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Abstract. Development of the layer-wise build-up of metallic materials offered 

significant technical and economic advantages for modern structural components. 

Airliners are now losing much weight which is due to efficient designs which were 

made possible by additive manufacturing technologies. In addition to topology 

optimization, selective laser melting (SLM) induces enhanced microstructural 

features and mechanical properties. Highly dynamic melt pools result in refined 

microstructures which increase the strength of the conventionally manufactured 

titanium and aluminum alloys. At the scanning electron microscope (SEM), it was 

revealed that SLM produces a very fine cellular dendritic microstructure in aluminum 

alloys of the Al-Si system. In the recently developed Scalmalloy®, the ultra-fine 

ceramic precipitation of Al-Sc3 enables the tensile strength to reach 490 MPa and 

improves fracture strain by 100%. Along with improved microstructures due to high 

cooling rates, unstable melt pools induce spherical porosity as the release of gases 

from the powder bed is entrapped by the high solidification rate.  

 Platform heating (PH) which slows down cooling and enhances energy density 

is proved to stabilize melt pools and improve the degassing mechanism. Al-Si alloys 

are well-known cast alloys in the automotive industry; however, with the application 

of SLM technology, the tensile strength of these alloys is now 200% of the cast 

counterparts. The interest of aerospace industry in a high-strength aluminum alloy 

encouraged the development of Scalmalloy® which has a similar tensile strength to 

the wrought EN AW 7075. The latter is sensitive to hot cracking during SLM. For 

assurance of quality of additively manufactured alloys for the aerospace industry, the 

non-destructive testing (NDT) technology of X-ray computed tomography (CT) is 

applied in this study to develop finite element (FE) models which will be used in a 

statistical simulation to deduce a quality-controlled fatigue strength in high- and very 

high-cycle fatigue (HCF to VHCF) regimes. Modeling of fatigue strength will be 

based on the quasistatic and cyclic deformation behavior of SLM aluminum alloys. 
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1. Introduction 

The flexibility of powder-bed-fusion (PBF) processes, such as selective laser melting 

(SLM), earned them a great interest in industry and academia. SLM fuses microlayers of 

powder in a layer-wise fashion so arbitrary complex components can be manufactured 

without special tooling. Initial SLM of aluminum (Al) alloys proved difficult due to high 

thermal conductivity. Only when high laser power SLM systems became operational that 

processing of aluminum alloys was possible [1]. SLM of AlSi10Mg is comparable or better 

than the cast alloy in terms of mechanical properties due to significantly refined 

microstructure resulting from high cooling rates. Significant anisotropy is observed in 

properties [2]. The constituents of the microstructure are an Al matrix and eutectic lamella 

of Si along the cell boundaries. The microstructure is homogenized, and anisotropy is reduced 

after T6 heat treatment. Application of platform heating (PH) reduces fatigue resistance due 

to the coarser microstructure [3]. The steep cooling gradients cause Si particles to super-

saturate in the Al matrix which contributes to increased hardness. Due to scan tracks overlap, 

a coarser microstructure is induced due to remelting [4]. The supersaturation of the Al matrix 

by Si particles in SLM AlSi12 leads to the tensile strength which is double the cast alloy [5]. 

The remnant porosity in SLM Al structures is a detrimental factor to their mechanical 

properties. Research work has shown that scanning parameters have a significant impact on 

the porosity. Larger overlaps of scan tracks allow slower cooling rates and enhance degassing 

mechanisms [6]. Statistical methods were introduced to optimize build density of SLM 

AlSi10Mg [7]. Additionally, control of cooling rate through PH allowed reducing remnant 

porosity. On the other hand, tensile and fatigue strength are slightly reduced [8]. To 

quantitatively evaluate the effect of porosity on structural integrity, X-ray microcomputed 

tomography (µ-CT) was used to build finite element (FE) models of the internal structure of 

a fatigue specimen. In this analysis, it was deduced that the combined pore characteristics of 

size and proximity to the free surface are the influencing factors [9]. Manufacturing of high-

strength precipitation hardening Al alloy such as EN AW 7075 was not possible using the 

same standard wrought composition due to the formation of hot cracks which significantly 

reduced the structural integrity [10]. Modification of composition by addition of 4% Si 

improved melt viscosity and eliminated hot cracks as well as resulted in a reasonable 

hardness [11]. 

