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Abstract The creep-fatigue fracture behavior of

selective laser melting (SLM) AlSi10Mg alloy was

studied by conducting in-situ scanning electron

microscopy experiments at 500 °C. Dwell times of

0, 60 and 120 s were introduced to the tensile-tensile

fatigue. The experimental results indicated that the

lifetime decreased with lengthening of the dwell time

from 0 to 120 s, which closely related to the

deformation response behavior of the material. The

process of the fracture evolution of the alloy was

characterized and analyzed using in-situ scanning

electron microscopy images and the fracture mor-

phology. The creep-fatigue fracture mechanism of

SLM AlSi10Mg alloy was revealed. Finally, com-

bined with crystal plasticity finite element simulation,

the Mises stress, plastic strain and elastic stored

energy were used to explain the crack nucleation of

SLM AlSi10Mg alloy under fatigue and dwell-

fatigue.
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1 Introduction

Compared with the traditional manufacturing of

structural components, additive manufacturing (AM)

is more economic and provides more freedom in

designing the shape of structural components. A

popular technology for the AM of metal materials is

selective laser melting (SLM). The components made

adopting SLM have a dense and homogeneous fine-

grain microstructure, which provides SLM-made

materials great advantages in terms of their mechan-

ical properties even when compared with traditional

casting materials (Yan et al. 2020). Owing to the

good processing ability and high specific strength of

Al-Si alloys, the SLM AlSi10Mg alloy is currently

one of the most extensively used alloys in applica-

tions of lightweight structures, such as automotive

and aerospace structures (Dursun and Soutis 2014).

However, structural components are often used in

high-temperature environments, and it is thus impor-

tant to evaluate the high-temperature mechanical
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behaviors of SLM AlSi10Mg alloy. Usually, fatigue

and the high-temperature creep are the main reasons

for the failure of structural components. Although

researchers have done much work on the mechanical

behaviors of SLM AlSi10Mg alloy, there remains a

lack of understanding of the relationship among

manufacturing parameters, the microstructure evolu-

tion and mechanical properties (Tang and Pistorius

2017, 2019; Paoletti et al. 2021; Uzan et al. 2018;

Michi et al. 2021), especially under complex creep-

fatigue interaction.

In contrast with the case for traditional casting,

pores created in the manufacturing process are the

main factor affecting the properties of SLM

AlSi10Mg alloy. Aboulkhair et al. (2014) systemat-

ically summarized the main factors affecting material

properties in SLM technology as the scanning laser

power, scanning parameters, powder quality and

temperature, with each factor having a variety of

subfactors. Many researchers have reduced the

porosity of SLM AlSi10Mg alloy by combining

manufacturing parameters (Liu et al. 2010; Read

et al. 2015; Wu et al. 2020). They have proposed

using a laser energy density to correlate the porosity

of SLM AlSi10Mg alloy, where the laser energy

density is affected by the laser input power, scanning

speed, scanning layer thickness, and scanning spac-

ing. Selecting the optimal laser energy density

corresponding to the minimum porosity only reduces

and does not eliminate the porosity of SLM

AlSi10Mg alloy. In addition, post-treatment methods

have been used to reduce the porosity and improve

the fatigue properties of SLM AlSi10Mg alloy.

Brandl (2012) and Schnerller (2019) respectively

reduced the porosity of SLM AlSi10Mg alloy adopt-

ing T6 and hot-isostatic-pressing heat treatments.

Experimental tests suggested that both treatments

improve fatigue properties. It was found that the hot-

isostatic-pressing heat treatment greatly reduces the

porosity and maximum pore size of a material, and

the change in microstructure was consistent with that

of the T6 treatment. Meanwhile, Zhang et al. (2018)

found that three heat treatment methods worsened the

fatigue properties of SLM AlSi10Mg alloy. The

worsening of the properties was mainly due to

damage to the Si network structure in SLM

AlSi10Mg alloy during the heat treatments. In

conclusion, although porosity can be reduced by

adjusting the manufacturing parameters and applying

a post treatment, micropore defects inevitably remain

in the SLM AlSi10Mg alloy. Additionally, progress

has been made in the study of the effect of porosity

on fatigue life but there remains a lack of research on

the mechanism by which pores affect the fatigue life

and crack growth behaviors. This is mainly because

macroscale high-temperature experiments cannot

observe the microstructural evolution and the inter-

action of micropores and small cracks for SLM

AlSi10Mg alloy.

Conducting an in-situ observation experiment is a

powerful way of studying the mechanical properties

associated with the microstructure of materials. Zhao

et al. (2019) carried out an in-situ tensile study of

SLM AlSi10Mg alloy at room temperature. They

observed crack propagation in real time and discov-

ered the phenomenon of microcracks traversing the

molten pool boundary. Xu et al. (2021) studied the

fatigue properties and crack propagation behavior of

SLM AlSi10Mg with different building directions at

room temperature using an in-situ scanning electron

microscope (SEM) platform. Their experimental

results showed that the fatigue performance in the

melted pool was better than that at the boundary of

the melted pool, and the difference led to different

fatigue crack growth behaviors for different building

directions. However, there is no relevant report on the

effect of pores produced in the manufacturing process

on the crack growth behavior under high creep

fatigue. Adopting in-situ synchrotron tomography

technology, Bao et al. (2020) studied the pore

structure evolution and fracture characteristics of

SLM AlSi10Mg alloy at room temperature and 250 °
C under ultra-low cycle fatigue. Their results showed

