This powder layer was applied atop an 
AA 7075 base plate both in the experiment and in the simu-
lation. The code built on OpenFPM, a scalable and open 
C++ framework for parallel particles and mesh simulations 
on both CPU and GPU architectures [40]. The parameters 
of the SPH simulations are listed in Table 3. The given set 
of equations are advanced in time using an explicit velocity 
Verlet time integration scheme [41]. The maximum time 
step size of 12.05 ns was determined by the most restric-
tive stability condition among viscosity, surface tension, 
recoil pressure, thermal conduction, and CFL number (Cou-
rant–Friedrichs–Lewy number) [42–45]. Each simulation 

Table 3   Parameters of the SPH simulations

Property Value Unit

Domain size 860 × 600 × 260 µm3

Particle spacing 4 µm
Number of particles 2,096,250 –
Kernel type Quintic spline –
Reference length 24 µm
Reference velocity 5 m/s
Time step 12.05 ns
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was conducted on 112 CPU cores with nominal frequencies 
of 2.6 GHz. The computational time for simulating a physi-
cal time of 625 µs was 4,144 CPU hours.

3.3 � Material parameters

To predict the cracking susceptibility of the AA 7075 by 
means of the two hot cracking models, the corresponding 
material parameters were taken from the literature and are 
listed in the appendix (Tables 5, 8). Parameters that could 
not be extracted directly from literature were approximated 
with weighted values according to the percentage of the 
chemical elements in the AA 7075 [21]. This procedure 
was used for the boiling temperature, the molar heat of 
evaporation, the specific heat of evaporation, and the molar 
mass. For the powder blends, the parameters were weighted 
according to the amount of the Si additive.

The absorptivity a was calculated using the equation from 
Bramson [46] as a function of the electrical resistivity �el of 
the material and the wavelength � of the laser:

The electrical resistivity of the AA 7075 was determined 
by weighting, using its elemental values from Valencia and 
Quested [47]:

The absorptivities for the solid and liquid phases aS and aL , 
respectively, with a laser wavelength of 1064 nm, can then 
be determined as

As the applied laser model disregards multi-reflections in the 
melt pool vapor capillary, an effective absorptivity was used 
in the simulations. A calibration with the experimental melt 
pool dimensions yielded a scaling coefficient of 1.56, which 
was applied to the physical absorptivity values (see Tables 5, 
8 in the appendix). The value for the boiling enthalpy was 
determined through linear extrapolation of the enthalpy val-
ues from Mills [48]. The experiments were conducted using 
Argon as process gas. The parameters used for Argon are 
listed in Table 7 in the Appendix.

The solid fraction as a function of the temperature for 
the AA 7075 was determined by the software Thermo-
Calc (version 2022a, TCAL2 database), which utilizes the 
CALPHAD method [49]. The conditions of Scheil [50] and 

(6)

a ≈ 0.365 ⋅
(�el
�

) 1

2

− 0.0667 ⋅
(�el
�

)
+ 0.006 ⋅

(�el
�

) 3

2

.

(7)�el,S = 11.38 μΩ ⋅ cm for the solid and

(8)�el,L = 25.33 μΩ ⋅ cm for the liquid.

(9)aS ≈ 0.11 and

(10)a
L
≈ 0.16.

Gulliver [51] were applied, which assume an infinitely fast 
diffusion in the liquid, negligible diffusion in the solid, and 
an equilibrium at the solid–liquid interface.

The selection of the solid fraction at which solidifica-
tion cracking occurs is controversially discussed in the 
literature. Some researchers showed that during cracking, 
the solid fraction is in the late stages of the solidification, 
i.e., between 0.85 and 0.95 [52, 53]. However, other works 
reported that solidification cracking occurred shortly before 
the end of the solidification, i.e., for solid fractions higher 
than 0.95 [54, 55]. As proposed by several researchers, the 
range where cracking is to be expected is the brittle tem-
perature range (BTR) [32, 56, 57]. In this work, the two 
solid fraction values of fS = 0.87 and fS = 0.94 were used 
for the BTR, similar to Bodaghi et al. [58]. By means of the 
solidification path, these values can be directly correlated 
to the coalescence temperature and coherence temperature 
[59]. The remaining parameters for the cracking model are 
provided in Table 4.

