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Abstract
The high degree of design freedom is a major advantage of additive manufacturing processes and enables the production of 
highly complex structures that cannot be realized with conventional manufacturing methods. This makes AM processes such 
as Powder Bed Fusion of Metal with Laser Beam (PBF-LB/M) an attractive option for different industries. However, the 
production process can be interrupted for various reasons. In addition to a planned pause, e.g., for the production of smart 
components, various technical issues can lead to an unwanted interruption of the process. In any cases, if the user continues 
the production process after an interruption, the temperature histories of the produced components and the PBF-LB/M 
machine are different compared to a non-interrupted process. The literature shows that the cool-down of the system and the 
components during the process interruption results in various types of component defects. According to our current state of 
knowledge, the formation of the interruption marks is the most critical defect resulting from a process interruption. Due to 
the resulting notch effect, the global component properties are often severely impaired even for short interruption times. The 
easiest way to eliminate the influence of the interruption marks is therefore to remove them by machining the components. 
An unplanned post-processing using traditional methods like milling or turning is usually difficult or even impossible as the 
necessary requirements for the component geometry are often not met. In many cases, machining is also not economically 
viable. In order to address this challenge, three different processing methods were tested in the present study: blasting, vibra-
tory finishing, and manual grinding. These methods are not restricted in the mentioned way and can be used spontaneously 
to remove the marks quickly and simply. The extent to which the methods affect the surface, the geometry of the interruption 
marks and the residual stresses was investigated. Fatigue tests were performed to assess the capability of these methods to 
reduce the negative effects of a process interruption. The results show that the investigated post-processing methods have 
different effects on the component properties and fatigue strength. All three methods have shown that the negative effects 
of the interruption marks and thus the scrap rate due to an interruption in the PBF-LB/M can be significantly reduced using 
appropriate post-processing methods.

Keywords Powder bed fusion of metal with laser beam (PBF-LB/M) · AlSi10Mg · Process interruption · Additive 
manufacturing (AM) · Mechanical properties

1 Introduction

Additive manufacturing processes are increasingly being 
adopted by the industry. This expansion is largely due to the 
ability to economically produce highly complex structures 
even in small quantities, thereby enabling new possibilities 
for lightweight construction concepts and customization. 
Additionally, these methods typically require fewer manu-
facturing steps and result in lower material consumption 
compared to traditional manufacturing techniques, making 
them more economical and more sustainable. [1, 2]

One of the most widely used techniques for producing 
metal components is powder bed fusion of metal with laser 
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beam (PBF-LB/M). In PBF-LB/M, metal powder is locally 
melted by a focused laser beam, building the components 
layer by layer. However, the build process can be interrupted 
for various reasons. In the production of smart components, 
where sensors or actuators are integrated into a part, this 
layer-wise build-up can be intentionally paused at a defined 
layer. The dynamic interactions between the laser beam, 
the powder bed, the melt pool, and the solidified material 
make the process highly complex and can lead to unforeseen 
complications even with meticulous planning resulting in an 
unplanned process interruption. Whether due to a planned 
interruption or a technical issue (e.g., power outage, sensor 
malfunction), the temperature profile of the machine and the 
components differs from that of a regular build job. Con-
sequently, an interruption can have a significant impact on 
both the process and the quality of the finished components. 
The machine downtime causes an economic loss and plan-
ning complications. If the build job is canceled, there is also 
a waste of powder, consumed shielding gas and working 
hours for example. However, if the build job is continued 
and completed after the interruption, it is difficult to esti-
mate the impact on the component quality. The system and 
components cool down during the interruption, leading to a 
defect known as layer shift and the formation of interruption 
marks [3]. This defect is illustrated in Fig. 1, which shows 
a topology-optimized part made of AlSi10Mg, produced 
by PBF-LB/M. If no post-processing of the components is 
planned, this defect not only represents a visual flaw, but 
also leads to a notch effect, which has a negative impact on 
the mechanical properties, especially for dynamically loaded 
components in the as-built state. In addition, there might be 
a risk of weakened bonding between the parts printed before 
and after the interruption due to an increased porosity or a 
changed microstructure.