that the pores gradually elongated with an increase in

the number of fatigue cycles at 250 °C. The crack

nucleated from the inside to the outside, and ductile

fracture then occurred. Michi et al. (2021) in their

review pointed out that SLM AlSi10Mg alloy is

expected to be applied at higher temperature to

realize a lightweight structure. Therefore, our group

carried out in-situ fatigue experiments from room

temperature to 600 °C for test pieces with different

laser scanning speeds and observed the interaction

between the crack growth and pores in real time. The

experimental results showed that a higher experi-

mental temperature and higher porosity resulted in a

higher crack growth rate (Wang et al. 2019). For

SLM AlSi10Mg alloy, existing research results are
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limited to the exploration of the microstructure

evolution and crack propagation behavior under a

fatigue condition. However, as an important engi-

neering structural material, AlSi10Mg alloy should

undergo not only cyclic loading but also stable load-

ing periods at high temperature, leading to creep-

fatigue interaction. To the authors’ knowledge, few

studies have investigated the creep-fatigue interaction

of SLM AlSi10Mg alloy. Bao et al. (2021) recently

used a macroscale large-scale testing machine to

explore the hot dwell-fatigue properties of SLM

AlSi10Mg alloy under strain control from room

temperature to 400 °C and found that the fatigue

behaviors were broadly the same for pure fatigue and

dwell-fatigue. The creep-fatigue interaction associ-

ated with the microstructure thus needs to be further

studied using an in-situ SEM.

Crystal plasticity modeling is an important

micromechanics simulation method used to analyze

the macroscopic deformation and failure of crystal

materials. Computational crystal plasticity finite

element (CPFE) modeling has been gradually devel-

oped since the 1980s and many researchers have

worked on applying this method to many different

materials. Asaro et al. used the critical resolved shear

stress as the slip criterion and applied their crystal

plasticity model in analyzing the elastic–plastic

deformation behavior of face-centered cubic (FCC)

materials (Asaro 1983). Anand et al. introduced a

rate-dependent CPFE method to determine the active

slip system in FCC materials (Anand and Kothari

1996). Han et al. developed a mechanism-based strain

gradient plasticity model that incorporates the con-

cept of geometrically necessary dislocation (GND) to

achieve the hardening effect in their CPFE model by

extending the Taylor hardening relation (Han et al.

2005). The length scale effect and GND density have

been considered in a CPFE model to study local slip

and the hardening effect of grain boundaries as well

as the size effect (Dunne et al. 2007a). Computational

CPFE modeling based on experimentally character-

ized microstructures can accurately predicted

localized plastic deformation and provides access to

full-field stress and strain distributions at the grain

level (Dunne et al. 2007a). CPFE simulation com-

bined with experimental high angular resolution

electron backscattered diffraction (EBSD) and digital

image correlation methods can capture the full-field

stress, strain and GND distribution under different

loading regimes (Dunne et al. 2007b). Experiments

and CPFE simulations both showed that the GND

density and plastic strain are distributed heteroge-

neously at the Ni matrix/hard particle interface

(Dunne et al. 2012a, b, c). These methods were also

used to study increases in the plastic strain, residual

stress and GND density due to the thermal expansion

mismatch between the matrix and inclusion in Ni

superalloy (Zhang et al. 2014). The CPFE method has

been used in predicting that triple junctions are the

preferential crack initiation points in both the low-

cycle fatigue and high-cycle fatigue of nickel super-

alloys (Manonukul and Dunne 2004). The method has

also been used to verify energy dissipation criteria in

the prediction of the fatigue crack initiation and

fatigue life of FCC materials (Korsunsky et al. 2007).

Similar CPFE fatigue crack studies have been

conducted for HCP alloys (Zheng et al. 2016; Wilson

et al. 2018). Besides the effect of plastic strain, the

effect of elastic strain on fatigue crack nucleation had

been studied, and an elastic stored energy criterion

that 5% of the total work is stored as energy that

affects fatigue crack nucleation had been used to

accurately predict crack nucleation locations in nickel

superalloys (Chen et al. 2018; Wan et al. 2014).

The present paper investigates the high-tempera-

ture dwell-fatigue behavior of SLM AlSi10Mg alloy

and reports on a series of in-situ dwell-fatigue

experiments with dwell times of 0, 60 and 120 s

performed under the SEM at elevated temperature.

The fracture evolution process of SLM AlSi10Mg

alloy is observed and analyzed on the basis of the in-

situ SEM images and ex-situ fracture morphology.

The effect of the dwell time on the life cycle of

materials is studied and a CPFE model is developed

on the basis of the representative microstructure of

SLM AlSi10Mg to reproduce the dwell-fatigue

damage evolution. In addition, a high stress concen-

tration around the notch that is strongly related to

sample crack nucleation is simulated and discussed.

2 Experimental process and CPFE simulation

2.1 Sample preparation and characterization

An EOS M M290 machine, which was constructed by

EOS GmbH in Germany, was used to print AlSi10Mg

test pieces adopting the SLM system. The parameters
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used in the manufacturing process are given in

Table 1. The particle size of the raw material powder

obtained from the EOS GmbH ranged 18–58 µm.

Table 2 gives the chemical composition by weight

percentage (wt %) of the AlSi10Mg alloy used in our

experiments. To reduce the subsequent machining

process of test pieces, test pieces were directly

printed with a dog-bone shape and a U-shaped single

edge notch located at the center of the gauge

section. Geometric dimensions of the specimen are

shown in Fig. 1. Three groups of specimens were

produced with different laser scanning speeds.