3.4 � Verification

The simulation was verified for both the discretization with 
SPH particles and the implementation of the RDG model. 
Due to its analytical nature, the Kou model was not verified. 
A convergence study of the SPH particle spacing yielded a 
sufficiently small variation in the melt pool geometry for 
a particle spacing from 4 µm to 3 µm. Therefore, an SPH 
particle spacing of 4 µm was applied in all simulations. The 
implementation of the RDG model was verified by the sim-
plified assumption of an analytical function for fS(T) . To 
consider the errors in the numerical integration, the non-
linear function fS(T) = 1 − T2 was chosen. Figure 3 depicts 
the hot cracking susceptibility of the dendrites over the norm 
of the temperature gradient. The numerical implementation 
of the RDG model and the analytical RDG model agree very 
well, indicating a correct model implementation.

4 � Results

This section is divided into three parts: first, the results of 
single-track simulations and experiments of the AA 7075 
are compared regarding the melt pool dimensions; sec-
ond, the hot cracking susceptibility of the powder blends, 

Table 4   List of model parameters [28]

Parameter Symbol Value Unit

Cavitation depression Δpc 2 ⋅ 103 Pa
Velocity of isotherms viso 1 ⋅ 10−4 m/s
Secondary arm spacing �2 100 ⋅ 10−6 m



1595Progress in Additive Manufacturing (2024) 9:1589–1603	

1 3

consisting of the AA 7075 and the Si additive, are com-
pared between the simulation and the experiment; third, 
the hot cracks are characterized experimentally to identify 
the crack formation process.

4.1 � Comparison of the melt pool dimensions

To demonstrate that the SPH simulation achieves reliable 
results when simulating the AA 7075, single-track simula-
tions were performed with three different parameter set-
tings (see Table 2). An exemplary image of a single-track 
PBF-LB/M simulation with LAMAS is depicted in Fig. 4.

A total of six single tracks were performed in the 
experiment, whereby eight micrographs were performed 
for each single track. The quantitative comparison between 
the experiment and the simulation is depicted in Fig. 5. 
The tendency of decreasing widths and depths of the melt 
pool with increasing scanning velocities is consistent with 
observations for other materials, i.e., for the Ti–6Al–4V 
alloy [60] and for the stainless steel 316 L [61]. The simu-
lation results agree well with the experimental observa-
tions, both, qualitatively and quantitatively. The stand-
ard deviations of the melt pool width and depth overlap 
with all simulation results. However, at the low scanning 
velocity of 225 mm/s, a slight underestimation of the SPH 
simulation is observed. Since the scanning velocity of 
225 mm/s is close or even within the transition region, a 
more pronounced vapor cavity and, in turn, multi-reflec-
tions occur, which are neglected by the current model. 
With increasing scanning velocities, this effect becomes 
negligible, since less energy is introduced per surface 
area. The better matching of the data points for increasing 

scanning velocities between simulation and experiment in 
Figure 5 supports this assumption.

4.2 � Comparison of the hot cracking susceptibility

To alter the hot cracking susceptibility, the AA 7075 pow-
der was blended with 2 wt.%, 4 wt.%, and 6 wt.% Si. In this 
subsection, the experimental and the numerical results for 
the hot cracking susceptibilities of these blends are presented 
and discussed.

Experimental results. Cuboids of 5 × 5 × 0.5 mm3 were 
manufactured for each powder blend (the detailed param-
eters are listed in Table 2). Figure 6 shows micrographs of 
the pure AA 7075 and Si-containing samples. A qualitative 
examination of the results shows that the sample with the 

Fig. 3   Verification of the RDG model; the non-linear analytical func-
tion f

S
(T) = 1 − T

2 was chosen for the verification of the RDG model

Fig. 4   Exemplary single-track PBF-LB/M simulation of the AA 7075 
by means of SPH; the postprocessing was performed with Paraview 
(Version 5.11, Sandia National Laboratories, USA)

Fig. 5   Comparison of the melt pool width and depth between the 
simulation and the experiment for the AA 7075 with a constant laser 
power of 300 W and a scanning velocity of 225 mm/s; the error bars 
indicate the standard deviations
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pure AA 7075 exhibits a high quantity of hot cracks, while 
the samples with increasing Si content show a decreasing 
number of this type of defect. This observation is consistent 
with Otani and Sasaki [62]; however, the authors observed 
crack-free samples only at 5 wt.% Si and above. In addition 
to the cubic samples, single tracks of the AA 7075 were 
examined regarding the location of the hot cracks. It was 
observed that hot cracks tend to form in the center of a single 
track. Figure 7 shows an exemplary cross-sectional micro-
graph of a single track with a hot crack in the center.