A major disadvantage of additive manufacturing is the 
low build rate. Depending on the components and process 

parameters, a build job can take several days or even weeks. 
For optimal machine utilization, it is therefore often advis-
able to run long-duration build jobs overnight or over the 
weekend. However, if the company does not have the capac-
ity to monitor the process 24/7, an unnoticed interruption 
of several hours or even days becomes more likely. Even if 
the interruption is noticed by monitoring systems, rectify-
ing such a problem often requires the presence of qualified 
personnel on site at the machine. Even if the cancelation of 
a long-term build job is associated with a great economic 
loss, the implementation of an appropriate working model 
is probably not profitable, especially for small companies.

The effects of manufacturing interruptions have been 
examined in the literature before [4–12]. Various scenarios 
with different interruption durations (ranging from 15 min to 
24 h), machine conditions (open/closed build chamber, build 
plate heating on/off), and materials (aluminum and nickel 
alloys, Ti-6Al-4 V, steel) have been investigated. Besides 
a dark discoloration of the interruption level, only a slight 
change in the microstructure was observed in most of these 
studies. While some studies have found no significant impact 
on the mechanical properties [6–10], others have reported 
contrasting results [4, 5, 11, 12]. These conflicting findings 
may be attributed to the differing scenarios, materials, and 
interruption durations considered in each study. However, 
the previous research has demonstrated that an interrup-
tion in the PBF-LB/M process leads to two main types of 
faults, both related to the cooling of the machine and the 
components (Fig. 2). For as-built parts where no machining 
is planned, the already mentioned notch effect of the inter-
ruption mark results in a significant reduction of the fatigue 
strength as shown in Fig. 2a [11, 12]. Even relatively short 
interruption times of 40 min can cause the formation of the 
marks [6]. While Binder et al. [6] assume material shrink-
age to be the main cause of the layer shift, Moser et al. [12] 
attribute its formation to the cool-down of the laser optics. 

Fig. 1  Component made of 
AlSi10Mg fabricated by PBF-
LB/M with interruption marks 
in a critical area as a result of an 
unplanned process interruption
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This leads to a positioning error of the laser spot when con-
tinuing the build job, which results in an offset of the part 
area produced after the interruption and the formation of the 
interruption marks.

The second defect is an increased porosity in the inter-
ruption plane due to a higher layer thickness as a result of 
thermal shrinkage of the components in the build direction. 
Depending on the sample geometry and interruption dura-
tion, this can cause a higher powder layer thickness when the 
build job is continued. If the layer thickness or the process-
ing parameters are not adjusted while performing the restart 
procedure, this leads to an increased risk of pore forma-
tion in the interruption area, resulting in a significant rise in 
the scattering of the fatigue lifetime as shown for machined 
specimens in Fig. 2b [12]. Based on the current state of 
knowledge, the influence of the interruption marks appears 
to be more critical than that of the increased porosity. For 
this reason, this study focuses on the properties around the 
marks and their influence on the fatigue strength.

Currently, no study has addressed the question of how to 
deal with these issues respectively the components affected 
by an interrupted PBF-LB/M process to reduce the risk 
of faulty parts and the scrap rate. From the authors’ point 
of view, there are two logical approaches to deal with the 
mentioned consequences of a process interruption. The first 
approach is to optimize the restart procedure or to adjust 
the process parameters when continuing the build job. This 
can minimize the risk of an increased porosity and a defec-
tive connection between the component areas before and 
after the interruption. This is the subject of further studies 
and will be published in future. A second approach is the 
removal of the interruption marks and the associated notch 
effect. The marks are often more critical than the increased 
porosity as they negatively affect the mechanical properties 
in general. Especially under dynamic loads, a significant 
reduction in the service life of affected components is to be 
feared. The interruption marks and the pores correspond to 
a geometric notch, to which the fatigue strength reacts very 
strongly. Typically, this problem can be resolved by remov-
ing the marks through subtractive post-processing methods 
like milling or turning. However, this approach is generally 
feasible only for components that were designed with such 
post-processing in mind as suitable clamping surfaces are 
required. Additionally, a machining allowance is necessary 
to ensure that the specified dimensions and the functionality 
of the component are maintained. Furthermore, the post-
processing of highly complex AM structures is often difficult 
or even impossible with conventional methods [13]. In many 
cases, machining is also not economically viable. Accord-
ingly, this study examines three post-processing techniques 
that do not require clamping surfaces or machining allow-
ance: blasting, vibratory finishing and manual grinding. All 

three of them are simple and relatively fast processes that 
can be applied with minimal preparations.