The residual stress of the specimens, generated in

the manufacturing process, was eliminated at 300 °C
for 2 h before the test pieces were removed from the

support structure (Maamoun et al. 2018). These

fatigue specimens were then cooled to room temper-

ature. Figure 2a shows the surface morphology of

SLM AlSi10Mg alloy before polishing. The rough

original surface made it impossible to clearly observe

the crack propagation and microstructure evolution in

real time. We therefore used SiC paper with grit

scales of the 600, 1200, 3000 and 5000 W to polish

the specimens. Finally, 0.5 µm SiO2 milling liquid

was used for vibration polishing. The final mirror-like

surface is shown in Fig. 2b. Meanwhile, the three-

dimensional (3D) internal structure of the SLM

AlSi10Mg alloy was reconstructed using a micro-

CT (Zeiss Metrotom, Germany) at an accelerating

voltage of 225 kV, and the resolution adopted in the

test process was 2 µm. The statistical results of

equivalent pore diameters are shown in Fig. 2c. It is

seen that the specimens obtained at a laser scanning

speed of 1000 mm/s had the smallest pore distribu-

tion. Therefore, in our experiment, this group of

specimens was used to study the dwell-fatigue

performance. The typical 3D pore structure of SLM

AlSi10Mg obtained at a laser scanning speed of

1000 mm/s is shown in Fig. 2d. It is seen that most of

the pores are spherical.

2.2 In-situ SEM dwell-fatigue method

In-situ high-temperature dwell-fatigue experiments

were carried out in the chamber of the SEM setup

(SS-550, Shimazdzu, Japan), as shown in Fig. 3a.

Stress control was adopted for the dwell-fatigue test,

and the selected loading waveform was a trapezoidal

wave, as shown in Fig. 3b. The creep effect was

mainly reflected by the dwell time, T, in each cycle,

which was the amount of time spent at maximum

stress. When the dwell time T=0 s, the loading mode

was referred to as pure fatigue. The maximum stress

was σmax=135 MPa, and the stress ratio was R=0.2.
The stress rate was kept constant at 108 MPa/s during

loading and unloading. The experimental temperature

was set as 500 °C. According to the phase diagram of

the Al-Si alloy, the phase transition temperature of

AlSi10Mg alloy is about 577 °C (Haizhi et al. 2003).

Therefore, the selection of 500 °C as the experimental

temperature doesn’t cause significant microstructure

change. In the meantime, the significant creep effect

of the SLM AlSi10Mg alloy at this temperature could

appear within the experimental time allowed by the

SEM in-situ experiment. Three group experiments

were conducted with dwell times of 0, 60 and 120 s.

Each group contained two specimens. For different

numbers of cycles, the specimen surface near the

notch was observed in the SEM to record the

evolution of the surface microstructure. Finally, a

high-resolution field-emission SEM (Quanta 450,

FEI, America) was used to characterize the fracto-

graphic morphology of the failed specimens.

2.3 CPFE modeling methodology

The CPFE method has been developed over a few

decades and applies in simulating the deformations of

different alloy systems. It has been shown to accu-

rately calculate the strain and stress response from a

single crystal to multiple grains over a wide range of

length scales (Dunne et al. 2007a; Zhang et al. 2014;

Table 1 SLM processing parameters of the AlSi10Mg alloy

Laser power PL

(W)

Laser spot diameter

(mm)

Laser

profile

Hatch distance Dys
(mm)

Layer thickness Ds

(mm)

Preheat

temperature (�C)
Scanning speed vs
(mm/s)

370 0.20 Gaussian 0.08 0.03 220 700, 1000, 1300
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McGinty and McDowell 2006; Dunne et al.

2012a, b, c). Therefore, the CPFE is used to predict

the deformation behavior and crack nucleation of

SLM AlSi10Mg alloy under fatigue and dwell-

fatigue. The crystal plasticity deformation is based

on separating the total deformation gradient F into

elastic and plastic parts (Lee 1969):

Table 2 Chemical composition of the SLM AlSi10Mg alloy (wt %)

Element Al Cu Fe Mg Mn Si Ti Zn

Content balance 0.04 0.07 0.29 0.06 6.30 0.01 0.10

Fig. 1 Geometry of the fatigue test specimens (unit: mm)

Fig. 2 a Surface of the

unpolished AlSi10Mg

specimen; b surface of the

polished AlSi10Mg

specimen; c relationship

between the equivalent pore

diameter and cumulated

frequency; d typical 3D

pore reconstruction from

the micro-CT for SLM

AlSi10Mg alloy fabricated

at a laser scanning speed of

1000 mm/s
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F ¼ FeFp: ð1Þ
The elastic part Fe follows the generalized Hook’s

law, which contributes to rigid body rotation and

lattice deformation. The plastic part Fp depends on

the crystallographic slip movements with slip direc-

tion s and slip plane n. The total deformation rate D

may be split into the elastic deformation rate De and

plastic deformation rate Dp:

D ¼ De þ Dp: ð2Þ
De can be calculated using Hooke’s law whereas Dp

is determined by the slip rule for crystal plasticity.

The slip rule used in this work was introduced by

Dunne et al. (2007a), who considered the thermally

activated escape of dislocations from obstacles. Dp is

the symmetric part of the plasticity velocity gradient

LP, which is defined as

LP ¼ _FpFp�1 ¼
XNs

i¼1

_cisi � ni
� �

; ð3Þ

where _ci is the shear strain rate of a specific slip

system and ni and si are respectively the slip plane

normal and slip direction vector of the slip system.

The shear strain rate _ci is calculated as

_ci ¼ qmmgb; ð4Þ
where qm is the mobile dislocation density, mg is the

average dislocation glide velocity, and b is the

magnitude of Burger’s vector (Cottrell 1953). Gibbs

argued that local thermal activation events are needed

to free the pinned dislocations for glide to occur

(Gibbs 1969). The average glide velocity is defined

by

mg ¼ dvb

2l
exp �DG

kT

� �
; ð5Þ

where v is the frequency of dislocation attempts to

jump the energy barrier, k the Boltzman constant, T

the temperature, DG the Gibbs free energy,l the

pinning distance of a dislocation and d the length of a

thermal activation event (Granato et al. 1964).