Numerical results. The determination of the hot cracking 
susceptibility via the RDG model consisted of three steps: 
first, the SPH simulation was used to simulate the melt pool 
during a single track for the different powder blends; second, 
the temperature gradients occurring in the mushy zone were 
determined; third, the temperature gradients were used as 
input for the RDG model to determine the local hot cracking 
susceptibility for every SPH discretization particle.

Figure 8 shows the results for the pure AA 7075 and 
the different powder blends. Here, all SPH particles with a 
hot cracking susceptibility greater than zero are taken into 
account at the time t = 2.2 ms with a melt pool being in a 

steady state. The mean hot cracking susceptibility decreases 
for increasing amounts of Si.

In addition to determine the hot cracking susceptibility of 
the entire melt pool, the locality of a possible hot cracking 
occurrence was also identified. Figure 9 depicts a snapshot 
from the SPH simulation at t = 2.2 ms. The snapshot shows 
high hot cracking susceptibilities in the center of the tail 
and decreasing values towards the outside. The high hot 

Fig. 6   Cross sections show-
ing the cracking susceptibility 
with increasing Si contents; 
while the AA 7075 sample in 
(a) with 0 wt.% Si exhibits a 
high number of hot cracks, the 
samples depicted in (b–d) show 
a decreasing trend of cracks

Fig. 7   Exemplary cross section of a single track; the borders of the 
solidified melt pool as well as a hot crack in the center of the track are 
clearly visible
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cracking susceptibilities in the top right (partially melted 
powder particle) are attributed to SPH particles that are in 
the heating phase; however, the RDG model is only valid in 
the cooling phase.

For the Kou model, the hot cracking susceptibilities were 
calculated according to Eq. 5 for the pure AA 7075 and for 
the powder blends. Similar to Kou [33], the maximum steep-
ness of the curve in the T- f 1∕2

S
-diagram was evaluated until 

f
1∕2

S
= 0.97 . Figure 10 shows a decrease in the hot cracking 

susceptibility of ≈65 % when adding 2 wt.% Si. The addi-
tion of 4 wt.% and 6 wt.% Si changes the HCS only slightly 
compared to the 2 wt.% Si.

Discussion. Due to the good agreement with the exper-
imental observations, it can be stated that both models 

are capable of predicting the decrease in the hot cracking 
susceptibility with increasing amounts of Si. As opposed 
to the simple hot cracking index from Kou [32], the hot 
cracking index proposed by Rappaz et al. [28] additionally 
provides information about the location of the hot crack. 
The comparison with the experimental results shows good 
agreement for the cracking localization. The significantly 
increased implementation and computation effort of the 
RDG model compared to the simple Kou model can be jus-
tified if detailed information about the crack initiation pro-
cess within the weld bead is of interest. The RDG model 
may also be utilized to increase the process understanding 
of the intrinsic cracking phenomena. If only the process-
ability of an alloy with a changing chemical composition 
needs to be investigated, the Kou model provides satisfac-
tory results.

The observation of the decrease in the HCS for increas-
ing Si contents can be explained by a binary Al–Si phase 
diagram, shown in Fig. 11. There, a tie line is drawn hori-
zontally from liquid to solid at a specific temperature for 
an exemplary composition. The mass fraction of point B 
at the solidus is given by wt.S and at the liquidus by wt.L . 
According to the lever rule [63], the amount of liquid 
increases with increasing Si content at a given tempera-
ture, which favors inter-dendritic feeding resulting in a 
reduced HCS.

To determine if parts have or do not have hot cracks 
for a specific amount of additive, the hot cracking 

Fig. 8   Box plot of the hot cracking susceptibility predicted by the 
RDG model at t = 2.2  ms; the error bars indicate the interquartile 
range (IQR)

Fig. 9   Exemplary cross section of a single-track SPH simulation of 
the AA 7075 during the PBF-LB/M process; high cracking values are 
visible in the middle of the melt pool tail; the postprocessing was per-
formed with Paraview (Version 5.11, Sandia National Laboratories, 
USA)