In addition to surface inhomogeneities such as rough-
ness, pores or geometric defects, residual stresses also have 
a significant effect on fatigue strength [14–16]. Literature 
indicates that post-processing techniques affect not only 
surface roughness but also residual stresses [14, 17, 18]. At 
the beginning of the study, it was assumed that each of the 
investigated processes affects these component properties in 
different ways. While blasting introduces the highest resid-
ual compressive stresses, vibratory finishing generates the 
lowest surface roughness. However, both processes cannot 
be expected to completely remove the interruption marks. 
Among the methods considered, manual grinding is the only 
method that can completely remove the marks. But the sur-
face finish is very irregular with this process. While blasting 
and vibratory finishing are well-established methods whose 
effects have been extensively studied [14, 18–23], manual 
grinding is a relatively poor investigated process [24].

The aim of the study was to investigate whether the nega-
tive effect of an interruption mark can be reduced and how 
the roughness and residual stresses are affected by a quick 
and easy post-processing. The effect was evaluated based 
on the resulting fatigue strength and fracture behavior. The 
findings are intended to reduce the loss of quality caused by 
an interruption and thus the scrap rate.

2  Materials and methods

In this study, all samples were produced using a standard 
SLM125HL® system (Nikon SLM Solutions AG, Germany) 
following the parameters detailed in Table 1. Each build job 
was started once the base plate reached the necessary tem-
perature of 150 °C and the oxygen level in the build chamber 
was reduced to 0.05%. The flow rate of the argon shielding 
gas was maintained at 4 m/s. The AlSi10Mg powder, featur-
ing a particle size distribution of 20 to 63 µm and produced 
through gas atomization, was supplied by Nikon SLM Solu-
tions AG and utilized in a recycled and sieved state.

The considered scenario was a power outage with a pro-
cess interruption of 10 h. Throughout the interruption, the 
build chamber remained closed, thereby preserving the 
protective gas atmosphere. Furthermore, the base plate 
heating and the protective gas flow were deactivated. For 
the investigations, several build jobs were conducted, each 
consisting of 30 fatigue test specimens conforming to DIN 
50113 [25] (Ø14 × 105 mm), printed in z-direction and on 
a three-millimeter-high volume support (Fig. 3). While the 
reference samples were produced regularly, the build jobs of 
the interrupted samples were paused manually in the middle 
of the cylindrical test area after the exposure of the layer at 
a specimen height of 52.5 mm.
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After the planned interruption period of 10 h, the restart 
procedure used by Moser et al. [12] was carried out. For this 
purpose, the base plate heating and the inert gas flow were 
switched on again. After a waiting time of 15 min, several 
manual recoating processes followed to ensure a uniform 
powder layer on all samples. The position of the platform 
remained unchanged. The standard parameters shown in 
Table 1 were used when continuing the build job. For this 
purpose, the manually applied powder layer was exposed 
only once.

After completion, the samples were grouped according to 
their production conditions (NO or WITH interruption) and 
the intended post-processing. Afterward, post-processing 
was carried out using the methods blasting (SB), vibratory 
finishing (VF), and manual grinding (MG). The samples 
which were tested in the as-built condition (AB) were not 
reworked. The properties of the NO_AB samples served as 
the benchmark for the effect of the interruption and the post-
processing methods. Table 2 provides an overview of the 
sample types and their processing state.

2.1  Measurement of surface roughness & profile 
of the interruption marks

The surface topography and roughness were determined 
using a VR-5200® 3D profilometer (KEYENCE Corpora-
tion, Japan). For this purpose, the area shown in Fig. 3 of 
five samples per type was scanned using the structured light 
method. Based on EN ISO 4288 [26] and the recommen-
dation of KEYENCE Corporation, five parallel measuring 
lines with a length of 12.5 mm, a distance of 0.25 mm and 
a cut-off value λC of 2.5 mm were selected for the measure-
ment of the roughness height Rz. For the roughness meas-
urements of the interrupted samples, it was not possible to 
use the measuring distance recommended in EN ISO 4288 
[26] as the interruption marks in the middle of the test area 
would distort the measured values. However, as it can be 
assumed that both production conditions (NO/WITH inter-
ruption) result in a comparable surface roughness, the values 
of the samples produced without an interruption are also 
applied for the interrupted samples. Using the same device 
and the same samples, measurements were performed to 
analyze the profile of the interruption marks. For each sam-
ple, five parallel lines with a distance of 0.25 mm were used 
as well. Beforehand, the samples were mechanically marked 

to ensure an approximately identical orientation during the 
measurements before and after post-processing.