Considering the work carried by the stress field, the

Gibbs free energy is

DG ¼ DF � sDV ; ð6Þ
where DF is the Helmholtz free energy and DV ¼ lb2

is the activation volume. The effective stress field that

drives the thermal activation event is s� ¼ s� sc,
where s is the resolved shear stress and sc is the

corresponding critical resolved shear stress (Taylor

1934). The work done by the effective stress field is

s�DV and the slip rate of the i th slip system is then

_ci ¼ qmb
2m exp �DF

kT

� �
sinh

DV
kT

si � sic
� �� �

; ð7Þ

where the Helmholtz free energy DF is the activation

energy for the dislocation escape from obstacle

pinning and DV is the activation volume. The

velocity gradient is then given as

LP ¼
XNs

i¼1

qmb
2m exp �DF

kT

� �
sinh

DV
kT

si � sic
� �� �

si � ni;

ð8Þ
On the basis of Taylor’s dislocation hardening

model, dislocations provide shear resistance and the

critical resolved shear stress sc increases with the

dislocation density. The hardening rule is expressed

as

Fig. 3 Testing platform

and loading profile:

a Shimadzu in-situ SEM

fatigue setup and b dwell-

fatigue loading waveform

164 Z. Wang et al.

123



sc ¼ sc0 þ G12ba
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qSSD þ qGND

p
; ð9Þ

where sc0 is the initial critical resolved shear stress,

G12 is the shear modulus and a is the dislocation

interaction coefficient, which is simply taken to be

unity in the absence of other knowledge. The

dislocation density is divided into the density of

statistically stored (qSSD) and geometrically necessary

(qGND) dislocations. The evolution of the SSD density

relates to the accumulated plastic strain rate _p as

expressed by

qSSD ¼ k _p; ð10Þ
where k is the accumulation rate determined from

experimental hardening observations, and the hard-

ening is isotropic. In a slip plane, the direction s of

the screw dislocation line segments and the directions

n (the plane normal) and m (¼ s� n) of the edge

dislocation line segments are included in the calcu-

lation of the geometrically necessary dislocation

density (Dunne et al. 2007a). The GND density

distribution is obtained from strain gradients accom-

modating lattice curvature (Busso et al. 2000). Nye’s

dislocation tensor K is used to calculate the GND

density according to

K¼curl Fpð Þ¼
XN
i¼1

qisb
i�siþqiemb

i�miþqienb
i�ni

� �
;

ð11Þ
where qis is the screw component of slip system i, and

qiem and qien are the edge components of the corre-

sponding slip system. However, for crystals with high

degrees of symmetry, Eq. (11) has infinite solutions

of GND components and the GND density can be

obtained only by introducing constraints (Dunne et al.

2012a, b, c). Two constraints are developed for

solving the non-uniqueness problem: the L1-norm for

the minimization of stored energy and the L2-norm

for the minimization of the dislocation line length

(Arsenlis and Parks 1999; Kysar et al. 2010). The

constraints are expressed as

L1 ¼
XN
i¼1

qixi
		 		 and L2 ¼ XN

i¼1

qixi
� �2" #1=2

; ð12Þ

where x denotes possible weightings. In this study,

the L2-norm minimization was used to calculate the

GND density of different hard-facing alloys. The

squares of edge and screw dislocation density com-

ponents in each slip system are summed in

calculating the GND density minimal:

qGND ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

qis
� �2þ qiem

� �2þ qien
� �2q

: ð13Þ

2.4 Calibration of material properties

Calibrations were initially carried out on a polycrys-

tal AlSi10Mg sample to obtain correct average

stress–strain responses. An EBSD-captured grain

map for one representative sample is shown in

Fig. 4a. AlSi10Mg alloy has a homogeneous distri-

bution of the grain size with an average size of

10 µm. The crystal orientations of 125 grains were

extracted from the EBSD result as representative

crystal orientations. Correspondingly, the 50 µm9

50 µm950 µm cubic calibration model with 125

cubic grains shown in Fig. 4b was created to simulate

the tensile deformation of AlSi10Mg under a strain

rate of 1� 10�3s�1 for calibration of the CPFE slip

role parameters. The bottom surface of the model was

fixed in the y-direction and a uniaxial y-direction

tensile displacement load was applied to the top

surface to obtain the stress–strain properties. An

element size of 1 µm was used to ensure both

accuracy and speed of the calibration. Representative

crystal orientations were extracted from the EBSD

results and assigned to the calibration model.

Notched dog-bone AlSi10Mg samples were used

in fatigue and dwell-fatigue tests. The samples

commonly fractured at the notch owing to the

heterogeneity of the notch-induced stress. The region

of interest (ROI) of the sample was thus selected as

the region below the notch edge and a corresponding

CPFE model was built as shown in Fig. 4c. The

EBSD technique only provides information of the

two-dimensional microstructure crystal orientation

and the microstructure varies among different sam-

ples. To simplify the simulation process and maintain

the uniformity of the microstructure for comparing

the effects of different loading modes, the CPFE

model of the ROI was set in a quasi-3D manner with

dimensions of 400 µm9400 µm910 µm by extrud-

ing artificially created hexagonal grain morphologies

in the z-direction to obtain a “bamboo” structure. The

model contained more than 100 hexagonal grains

with size of 10 µm and was meshed with 1 µm

In-situ dwell-fatigue fracture experiment and CPFE simulation 165
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C3D20 elements in a finite element calculation. The

same element size was used in building all models to

obtain accurate strain and GND density distributions.

Although the quasi-3D model was not fully repre-

sentative of the subsurface microstructure, it had

successfully reproduced the deformation process in

many other cases (Dunne et al. 2007b; Dunne et al.