High-strength alloying systems of Al alloys, different from Al-Zn, were successfully 

processed by SLM. An Al-Cu-Mg alloy with a relative density > 99.8% could reach a tensile 

strength of 402 MPa [12]. Scalmalloy® which is a Sc/Zr modified Al alloy that reaches 

density > 99% possesses a fine precipitation hardening mechanism which enables to reach 

mechanical strength higher than the traditional SLM Al alloy, AlSi10Mg [13]. The 

composition allows the mush to reach very high undercooling rate before solidification  

which makes this alloy particularly suitable for SLM processing [14]. Additionally, hardness 

properties become directionally independent and tensile strength can reach up to 490 MPa 

[15]. In this study, a comparison is made between structural and cyclic deformation behavior 

of AlSi10Mg, and it's most comparable in composition Scalmalloy®. The comparative study 

is realized through application of mechanical testing in quasistatic and cyclic loading modes. 

The load increase test (LIT) is applied as an initial mean to compare the fatigue strength of 

the studied batches. Evolution of the dynamic stiffness, as well as damage accumulation, is 

monitored online during constant amplitude testing (CAT). Finite element modeling 

techniques are applied to calculate statistically reliable Woehler curves. The results are 

correlated with the process and structural features of the two alloying systems. 
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2. Materials and methods  

2.1 Experimental work 

The study consists of two batches of SLM AlSi10Mg (A, B) where details about 

manufacturing can be found in [16]. The comparison of the two batches highlights the 

influence of PH on mechanical properties which has been discussed earlier by several 

researchers [3, 8]. The two AlSi10Mg batches are compared with two batches of Scalm-

alloy® (C, D), where details about manufacturing procedure and parameters can be found in 

[15]. The investigation of these two batches highlights the process differences between SLM 

and laser metal deposition (LMD). The final objective is to compare the fatigue strength of 

AlSi10Mg and Scalmalloy® under similar loading conditions. The study also aims at the use 

of non-destructive testing techniques as well as numerical simulations to qualify additively 

manufacturing materials for reliable application in structural components.  

 A tensile test was applied for batches A-D at an Instron 3369 system with 50 kN load 

cell. The extension rate was controlled by 1 mm/min. In Fig. 1a, a comparison of the stress-

strain behavior of batches A-D can be seen. Batches A and B have a slightly higher yield 

strength (YS) than batch C. The plastic flow of batch C was disturbed by the extensive 

porosity as it will be shown by µ-CT analysis. Hence, batches A and B showed significant 

plastic hardening which resulted in ultimate tensile strength (UTS) of 426 and 452 MPa, 

respectively. Batch D showed a YS > 450 MPa and good nearly isotropic plastic behavior 

with a fracture strain > 8%.  

With respect to cyclic deformation, a load increase test (LIT) at stress ratio of R = -1 

and frequency of f = 20 Hz was applied to assess material’s plastic damage reaction at 

continuously different amplitudes of stress where the stress amplitude σa was changed at a 

rate of 10 MPa/104 cycles. The experiment was applied with an Instron 8872 system that has 

a 10 kN load cell. In Fig. 1b, the plastic strain amplitude is shown with respect to the applied 

stress amplitude. The comparison between batches deduces that batch C endured the least 

magnitude of loading and failed at σa = 149 MPa. Followed by batch A at 152 MPa, batch B 

at 174 MPa, and batch D at 203 MPa. This result complies qualitatively well with the findings 

of the tensile test. The monitoring of the evolution of the plastic strain amplitude εa,p allows 

tracking the onset of plastic damage marking the transition between high-cycle fatigue (HCF) 

and very high-cycle (VHCF). This point was detected at a stress amplitude of 100 MPa for 

batch B and D. 

              (a)                                     (b) 

  
Fig. 1. Deformation behavior of batches A-D: a) Quasistatic tensile test;  

b) Continuous cyclic load increase test. 
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For the understanding of the mechanical behavior of these batches, it is necessary to 

correlate their mechanical behavior with the process-induced structure which is possible 

through µ-CT. In this experiment, where the setup is shown in Fig. 2, fatigue specimen (Fig. 

3a) is coaxially clamped to the table of the µ-CT and is set in front of X-ray gun such that 

the cone of X-ray fully covers the gauge section. The X-rays which go through the specimen 

are reduced in intensity due to the partial absorption of the internal features of the specimens 

such as gas porosity or heterogeneities. The specimen geometry which is shown in Fig. 3b is 

used for validation tests at a mechanical resonance testing system of Rumul with a frequency 

f = 68 Hz. 

 

Fig. 2. Experimental setup of X-ray µ-CT scanning of fatigue specimens. 

During µ-CT scanning, the specimen rotates, and images are acquired which includes 

the X-ray signature of the specimen. Afterward, the images are used to reconstruct the 3D 

volume and to conduct a defect analysis of the remnant porosity. In Fig. 3c, the volumetric 

defect distribution can be seen for batches A-D which had relative densities of 99.96% and 

99.94% for batch A and B, respectively. The latter observation agrees with earlier research 

work [3, 9]. Also, batch D which is manufactured by SLM had a relative density of 99.96%, 

which is in contrast to LMD batch C, with extensive porosity, that had a relative density of 

99.65%. 