2.2  Measurement of residual stresses

Residual stresses were determined according to EN 15305 
standards [27]. For the measurement of residual stresses in 
the near-surface regions, a D8 Discover® (Bruker Corpora-
tion, United States) X-ray diffractometer (XRD) was used. 
The Cr X-ray tube operated at 35 kV and 40 mA, utilizing a 
vanadium filter with an absorption factor of 2.48, and a col-
limator with a diameter of 0.5 mm. The angle between the 
X-ray source and the Eiger2 R 500 K® multi-mode detec-
tor (Dectris AG, Switzerland) was set to 2θ = 140°, with a 
measurement time of 80 s. These settings allowed a meas-
urement depth of approximately 5 µm. The measurements 
were taken at five different angles and six different positions. 
Three samples were measured for each specimen variant. 
For regular printed samples, three measurement points were 
recorded, while interrupted samples had four measurement 
points (two before and two after the interruption) as shown 
in Fig. 3. The  sin2ψ method was employed to analyze the 
residual stresses σ11 longitudinal to the sample axis. These 
residual stresses are superimposed on the test load and are 
therefore much more critical than the stresses σ22 perpen-
dicular to the specimen axis. The analysis was performed 
using diffraction analysis with Pearson VII peak evaluation 
and a biaxial stress model, utilizing the software Leptos 7® 
(Bruker Corporation, United States).

2.3  Post‑processing

Vibratory finishing, blasting and manual grinding were cho-
sen as post-processing methods as the components to be 
machined require neither a clamping surface nor a machin-
ing allowance. These techniques are well-established, widely 
available in production facilities, and require minimal prepa-
ration. Most post-processing methods, including those used 
in this study, are limited in in their ability to access the 
internal structures of complex components. Consequently, 
this study focuses on open structures where the media or 
tools can access the relevant surfaces. Chemical or electro-
chemical methods can also be used for the post-processing 
of internal or complex structures. However, these are less 
common, barely remove any material, and do not introduce 
any residual stresses. For this reason, these methods appear 
to be less promising for achieving the desired objective of 
minimizing the negative impact of the interruption mark.

• Vibratory finishing was carried out for two hours in a 
trough vibrator MMTV-5321® (Müller Mechanik, Ger-
many). Before the process, both the triangle-shaped 

Fig. 2  Critical defects due to an interruption in PBF-LB/M with their 
results and causes [12]. a Interruption marks result in a reduction in 
fatigue strength due to their notch effect. Their formation is caused 
by a positioning error of the laser spot as a consequence of the cool-
down of the laser optics. b More porosity leads to a higher scattering 
of fatigue life. The reason for this is an increased layer thickness due 
to the cooling and shrinking of the components

◂
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ceramic abrasive media 1010  T® (Hoffmann SE, 
Germany) and the process water including the added 
composite SHINY® (Hoffmann SE, Germany) were 
exchanged to ensure the best possible repeatability.

• For blasting, round glass beads (MHG Strahlanlagen 
GmbH, Germany) with a grain size of 100–200 µm and 
a hardness of HRC = 47 were selected, which are well 
suited for the surface treatment of aluminum compo-
nents. The samples were processed for 5 min with a blast-
ing pressure of 0.6 MPa. The samples and the blasting 
nozzle were manually moved at a distance of approxi-
mately 3–5 cm. Since this is a very individual process 
in which the results depend strongly on the operator, the 
samples were processed by three different individuals to 
take this factor into account in the best possible way.

• The test area was manually ground using a pneumatic 
belt sander MBS 20 DH® (joke Technology GmbH, Ger-
many) and an 80-grit corundum sanding belt to remove 
the interruption marks. As the surface was very rough 
and uneven, the samples were additionally processed 
with a fine corundum abrasive fleece. Again, the sam-
ples were processed by three people until the test area 
was uniform and the marks were no longer visible.

Subsequently, all previous measurements (surface 
topography and roughness, size of the interruption marks, 
residual stresses) were repeated in order to be able to ana-
lyze the changes.