Fig. 10   Hot cracking susceptibility predicted by the Kou model until 
f
1∕2
s

= 0.97
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susceptibilities of both models need to be calibrated to 
obtain absolute values. One way would be to quantify the 
number of hot cracks in micrographs for several powder 
blends. In the case of this work, from 4 wt.% Si upwards 
the samples can be considered as free of hot cracks. The 
corresponding hot cracking susceptibility could then be 
calibrated for this amount of Si. However, the amount 
of added Si may differ for a crack-free sample [62] and 
should therefore be determined specifically for each pow-
der blend and experimental setup. Moreover, the size and 
the geometry of the printed part may influence the amount 
of additives since both variables affect the temperature 
gradient, the melt pool dimensions, and the mushy zone. 
If, for example, the geometry of a part leads to a heat 
accumulation below the melt pool, the liquid in the melt 
pool may persist for a longer period of time and thus favors 
inter-dendritic feeding.

4.3 � Experimental characterization of the hot cracks

To study the type of the cracking mechanism in the 
AA 7075, detailed investigations of the cracks by various 
microscopic approaches were conducted and their results 
are presented in the following.

A significantly reduced number of cracks were detected 
on the upper part of the additively manufactured samples, 

corresponding to the area penetrated by the last laser hatch-
ing (see Fig. 6 a)). This is an indicator that the type of crack 
present is liquation cracking, as it is known to form in the 
partially melted zone and the heat-affected zone [11].

Further investigations of the hot cracks by SEM revealed 
that the cracks formed along the grain boundaries (see 
Fig. 12). While this is a characteristic of both solidifica-
tion and liquation cracking, no liquid back-filling effects at 
the crack tips were detected. This observation supports the 
previous statement about the presence of liquation cracking.

The hot cracks were also examined by STEM (see 
Fig. 13). The image shows another indication that liquid had 

Fig. 11   Binary Al–Si phase diagram adapted from Massalski and 
Okamoto [64]; the dashed orange line represents the tie line for the 
lever rule; at a given point B, the mass fraction of the liquid is given 
by wt.

L
 and the of the solid by wt.

S

Fig. 12   SEM picture of the AA  7075 sample; the hot cracks (black 
elongated areas) tend to form along the grain boundaries (thin grey 
lines)

Fig. 13   STEM image of a crack of the AA  7075 sample; in close 
proximity to the curved crack flanks, segregations can be identified 
(highlighted with dashed orange lines); EDX analysis showed an 
increased amount of Cu, Mg, Zn, and Si within these segregations
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to be present immediately before the crack formed, as the 
contour of the crack flanks is curved. In the center of Fig. 13 
and in close proximity to the crack flanks, segregations 
could be identified. Energy-dispersive X-ray (EDX) analy-
sis showed that these spots exhibited an increased amount 
of Cu, Mg, Zn, and Si, which are the main alloying elements 
of the AA 7075. Considering the fact that Mg and Zn have 
a lower melting point than Al [47], the hot crack formation 
may be attributable to the penetration or segregation mecha-
nism. According to Lippold [11], the penetration mechanism 
is characterized by three events. First, a local liquation in 
the microstructure occurs. Outside the grain boundaries, a 
particle undergoes constitutional liquation due to a reduced 
melting temperature compared to the surrounding matrix. 
Second, a thermally driven grain growth and, therefore, a 
grain boundary movement takes place. Third, the liquid must 
be able to wet the boundaries surrounding the grains. Con-
sidering the segregation mechanism, the grain boundaries 
are enriched with elements reducing the melting tempera-
ture. An increase in the concentration of these elements is 
realized due to diffusion or segregation at the boundaries 
at elevated temperatures. Both mechanisms seem to be 
appropriate means to describe the crack formation due to an 
agglomeration of Mg and Zn within the AA 7075 during the 
PBF-LB/M process. Especially the latter element, which is 
one of the key components of the aluminum alloy to increase 
the strength of the material, seems to be the main source of 
the liquation crack formation due to its significantly lower 
melting point compared to the surrounding aluminum.

As a conclusion regarding the type of hot crack in the 
AA 7075, it can be stated that the various microscopic 
observations described above indicate the presence of liqua-
tion cracking. To the best of the authors’ knowledge, the type 
of crack in the AA 7075 has been attributed to hot cracking 
in general without further differentiation [5, 7] or to solidi-
fication cracking [17].