                         (a) (c) 

 

 
 

Fig. 3. Specimens geometries and µ-CT results: 

a) Servohydraulic tests, b) Resonance tests;  

c) Volumetric defect distribution of batches A-D. 

                           (b) 
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2.2 Modeling and simulation 

Finite element (FE) models of the internal structures were constructed based on µ-CT 

scans to quantify the effect of porosity on mechanical deformation. The tensile loading was 

simulated in Abaqus [17] using built-in isotropic and kinematic hardening models. A 

comparison of flow curves is shown in Fig. 4 for batches A and B. The curve of kinematic 

hardening shows earlier yielding than the curve for isotropic hardening with a higher strain 

hardening modulus. The nodal stresses and strains were exported to nCode fatigue lifetime 

evaluation software which was used to calculate the expected lifetime for each node 

according to its stress state. The advantage of this procedure is that it accounts for stress 

triaxiality at internal porosity which is contrary to the remote loading state that is uniaxial. 

       (a)        (b) 

  
Fig. 4. Simulation of quasistatic tensile deformation using built-in Abaqus [17] models  

of isotropic and kinematic hardening for: a) batch A; b) batch B. 

The phase-field method is used in order to model the crack propagation. This method 

can be implemented in a straightforward manner while avoiding the modeling of 

discontinuities [18]. According to this approach, an additional field variable d is introduced 

for the damage. It describes the current state of the structure by taking values in the range [0, 

1] where d = 1 describes the fully broken and d = 0 the unbroken material. The basis of the 

model is the free energy 

 
ψ(𝜀e, 𝑑) =

1

2
 [(1 − 𝑑)2 + 𝑘n]  𝜀e: ℂ ∶ 𝜀e, 𝜀 =  𝜀e + 𝜀p, (1) 

where 𝜀e are elastic strains, ℂ the stiffness matrix and 𝑘n a small numerical constant required 

to achieve numerical stability in the case of fully broken material. Typically of small strains 

theory, the additive decomposition of total strains 𝜀 into an elastic 𝜀e and an inelastic 𝜀p part 

is assumed. The dissipation potential for this approach reads 

𝐷 =  
𝑔𝑐

𝑙
𝑑�̇� + 𝑔𝑐𝑙∇𝑑 ∙ ∇�̇� + 𝑘y‖𝜀̇p‖, 𝑘y =  𝑘y0 + 𝑘h, �̇�h = 𝐻‖𝜀̇p‖, (2) 

where 𝑔𝑐 is a constitutive threshold value related to the critical Griffith-type fracture, 𝑙 is the 

length-scale parameter and 𝑘y the current yield limit with the evolution depending on the 

initial yield limit 𝑘y0 and isotropic hardening 𝐻. The full formulation additionally requires a 

Lagrange term stipulating the non-negativity of the damage rate. Equation (1) corresponds to 

the case that both, tension and compression, affect the evolution of the damage which is not 

consistent with the real physics of the process where solely the tension contributes to damage. 

This drawback can be eliminated by assuming an additive decomposition of the total free 

energy into a tension part ((ψ+(𝜀e)) and a compression part (ψ−(𝜀e)). The corresponding 

anisotropic energy storage function reads 
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 ψ(𝜀e, 𝑑) =  [(1 − 𝑑)2 + 𝑘n] ψ+(𝜀e) +  ψ−(𝜀e). (3) 

3. Results and discussion  

3.1 Mechanical strength in relation to material characteristics 

During constant amplitude testing (CAT), the cyclic damage evolution was monitored 

based on dynamic stiffness and the total mean strain. In Fig. 5a, the evolution of the dynamic 

stiffness for batch A is shown at σa = 120 and 140 MPa. It can be observed that at 120 MPa 

that after initial stiffening of the specimen the response saturates at ~1,500 cycles. At a higher 

stress amplitude of 140 MPa, the stiffening phase is too short followed by softening.  

 (a)                (b) 

  
Fig. 5. Dynamic stiffness monitoring during constant amplitude testing for: a) batch A; b) batch B. 

For batch B (Fig. 5b), extensive stiffening is observed at the beginning at 120 MPa, 

which is followed by softening that begins around half the life of the specimen. At 140 MPa 

no such degradation exists after specimen reaches stable saturation.                

In Fig. 6a, the change of resonance frequency is derived based on the change in 

dynamic stiffness for batch D.  