2.4  Fatigue tests & fracture analysis

To assess the fatigue strength according to DIN 50100 [28], 
high-cycle fatigue tests (HCF) were conducted using the pearl 
string method through rotating bending tests. A Power Rota-
bend® machine (SincoTec Test Systems GmbH, Germany) 
was employed for this purpose. The tests were carried out at 
room temperature and regular environmental conditions, with 
a load ratio of R = -− 1, and a frequency of 50 to 100 Hz. 
Depending on the sample type, the load amplitude was modi-
fied in a range of 46 to 196 MPa. If a specimen survived  107 
cycles undamaged, the test was stopped and the specimen was 
marked as a runout. For each variant, a minimum of ten fatigue 
samples were tested. The fracture surfaces of selected samples 
were examined using a VHX-3000® digital microscope (Key-
ence Corporation, Japan) and a Zeiss Ultra 55® SEM (Carl 
Zeiss Microscopy, Germany).

In order to compare defects of different sizes and shapes, 
the approach by Murakami [29] can be employed. The area 
of the crack-causing defect corresponds to the Value ´area´ 
defined by Murakami. A larger ´area´ is associated with a 
decrease in fatigue strength. The effects of the defect are con-
sidered to be equivalent to that of a crack with the length of the 
square root of the area ( 

√

area ). For a specimen loaded with 
a stress amplitude of σa at a load ratio of R = − 1, the range of 
stress intensity ∆K is given by Eq. (1).

For the same load amplitude σa, the stress intensity and thus 
the fatigue strength depend on the size of the defect, described 
by 

√

area , and the shape factor Y. The factor Y depends on the 
position of the defect in relation to the surface. If the defect 

(1)ΔK = Y ∗ 2 ∗ �
a
∗

�

� ∗

√

area

Table 1  PBF-LB/M process parameters for specimen fabrication

Parameter Set Laser Power
(W)

Scan Speed
(mm/s)

Hatch Distance
(mm)

Slice Thickness
(mm)

Base Plate Temperature
(°C)

Scan Strategy
(-)

Rotational Angle
(°)

Hatch 350 1650 0.13 0.03 150 Stripes 67
Contour 300 730 /

Fig. 3  Fatigue specimens with marked interruption level and test 
areas for roughness (green) and residual stress measurements (gray) 
(units in mm). Build direction along the z-axis

Table 2  Sample types regarding 
their production conditions 
(NO/WITH Interruption) and 
processing state

Processing State

As-built Blasted Vibratory finished Manually ground

NO Interruption NO_AB NO_SB NO_VF NO_MG
WITH Interruption WITH_AB WITH_SB WITH_VF WITH_MG
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is located at or near the surface, a Y of 0.65 is selected. For 
defects in the volume, Y is 0.5. This means that the effect of 
defects near or on the surface is approx. 30% higher than for an 
equivalent defect in the volume. The distinction as to whether 
a defect is close to a surface or not is made on the basis of its 
radius a and the distance between the nearest surface and the 
center of the defect h. With a ratio of a/h < 0.8, the defect is 
considered to be close to the surface. If a/h > 0.8, it is a volume 
defect. Therefore, Y ∗

√

area can be used to estimate the effect 
of a defect based on its size and position.

3  Results and discussion

3.1  Surface roughness, topography, and size 
of the interruption marks

Based on the images and 3D scans in Fig. 4 and the values in 
Table 3, the surface topography and roughness of the sample 
types can be analyzed. The not post-processed as-built sam-
ples (AB) show adhesions of incompletely melted powder 
particles (Fig. 4a). This is known and significantly influ-
ences the surface roughness [14, 17, 21, 22, 30–32]. These 
satellites were removed by all three post-processing methods 
tested, which improved the surface quality. The roughness of 
the as-built samples (AB) was reduced from Rz = 41.2 µm 
to 29.2 µm by blasting (SB), to 29.5 µm by manual grinding 
(MG), and to 19.6 µm by vibratory finishing (VF) (Table 3). 
To evaluate the differences of the post-processing meth-
ods, the Rz values were compared using an ANOVA with 
a significance level of α = 5%. This results in a p-value of 
5.8 ∗ 10

−18 , which is much smaller than the limit value of 
0.05. This reveals that there is a statistically significant dif-
ference between the roughness values of the post-processing 
methods. The blasted samples show a relatively uniform sur-
face structure without obvious elevations or craters, but with 
many small dimples (Fig. 4b). It is likely that these were 
caused by the impact of the hard glass beads on the surface 
and indicate plastic deformation. In contrast, the samples 
processed by vibratory finishing have a smoother surface 
overall. However, craters are visible on the surface which 
appear to be quite deep (Fig. 4c). Initially, the assumption 
arose that these might be the remaining roughness or profile 
valleys that could not be completely removed by vibratory 
finishing, as described by Beevers et al. [13] or Mesicek 
et al. [22]. On the other hand, Nasab et al. [21] suggested 
that these craters could also be near-surface defects, such as 
pores, that have been exposed by vibratory finishing. How-
ever, the material removal during vibratory finishing is only 
slightly larger (0.056 mm in diameter) than with blasting 
(0.039 mm). In addition, profile measurements show that 
the craters are up to 30 µm deep, approximately the same 
depth as the roughness or profile valleys visible in the 3D 