2012a, b, c). Although far fewer than the thousands of

loading cycles in reality, 10 cycles of fatigue or

dwell-fatigue loading were applied to models to

evaluate the effects of the different loading methods

on the deformation and failure of the samples. The

geometry, microstructure, crystal orientations and

boundary conditions were kept the same for each

CPFE model to eliminate their effects. As shown in

Fig. 4d, a continuum finite element model was built

on the basis of the shape and mechanical properties of

the test samples. A force was applied to the dog-bone

ends to provide an average x-direction stress of

135 MPa, and the stress distribution around the ROI

was then recorded as accurate boundary conditions

for subsequent simulations.

Crystal orientations in the CPFE model were

carefully selected from the EBSD experiment results.

Pole figures obtained using the EBSD technique and

the calibration model are presented in Figs. 5a and b.

The AlSi10Mg sample showed strong texture around

[101], and these orientations were assigned to both

calibration and fatigue-test CPFE models.

Stress–strain curves obtained by experiment and

simulation are shown in Fig. 6. The AlSi10Mg

sample yields at 150 MPa at 500 °C and shows good

ductility but low work hardening capacity. The

simulated stress–strain curve obtained from the CPFE

calibration model matched the experimental result,

which ensured an accurate elastic–plastic response in

subsequent fatigue simulation. Calibration was

Fig. 4 EBSD data and corresponding CPFE models: a grain

map of a region of interest in an AlSi10Mg sample; b CPFE

tensile test model containing 125 cubic grains for parameter

calibration; c continuum finite element model for acquiring the

boundary condition of the ROI; d CPFE model of the ROI with

dimensions of 400 µm9400 µm910 µm and 1863 hexagonal

grains

Fig. 5 Crystal orientation distribution in an AlSi10Mg sample

and from the experiment and the CPFE model of the ROI:

a inverse pole figure captured using the EBSD technique and

b inverse pole figure derived from the polycrystal CPFE model

Fig. 6 Stress–strain curves of SLM AlSi10Mg alloy at 500 °C
obtained by experiment and CPFE modeling

166 Z. Wang et al.
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carried out at 500 °C. The calibrated crystal plasticity

slip rule parameters are listed in Table 3.

The Helmholtz free energy DF of

2:6� 10�20J=atom is the activation energy for dis-

locations to escape obstacle pinning. The activation

volume in AlSi10Mg depends on the Burgers vectors,

the length of the activation event l and the overall

obstacle density. Because l is approximately equal to

the magnitude of the Burgers vector b and the spacing

of obstacles is 0.1 µm, the activation volume DV is

1:66� 10�6lm3.

3 Results

3.1 Experimental results

3.1.1 Fatigue life at different dwell times

First, the cycle lifetimes of fatigue test pieces having

different dwell times are shown in Fig. 7a, where the

lifetime is expressed as the number of loading cycles

until final fracture. In Fig. 7a, the y-axis adopts a

logarithmic coordinate. It is seen that the lifetime is

much longer for pure fatigue than for dwell-fatigue,

with the average lifetime of specimens having a dwell

time of 60 s being 94.40% shorter. The lifetime

decreases for a longer dwell time. This trend is

consistent with the lifetime trend of most metal

materials, such as nickel-based superalloys (Chen

et al. 2013; Hu et al. 2016) and Ti-6Al-4 V alloys

(Everaerts et al. 2017). This is mainly because the

service life of materials is controlled by the damage

in each loading cycle. Under dwell-fatigue, the total

damage in a loading cycle comprises fatigue damage,

creep damage and damage due to their interaction.

The creep damage of dwell-fatigue is mainly due to

the repeated effect of primary creep deformations.

Therefore, with an increase in the dwell time in each

loading cycle, the primary creep deformation grad-

ually increases, which aggravates the creep damage

and total damage to the SLM AlSi10Mg alloy (ZrÍnk

et al. 2001). Therefore, the result is that the lifetime

decreases gradually with a lengthening of the dwell

time.

Inelastic strain can be used to characterize the

degree of damage to materials. Figure 7b presents the

relationship between the accumulating inelastic strain

and number of loading cycles. Refer to the author’s

previous work (Wang et al. 2020) for the method of

calculating the accumulated inelastic strain for dwell-

fatigue. Figure 7b shows the accumulated inelastic

strain in the first 250 cycles because the lifetime is

much longer for pure fatigue than for dwell-fatigue. It

is seen that the inelastic strain accumulated under

dwell-fatigue is greater than that accumulated under

pure fatigue. Additionally, the accumulated inelastic

strain increases almost linearly with the number of

loading cycles. However, when the dwell time is

introduced to the peak stress of each cycle, the

accumulated inelastic strain no longer has a linear

relationship with the number of loading cycles. This

Table 3 Calibrated slip rule parameters

Slip rule parameter Value Unit

Dislocations jump frequency f 1� 1011 s�1

Burgers vector b 4:08 Å

Boltzmann constant k 1:381� 10�23 -

Helmholtz free energy DF 2:6� 10�20 J=atom

Poisson’s ratio v 0:3 -

Initial mobile dislocations density qssdm 0:01 lm�2

Overall obstacle density q0 0:01 lm�2

Activation volume DV 8:18� 10�7 lm3

Critical resolved shear stress sc 70 MPa

Hardening coefficient cst 10 lm�2

Young’s modulus E 20 GPa

Shear modulus G 7:7 GPa
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is mainly because additional plastic strain is intro-

duced during the dwell periods. Usually, the creep

curve remains nonlinear throughout the lifetime of

SLM AlSi10Mg alloy in a high-temperature creep

environment (Uzan et al. 2018).

To better explain the adverse effects of the dwell

time on the lifetime, the creep strain generated during

the dwell periods is calculated for each loading cycle,

as shown in Fig. 7c. Creep strain is higher for a dwell

time of 120 s than for a dwell time of 60 s. In

addition, with an increasing number of loading

cycles, the creep strain follows a trend of first

decreasing, then stabilizing and finally increasing.