Despite the presence of liquation cracks within the PBF-
LB/M processed AA 7075, both models, Kou and RDG, 
predict the correct material behavior. This might be an indi-
cation that the models are capable of predicting both solidi-
fication and liquation cracking.

5 � Conclusions and outlook

In this work, the hot cracking of the research-relevant 
AA  7075 was studied for the PBF-LB/M process. The 
additive Si was selected, and three blends of the modified 

AA 7075 were processed using PBF-LB/M. Two models, 
namely RDG and Kou, were tested for their prediction capa-
bilities of the hot cracking susceptibility of the AA 7075. An 
SPH simulation model was used to predict the temperature 
gradients in the mushy zone of the melt pool, which served 
as an input to the RDG model. The melt pool dimensions of 
the AA 7075 and the prediction of the hot cracking suscepti-
bility were compared with experimental data. Subsequently, 
the type of crack was analyzed, and the applicability of the 
hot cracking models was discussed. The main findings are:

•	 When adding ≥4 wt.% of Si to the AA 7075, crack-free 
samples could be produced.

•	 The approach of combining the SPH simulation with the 
RDG model was successful, as the prediction of the hot 
cracking susceptibility and the location of high cracking 
values agreed very well with the experimental results.

•	 If only the processability of an alloy with a changing 
chemical composition needs to be investigated, the Kou 
model provides satisfactory results with less computa-
tional effort.

•	 A detailed analysis of the type of hot cracking mecha-
nism provided several indications of the presence of 
liquation cracking.

•	 The Kou model and the RDG model may be applicable 
for both solidification and liquation cracking.

The presented methodology can be used to investigate any 
material combination and its susceptibility to hot cracking. 
Note that the RDG model is only capable of predicting the 
onset of a crack. The model does not consider the inherent 
heat treatment due to a repetitive melting of powder layers 
during the PBF-LB/M process. This characteristic has an 
influence on the crack length and, therefore, on the crack 
propagation mechanism, but also on potential crack healing 
effects. By using a multi-scale approach to simulate several 
layers, the effects of emerging hot cracks could be analyzed 
at the part scale.

Appendix A

See Tables 5, 6, 7 and 8.



1600	 Progress in Additive Manufacturing (2024) 9:1589–1603

1 3

Table 5   Material properties of 
the AA 7075

Symbol Property Value Unit References

�S Density (solid) 2800 kg/m3 [47, 65, 66]
�L Density (liquid) 2500 kg/m3 [47]
TS Solidus temperature 753.15 K [65]
TL Liquidus temperature 901.0 K [47]
TB Boiling temperature 2626.82 K [67]
kS Thermal conductivity (solid) 160 W/(m⋅K) [65, 66]
kL Thermal conductivity (liquid) 85 W/(m⋅K) [47]
HL Enthalpy of fusion 358 ⋅ 103 J/kg [47]
HB Boiling enthalpy 2946.39 ⋅ 103 J/kg [48]
cp,S Specific heat capacity (solid) 860 J/(kg⋅K) [47, 65, 66]
cp,L Specific heat capacity (liquid) 1130 J/(kg⋅K) [47]
� Dynamic viscosity 1.2 ⋅ 10−3 Pa⋅s [47]
� Surface tension coefficient 0.914 N/m [47]
Hspec Specific heat of evaporation 9808.12 ⋅ 103 J/kg [67]
Hmolar Molar heat of evaporation 271.644 ⋅ 103 J/mol [67]
M Molar mass 29.85 ⋅ 10−3 kg/mol [68]
aS Absorptivity (solid) 0.11 – [46, 47]
aL Absorptivity (liquid) 0.16 – [46, 47]

Table 6   Microscopes used in 
this work

Type Manufacturer Model

Stereo Microscope (SM) Nikon, Japan SMZ1500
Incident Light Microscope (ILM) Nikon, Japan MM40
Scanning Electron Microscope (SEM) JEOL, Japan JSM-IT200 InTouchScope
Scanning Transmission Electron Microscope 

(STEM)
Thermo Fisher Scientific, 

USA
Helios Nanolab 600

Table 7   Material properties 
for Argon at a temperature of 
300 K and an ambient pressure 
of 100 kPa [69]

Property Value Unit Reference

Density 1.603 kg/m3 [69]
Viscosity 2.28⋅10−5 N⋅s/m2 [69]
Thermal conductivity 0.01785 W/(m⋅K) [69]
Specific heat capacity 520 J/(kg⋅K) [69]
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