scans of the AB and SB samples in Fig. 4a and b. Therefore, 
it seems more likely that the craters are roughness or profile 
valleys. The surface of the manually ground samples con-
sists of many furrows and peaks and is significantly more 
uneven compared to the other methods (Fig. 4d). The mate-
rial removal is with approximately 0.12 mm in diameter the 
greatest.

Profile curves and images of the interruption marks for 
each machining condition are shown in Fig. 5. As expected, 
manual grinding is the only method capable of completely 
removing the mark (Fig. 5a, g). In the AB state, a rough 
profile and adhering powder particles are visible (Fig. 5a, 
d). Blasting and vibratory finishing remove these adhe-
sions and smooth the mark (Fig. 5b, c, e, f). However, this 
only reduces the size of the mark by 20 µm (Table 3). The 
smoother profile and the overall lower surface roughness 
indicate an increased fatigue strength. The images show a 
significant difference between the blasted (WITH_SB) and 
the vibratory ground samples (WITH_VF) (Fig. 5e, f). The 
WITH_SB samples clearly show the dimples that are charac-
teristic of this method, even in the fine corners of the mark. 
This shows that the small glass beads (grain size 100–200 
µm) are able to reach even the small corners of the mark. 
In comparison, the mark of the vibratory ground samples 
(WITH_VF) appears much more rugged. This means that 
the 10 mm abrasive media cannot penetrate as far into the 
contour of the mark as the much finer glass beads. This sug-
gests a significant difference in the fatigue life of blasted and 
vibratory finished samples. Furthermore, when analyzing 
the profile of the as-built samples, it is noticeable that the 
offset of the marks is not permanent, but slowly disappears 
with increasing build height. As described by Moser et al. 
[12], this is probably due to the slow reheating of the laser 
optics during the course of the build job and the associated 
reduction in the positioning error of the laser spot as shown 
in Fig. 2a. The preferred direction of the interruption marks 
mentioned by Moser et al., which correlates with the direc-
tion of the inert gas flow, was also observed in this study.

3.2  Residual stress

The residual stresses of the investigated processing states 
are compared in Fig. 6. The as-built samples produced 
without interruption (NO_AB) exhibit tensile residual 
stresses with a mean value of σ11 = 137  MPa. This is 
related to high-temperature gradients and cooling rates 
during the process and is of comparable magnitude 
to literature values [14, 15, 17, 33, 34]. After all post-
processing methods, the samples show the presence of 
residual compressive stresses. This can be explained by 
the plastic deformation and the resulting hardening of the 
surface area caused by post-processing and is expected 
to have a positive effect on fatigue life [14, 16, 17, 21]. 
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The residual stresses are the greatest after blasting (− 137 
to − 143 MPa) (SB), followed by the vibratory finished 
samples (− 100 to − 119 MPa) (VF). The manually ground 
samples (MG) exhibit the lowest values with stresses of 
− 57 to − 97 MPa. Again, an ANOVA was performed to 
test the significance of the differences between the machin-
ing conditions. Both the residual stresses of the regular 

specimens (p = 2.3 ∗ 10
−4 ) and those of the interrupted 

specimens (p = 5.4 ∗ 10
−8 ) differ significantly depending 

on the post-processing method used. It is also remark-
able that, except of the blasted samples, all samples that 
were produced with an interruption always exhibit lower 
residual stresses. This might be related to the repeated 

Fig. 4  Images and topography of the surfaces of the as-built (AB), blasted (SB), vibratory finished (VF), and manually ground (MG) samples
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cooling and reheating of the samples during the interrup-
tion and the subsequent continuation. The temperature 
profile is comparable to an uncontrolled heat treatment, 
which results in a reduction in residual stresses as shown 
in various studies before [15, 17].