The trend is similar to that of pure creep deformation

(Uzan et al. 2018), which indicates that creep damage

plays an important role in the dwell-fatigue process

of SLM AlSi10Mg alloy. The increase in inelastic

strain in the third creep stage mainly relates to the

damage evolution of the alloy, the generation and

aggregation of voids and formation of microcracks.

3.1.2 Process of crack growth for different dwell
times

In this section, we observe the crack initiation and

propagation process of AlSi10Mg alloy under pure

fatigue and 120 s of dwell-fatigue at a high temper-

ature of 500 °C in real time. Figure 8 presents the

surface evolution morphology of a fatigue test piece

near the notch in different fatigue cycles. A hemi-

spherical surface pore 1, located in an upper left

position as shown in Fig. 8a, is filled with AlSi10Mg

powder because the AlSi10Mg powder has not

completely melted. As shown in Figs. 8b, c, cracks

1 and 2 initiate at the notch position of the specimen

in the 2100th and 5287th cycles, respectively.

Additionally, pore 1 gradually separates from the

filling powder and then forms visible microcracks.

Furthermore, subsurface pores near pore 1 gradually

crack, as seen in Fig. 8c–e. For crack 1 near the

notch, there is no obvious propagation along the

initial direction from the 2100th cycle to the 5287th

cycle, which mainly relates to the square particles

above it. From the 5287th cycle to the 5661th cycle,

there is large plastic deformation at the tip of crack 1,

as shown in Fig. 8e. Figure 8f shows the near-notch

morphology of the specimen before instantaneous

fracture. The final fracture of the crack is from the

upper edge of the square particles and propagates in a

direction perpendicular to the loading direction. At

the same time, because the mechanical properties of

the molten pool boundary during the SLM

Fig. 7 a Relationship

between the lifetime

measured in loading cycles

and dwell time;

b relationship between the

accumulating inelastic

strain and the number of

loading cycles for different

dwell times; and c the

relationship between the

creep strain and the number

of loading cycles for

different dwell times
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manufacturing process are different from those at

other positions (Li et al. 2021), arc lines appear where

there is large plastic deformation, as shown in Fig. 8f.

In addition, subsurface pores gradually grow owing to

large plastic deformation and form fish-eye-like

cracks, as shown by Pore 2 in Fig. 8f.

Figure 9 shows evolutionary morphology images

of the surface for the SLM AlSi10Mg alloy specimen

when the load is maintained for 120 s at peak stress.

Similar to what is observed in Fig. 8a, there is a

hemispherical pore filled with unmelted powder on

the surface of the test piece in Fig. 9a. Near the edge

Fig. 8 In-situ fatigue crack growth at 500 °C: a 0th cycle; b 2100th cycle; c 5287th cycle; d 5585th cycle; e 5661st cycle; and

f 5726th cycle
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of the notch, crack 1 initiated in the 45th cycle, as

shown in Fig. 9b. From the 45th to 117th cycle, the

length of crack 1 grew from 17.68 to 64.27 µm.

However, the opening displacement of the crack

mouth increased from 13.05 to 81.34 µm. At the

lower edge of the notch, crack 2 began sprouting

from the 87th cycle. However, crack 2 did not

propagate appreciably from the 87th to 124th cycle,

and there was only plastic deformation near the crack

tip. In addition, arc lines formed on the surface of the

test piece, as shown in Figs. 9d–f. Meanwhile, the

hemispherical surface pores became long, parallel to

Fig. 9 In-situ crack growth for fatigue with a dwell time of 120 s at 500 °C: a 0th cycle; b 45th cycle; c 87th cycle; d 102th cycle;

e 117th cycle; and f 124th cycle
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the loading axis, while the subsurface pores firstly

formed microcracks and then became fish-eye-shaped

cracks, but the cracks did not continuously propagate

at the two ends. Along the loading axis, the opening

distance of the fisheye was larger, which indicated

that the deformation of subsurface pores was more

severe under dwell-fatigue.

By comparing the crack growth process under pure

fatigue and dwell-fatigue of 120 s, although cracking

initiated near the notch under both load conditions,

the propagation length was much longer under pure

fatigue than under dwell-fatigue, which mainly

relates to the stress state at the crack tip. When the

specimen was subjected to peak stress during the

dwell time of 120 s, there was a larger region of

plastic deformation near the crack tip at 500 °C,
resulting in blunting of the crack tip. Compared with

the case of pure fatigue, the stress concentration at

the crack tip is greatly reduced (Suresh 1998). The

stress intensity factor at the crack tip also decreases.

As a result, the rate of crack growth decreases and

even falls to zero. There is instantaneous tearing

when the plastic deformation of the test pieces

approaches the fracture strain of the SLM AlSi10Mg

at 500 °C.

3.1.3 Fractography analysis

Analysis of the cycle life in Sect. 3.1.1 revealed that

the introduction of a dwell time reduces the lifetime,

which mainly relates to creep damage during the

dwell time. The fracture morphology and high-

resolution microstructure image of the failed speci-

men are presented in Fig. 10. At 500 °C, there were

many dimples and deep pores in the fracture surface,

as shown in Figs. 10a–c, which indicates that the

fracture characteristic of the SLM AlSi10Mg alloy is

ductile fracture. A comparison of Figs. 10a–c clearly

shows that the deep pores on the fracture surface are

larger and deeper for dwell-fatigue of 120 s. A similar

fracture surface was observed previously for SLM

AlSi10Mg alloy under creep (Uzan et al. 2018). The

fracture surfaces are further enlarged in Figs. 10d–f.

For pure fatigue, several voids are seen at the Al/Si

interface, but they are very small in Fig. 10d.