             (a)        (b) 

               
Fig. 6. Damage evolution during constant amplitude testing for batch D: a) Change in resonance 

frequency Δf; b) Total mean strain εm,t. 
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The comparison of the three stress amplitudes shows that at 100 MPa where it was at 

the critical level of stress amplitude identified by the LIT. The damage evolution was 

significantly delayed, and the transformation from a damaged state to the other was 

exponentially smoother. The same observation was made with respect to the evolution of 

cyclic creeping (“ratcheting”) and the total mean strain as identified in Fig. 6b. 

3.2 Modeling and NDT for reliability assurance 

In Fig. 7a, the distribution of nodal lifetimes is given according to the Weibull 

distribution function. The intersection between the reference line and Weibull percentiles 

agrees well with experimental data. The shift of Weibull distribution to higher fatigue life is 

observable from Fig. 7a at 140 MPa to Fig. 7b at 120 MPa. 

         (a)         (b) 

  
Fig. 7. Weibull distribution of nodal fatigue lifetimes of a specimen of batch A at simulated 

constant stress amplitude: a) 140 MPa; b) 120 MPa. 

The selected numerical example for the phase-field model is concerned with the 

simulation of the crack propagation within a square sample with two pores, shifted relative 

to each other. The dimensions of the sample are 100 × 100 µm² and applied material 

parameters correspond to AlSi10Mg of batch A. An overview of the material parameters used 

in the simulation is presented in Table 1. The results of the numerical simulations are 

presented in Fig. 8. 

Table 1. Material parameters used in the simulation. 

Parameters of AlSi10Mg 

Young’s modulus E 68.55 GPa 

Poisson’s ratio υ 0.3 - 

Yield limit kyo 250 MPa 

Isotropic hardening H 166.41 GPa 

The left edge of the sample is fixed while the displacement with the increment of 

0.0001 µm/cycle is prescribed at the right edge. The sample is discretized by a mesh of 

approximately 7,000 elements such that a finer mesh is generated in the critical area where 

the crack propagation is expected. The characteristic element size in this area is set to 1 µm. 

The cracks initiate at the surface of pores at the applied displacements of 4.22 µm and 

thereafter propagate rapidly. The sample totally collapses at a prescribed displacement of 

4.23 µm. Note that red color corresponds to the fully broken material where the value of 

damage parameter d is close to one.  
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(a) (b) (c) 

   

N = 4,210 cycles N = 4,215 cycles N = 4,220 cycles 

Fig. 8. Crack propagation in a sample of AlSi10Mg with two circular pores at prescribed 

displacements: a) 4.220 µm; b) 4.225 µm; c) 4.230 µm. 

The evolution of the damage parameter by monitoring the 𝜀11
𝑝

 component of the 

plastic strain tensor and the 𝜎11 component of the stress tensor is presented in Fig. 9. The 

values correspond to a node at the top off the right hole where one of the cracks initiates. The 

following conclusions can be drawn here. The slope of the stress decreases after the initiation 

of the plastic strain. The damage parameter rapidly increases once a certain value is exceeded. 

The kink of the stress/cycle curve goes back to the fact that hardening in the current model 

is not coupled to the damage. An extension of the model in order to incorporate the kinematic 

hardening and influence of the damage on material constants will be concerned in our future 

work. 

          (a)           (b)          (c) 

   

Fig. 9. Evolution of the damage parameter d, the first component of the plastic strain tensor 𝜀11
𝑝

and 

the first component of the stress tensor 𝜎11. 

4. Conclusions and outlook 

In this study, a comparison between mechanical properties of AlSi10Mg and 

Scalmalloy® manufactured through SLM and LMD was introduced. It was shown that 

Scalmalloy® possesses a significantly higher yield strength and fracture strain than 

AlSi10Mg due to significant grain refinement by addition of Sc and Zr. In cyclic loading, the 

enhanced microstructure contributed to delay the onset of plastic damage which results in 

Scalmalloy® reaching significantly higher stress amplitudes. This was not absolutely true 

because of LMD process-induced extensive porosity as it was revealed by µ-CT which 

resulted in premature failure of the specimen at significantly lower remote stress and fracture 

strain.  
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Simulation of tensile deformation was carried out on FE models which were 

constructed based on the µ-CT scans. The application of Weibull distribution to the 

calculated nodal lifetimes proved successful in the estimation of fatigue lifetime. 

Additionally, the newly introduced phase-field model for simulation of fatigue crack 

initiation and propagation based on the energy function proved interaction of closely located 

pores possible. The coalescence of multiple cracks initiating from nearly located pores has a 

detrimental effect on fatigue lifetime. To quantitatively evaluate this effect, it is envisaged 

that the model will be upgraded to include kinematic hardening and the influence of the 

damage on the material constants in FE models which reflects the realistic porosity states of 

the investigated materials. 
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