It is conceivable that the residual stresses not only in the 
interrupted and non-interrupted samples differ, but also in 
the areas before and after the interruption. In eight out of 
nine samples, the residual stresses are higher in the area 
before the interruption than in the area after it. The stresses 

averaged over all WITH_AB samples were 106 ± 27 MPa 
before and 95 ± 16 MPa after the interruption. This might 
be due to the rapid heating that occurs when resuming the 
build process, which creates higher temperature gradients in 
the already-cooled section prior to the interruption, thereby 
leading to increased residual stresses. To evaluate the dif-
ferences, before post-processing, the residual stresses in the 
two areas were also compared using an ANOVA with a sig-
nificance level of α = 5%. This results in a p-value of 0.125, 
which is greater than the limit value of 0.05. This reveals 

Table 3  Surface roughness Rz 
and size of the interruption 
marks of the tested post-
processing methods and 
production conditions

(*) As the interruption marks in the middle of the test area distort the roughness measurements, the sam-
ples produced with an interruption could not be tested in accordance with EN ISO 4288. For this reason, 
roughness values of the same scale are assumed for both manufacturing conditions

AB SB VF MG

NO WITH NO WITH NO WITH NO WITH

Rz (*)
(µm)

41.2
 ± 8.3

29.2
 ± 3.3

19.6
 ± 2.2

29.5
 ± 6.4

Size Mark
(mm)

/ 0.10
 ± 0.03

/ 0.08
 ± 0.02

/ 0.08
 ± 0.01

/ 0

Fig. 5  Exemplary profile curves and images of the interruption marks in the processing states as-built (WITH_AB), manually ground (WITH_
MG), blasted (WITH_SB), and vibratory finished (WITH_VF)
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that there is no statistically significant difference between the 
sample areas before and after the interruption. Nevertheless, 
the frequency of higher residual stresses in the area before 
the interruption is very conspicuous and offers potential for 
further investigations.

3.3  Fatigue tests

Figure 7 shows the S–N diagram, where the stress amplitude 
σa is plotted against the number of cycles to failure  NF on a 
double logarithmic scale. The diagram includes lines repre-
senting crack probabilities of 10%, 50% and 90%. Samples 

at load levels where cycles of  NF =  107 have been reached are 
shown, but have been excluded from the statistical evalua-
tion following DIN 50100 [28]. Samples at load levels below 
this limit were also excluded. According to DIN 50100, 
these levels exceed the high-cycle fatigue limit and are not 
allowed to be evaluated using the pearl string method. The 
dashed red lines mark a fatigue life of NF = 200k load cycles 
until failure. Based on this lifetime, the theoretically endur-
able load amplitudes σa,200 k of the different sample types can 
be compared on a quantitative basis. The σa,200 k values, the 
gradient of the S–N curve k and the scatter value of the life 
time TN for the processing states are calculated in accord-
ance with DIN 50100 and listed in Table 4. High values for 
σa,200 k and k mean high fatigue strength, whereas a low TN 
value stands for low scatter and therefore high reproduc-
ibility. However, it should be noted that the scatter increases 
with the gradient. This makes it difficult to compare S–N 
curves with very different gradients.

Figure 7a compares the fatigue properties of the speci-
mens produced without an interruption (NO). The regularly 
printed samples in the as-built state (NO_AB) serve as the 
benchmark. As the previous results already suggested, all 
post-processing methods have a positive effect on fatigue 
life. Blasting (SB) more than doubles the theoretically 
endurable stress amplitude for NF = 200k load cycles from 
σa,200 k = 80 MPa to 185 MPa. In addition, the S–N curve 
has a less steep gradient (k,AB = 3.7, k,SB = 9.5), which also 
indicates a higher fatigue strength. This is the result of the 
lower surface roughness and the existing residual compres-
sive stresses. A smaller increase can be seen after vibratory 
finishing (VF). Here, the bearable load amplitude increases 

Fig. 6  Residual stresses for the processing states as-built (AB), 
blasted (SB), vibratory finished (VF), and manually ground (MG)

Fig. 7  S–N diagram for specimens produced without (a) and with an 
interruption (b) in the machining conditions as-built (AB), blasted 
(SB), vibratory finished (VF), and manually ground (MG), includ-
ing a crack probability of 10% and 90% (dashed lines) and 50% (solid 

lines). The dashed red lines indicate a fatigue life of NF = 200k. Open 
symbols represent load levels with runouts which were not consid-
ered for the statistical analysis