However, for the specimen having a dwell time of

60 s, the number of creep voids is much higher. Not

only does the number of creep voids increase

appreciably but also the creep voids enlarge for

dwell-fatigue of 120 s in Fig. 10f. In general, a creep

pore is a typical characteristic of creep damage (Ding

et al. 2018). A longer dwell time results in an

appreciable increase in the proportion of creep

damage in the total damage. As a result, the lifetime

of the material is gradually reduced.

3.2 CPFE simulation results

A force equivalent to that in the experiment setup is

applied to the continuum dog-bone shape crystal

plasticity model and the stress distribution is calcu-

lated. The stress around the ROI is extracted as a

boundary condition of the CPFE fatigue and dwell-

fatigue models to simulate actual tension states.

The stress distribution map in Fig. 11 shows that at

peak applied stress (135 MPa), a strong stress

concentration around the notch forms a butterfly-

shaped region of high stress. The boundary of the

ROI bears both tensile and shear stresses. The

accurate stress values are used in the following

CPFE fatigue simulations. Results obtained using the

pure-fatigue model are used to present CPFE simu-

lation features.

The AlSi10Mg CPFE fatigue model is assigned

with the calibrated slip rule parameters and the plastic

strain distributions are shown in Fig. 12a. After 10

cycles of loading, the CPFE fatigue model forms

several characteristic high-plastic-strain bands, which

is consistent with the results for the other two dwell-

fatigue models. These high-strain bands are oriented

approximately 45° to the loading direction and have

maximum values in grains near the notch. Differ-

ences among the assigned crystal orientations result

in different resolved shear stress in each grain, which

creates a heterogeneous plastic strain distribution in

the polycrystal CPFE model.

A closer look at the plastic strain map in Fig. 12b

reveals that the simulated high strains occur in some

grains near the central notch edge, and intense

persistent slip bands form from similar locations.

Plastic strains in some grains near the notch exceed

10% while some grains are hardly plastically

deformed. The crystal orientations of ‘hard’ grains

result in the resolved shear stresses in these grains not

reaching or only just reaching the critical resolved

shear stress.

Figure 13 shows that the maximum plastic strain

within the AlSi10Mg model increases by 3% in
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Fig. 10 Fracture surface for dwell times of a 0 s, b 60 s and c 90 s. High-resolution microstructure images for dwell times of a 0 s,

b 60 s and c 90 s

Fig. 11 Distribution of the Mises stress simulated using the continuum finite element model under a tensile load of 135 MPa

Fig. 12 a Plastic strain distribution; b Magnified plastic strain distribution in the AlSi10Mg CPFE model in the 10th cycle
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fatigue simulation. The initial four cycles contribute

most to the plastic strain increase, and the growth rate

becomes steady after the fifth cycle for both fatigue

and dwell-fatigue loading modes. The maximum

plastic strain increases dramatically when the dwell

time is introduced from the first cycle. However, the

maximum strain seems insensitive to the dwell time

in that the maximum strain for a dwell time of 120 s

is only less than 1% higher than that for a dwell time

of 60 s.

The plastic strain is a maximum on the right side

of the front surface for pure fatigue as shown in

Fig. 14a whereas the plastic strain is a maximum at

the notch edge of the back surface for dwell-fatigue

as shown in Fig. 14b. Considering different plastic

strain levels for the two loading modes, as the number

of loading cycle increases and more plastic strain

accumulates, the sample may form several

microcracks at different locations as seen in the

experimental results in Figs. 8 and 9.

GND density maps derived from the CPFE model

are presented in Fig. 15a. High values of the GND

density are mainly distributed at the boundaries of

severely plastically deformed grains in the near-notch

region. Additionally, high GND densities are found at

boundaries between severely and slightly deformed

grains. The high plastic strain concentration in these

“soft” grains potentially causes crack nucleation in

these grains. The accumulation of high GND density

at the soft–hard grain boundary increases the prob-

ability of microcrack formation at these positions

(Jiang et al. 2016). Figure 15b shows that the stress in

the CPFE model is distributed heterogeneously and

high stress remains near the notch center. Stress in

less-deformed grains is much higher than that in the

severely deformed grains. The high stress concentra-

tion at the hard-soft grain boundaries makes these

locations a hot spot for microcrack nucleation. The

map of elastic stored energy in Fig. 15c shows that

similar to the plastic strain map, there are high values

of stored energy in these grains with high plastic

strain and some grains with low plastic strain. This

phenomenon indicates that some plastic deformation-

free locations are hot spots for elastic energy storage

and that microcracks probably nucleate at these

locations as the number of loading cycles increases.

The same process of microcrack formation is seen in

Figs. 8 and 9.

4 Discussion

4.1 Failure mechanism

The fracture strain of SLM AlSi10Mg alloy increases

gradually with an increase in temperature and even

exceeds 55% at 400 °C (Uzan et al. 2018). This result

supports that SLM AlSi10Mg alloy has high fracture

toughness in a high-temperature environment. Addi-

tionally, in the case of our dwell-fatigue experiment,

Fig. 9f shows that the area near the notch underwent

large deformation before specimen failure. Therefore,

the pores generated in the manufacturing process are

elongated along the deformation direction. The

fracture path of the specimen is along the short axis

of the ellipsoidal pores, as shown in Fig. 16a, which

is consistent with the results of other studies (Bao

Fig. 13 Maximum plastic strain in AlSi10Mg CPFE models

Fig. 14 Simulated plastic strain distribution in the ROI near

the notch after 10 cycles: a front surface and b back surface

In-situ dwell-fatigue fracture experiment and CPFE simulation 173

123



et al. 2020). When the dwell times are introduced,

creep damage contributes to the overall damage of

materials. According to the position of our experi-

mental conditions on the Ashby deformation map for

metallic alloys, the deformation mechanism is related

to dislocation creep that is controlled by bulk

diffusion under the condition of dwell-fatigue at

500 °C for SLM AlSi10Mg alloy (Kundu 2012).

Therefore, a large number of creep micro-voids are

generated and grow in the alloy for dwell-fatigue.

Creep micro-voids and ellipsoidal pores gradually

evolve and coalesce. This eventually leads to the

instantaneous fracture of the material when the stress

exceeds the fracture strength.

Pores are inevitable defects in SLM manufactur-

ing. It can be seen from Fig. 2d that the distribution of

pores is very random, including location, size, shape,

etc. Therefore, the porosity is used as a parameter to

evaluate the mechanical properties of materials. In

generally, the higher the porosity, the lower the

Fig. 15 a GND density distribution; b Mises stress distribution; and c stored energy distribution in AlSi10Mg alloy models in the

10th cycle

Fig. 16 Illustration of a the fracture path and b the evolution mechanism for pores at different positions
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fatigue life of the material (Wang et al, 2019).

Besides, the observations presented in Sect. 3.1.2

show that the evolution of pores is inconsistent at

different positions of specimens. Figure 16b shows

the evolution mechanism of hemispherical surface

pores, subsurface pores, and internal pores during

dwell-fatigue. In-situ observations and fracture anal-

ysis reveal that the hemispherical pore and internal

pore usually firstly undergo plastic deformation and

gradually evolve from a spherical shape to an

ellipsoid shape, and the long axis of the ellipsoid

usually coincides with the direction of the loading

axis (Bao et al. 2020). Under the synergistic effect of

normal and shear stress (Kanvinde and Deierlein

2007), some ellipsoidal pores, which are located in

the necking region, begin to incline. However, for the

subsurface pores, the side close to the specimen

surface fractures and forms microcracks and finally

forms a large fish-eye crack, as shown in Fig. 16b.

The stress concentration effect is more obvious

because the two ends of the fish-eye crack are

sharper. Therefore, the damage due to pore 2 is

greater than that due to pore 1 and that due to pore 4

in Fig. 9f. In short, the subsurface pores cause more

damage than the other two types of pores.

4.2 Plasticity-induced crack nucleation

The polycrystal CPFE model is used to simulate the

high-temperature fatigue and dwell-fatigue behavior

of a 10 µm thick layer of an AlSi10Mg sample having

more than 100 grains. Because actual test samples are

different from each other and EBSD characterization

is not applied for each sample, a representative

homogeneous 10-µm hexagonal grain microstructure

is used for different loading modes. In contrast with

the actual sample having internal pores, the CPFE

model does not have porosity. Thus, the effect of

pores is not explored in this part of the work. High-

temperature pure fatigue and dwell-fatigue loading

modes are compared. The effects of the crystal-

orientation-induced stress, plastic strain and elastic

stored energy on crack nucleation are presented and

compared with experimental results for this poly-

crystal CPFE simulation.

Figure 17 compares the maximum GND density

and stored elastic energy values after 10 loading

cycles. Both the maximum GND density and stored

energy increased quickly when the dwell time is

firstly introduced but the growth rate drops as the

dwell time continually increases. Therefore, for

dwell-fatigue, the maximum GND density and stored

energy do not change linearly with the dwell time.

High local plastic strain has a strong relationship with

crack nucleation, and the maximum plastic strain

accumulating around the notch directly causes micro-

crack nucleation at these locations. The high stress

concentration at soft-hard grain boundaries raises the

possibility of brittle fracture at these locations.

Figures 12b, 15b, c show that there is high plastic

strain in some grains located in the stress-concentra-

tion region, but there are also locations of high stored

energy in some less plastically deformed grains. The

local stress at these locations is not high enough to

cause massive plastic deformation, but the continuous

low stress results in damage in these areas. The stored

elastic energy criterion explains why some microc-

racks nucleate far from the most plastically deformed

area as commonly found in the experiment results.

The dwell period directly increases the maximum

plastic strain, which results in the shorter lifetimes of

these dwell-fatigue samples. However, increasing the

dwell time does not have a linear effect on the

maximum plastic strain.

5 Conclusion

We conducted fatigue and dwell-fatigue tests on SLM

AlSi10Mg at 500 °C. The mechanical response,

damage evolution and fracture mechanism were

systematically analyzed and the effect of the dwell

time on the fatigue fracture behavior was studied.

Fig. 17 The CPFE simulated GND density and stored elastic

energy of each sample after 10 loading cycles
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Additionally, through CPFE simulation, the crack

nucleation and evolution mechanism of the material

near the notch was studied. The following findings

are taken from the experimental and simulation

results.

(1) For the SLM AlSi10Mg alloy, the dwell-fatigue

lifetime is much shorter than that of the fatigue

at 500 °C, with the average lifetime of speci-

mens having a dwell time of 60 s being 94.40%

lower. At 500 °C, creep damage plays a

dominant role in creep-fatigue interaction

loading.

(2) At 500 °C, the pure-fatigue crack propagates

steadily until breakage. However, the dwell-

fatigue crack does not propagate continuously,

which mainly relates to the blunting of the crack

tip by large plastic deformation during the dwell

time.

(3) The effect of pores on the fracture mechanism

of SLM AlSi10Mg alloy was revealed under

dwell-fatigue at 500 °C. Owing to the good

toughness of the SLM AlSi10Mg alloy, there is

large elongation and rotation under the joint

action of normal stress and shear stress. When a

dwell time is introduced, the formation of creep

micropores accelerates the fracture of materials.

(4) The CPFE results show that high local plastic

strain accumulating around the notch directly

causes microcrack nucleation at these locations,

but increasing the dwell time does not linearly

affect the maximum GND density, stored

energy and maximum plastic strain.
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