Progress in Additive Manufacturing 

to σa,200 k = 161 MPa. While the inclination is even flatter 
than that for the blasted samples (k,VF = 12.9), the scattering 
is significantly greater with TN,VF = 10.4. In addition to the 
lower residual compressive stresses, the valleys shown in 
Fig. 4c appear to be the most likely reason for this. After the 
roughness was significantly reduced, these are probably the 
most critical defects. Their size, geometry, and consequently 
their notch effect are randomly distributed across the sample 
surface, which is also reflected in a larger scatter. The small-
est improvement is achieved by manual grinding (MG). The 
fatigue strength increases slightly from σa,200 k = 80 MPa to 
85 MPa. However, the S–N curve drops steeply (k,MG = 0.4) 
and the scatter is very wide (TN,MG = 6.7). In addition, more 
samples fractured in the clamping area and therefore outside 
the gage section, which is why these are not included in the 
evaluation. This is probably due to the fact that the material 
removal and the uniformity of the ground surface depends 
strongly on the skills of the operator.

Figure 7b shows the samples printed with an interrup-
tion of 10 h. In case of the as-built specimens, the fatigue 
strength decreases by 25% to σa,200 k = 60 MPa due to the 
notch effect of the marks. The scatter of the values and the 
gradient of the S–N curve are similar for both sample types. 
Fatigue strength is significantly influenced by near-surface 
defects and inhomogeneities such as roughness, pores or 
geometric defects [13, 35–38]. The mark represents such 
a defect with a size of more than 100 µm and has a nega-
tive effect on the fatigue properties. Although the values of 
the not interrupted specimens are not achieved, the fatigue 
strength is significantly improved by the tested post-pro-
cessing methods. Despite the fact that neither vibratory fin-
ishing nor blasting was able to remove the mark, the load 
amplitude that can be applied increased strongly by 62% 
after vibratory finishing and even 113% after blasting. The 
interruption marks were completely removed only by manual 
grinding. For this reason, it was expected that this method 
would generate the best results. However, the strength of 
σa,200 k = 101 MPa is only slightly higher than that of the 
vibratory finished samples (97 MPa) and much lower com-
pared to the blasted samples (128 MPa).

3.4  Fracture analysis

Figures 8 and 9 show the fracture locations of the fatigue 
specimens in relation to the interruption level, indicated by 
the red dashed line in Fig. 8 and markings in Fig. 9. Since 
the fracture behavior is identical for the three processing 
states AB, SB and VF, only the AB specimens are shown 
in Fig. 9 as a representative example. The regularly printed 
samples (NO) show a random and wide distribution of the 
fracture location. In contrast, for interrupted specimens 
(WITH), the as-built, the blasted as well as the vibratory fin-
ished specimens fail exclusively near the interruption level. 
Only the manually ground samples do not exhibit a distinct 
fracture pattern. Here, the influence of the individual post-
processing method was evident. With blasting, a stationary 
condition is likely to be established after a sufficient pro-
cessing time, which does not change significantly even after 
a longer processing time and which is independent of the 
operator. A completely different situation can be seen after 
manual grinding. Depending on the operator, the material 
removal and the uniformity of the reworked surface varies 
greatly. This is also reflected in the fracture behavior of the 
specimens. The random distribution of the fracture location 
suggests that the most critical effect of an interruption has 
been eliminated by the removal of the interruption marks. 
In addition to the marks, an increased porosity in the inter-
layer is another critical defect resulting from an interrup-
tion of a PBF-LB/M process as shown in Error! Reference 
source not found. b. For this reason, it was expected that 
the interruption level would remain the weak point of the 
manually ground samples and that a high proportion will 
still fail within this area. However, the random distribution 
of the fracture suggests that other effects appear to be more 
critical than the increased porosity in the interruption level. 
The uneven reworking creates local differences in rough-
ness, residual stresses and, in some cases, significant dif-
ferences in diameter within the gage section. In addition, 
defects close to the surface with random size and distribu-
tion are exposed, concealing the local effects of increased 
porosity in the interruption level. This effect is even greater 
for rotating bending test, since the bending stress increases 
toward the surface.

Table 4  Fatigue strength σa,200 k, scatter value of the life time TN and 
the inclination of the S–N curve k, for specimens manufactured with-
out (NO) and with an interruption (WITH) in the tested machining 

conditions as-built (AB), blasted (SB), vibratory finished (VF), and 
manually ground (MG)

AB SB VF MG

NO WITH NO WITH NO WITH NO WITH

σa,200 k (MPa) 80 60 185 128 161 97 85 101
k (-) 3.7 3.9 9.5 13.1 12.9 5.3 0.4 3.7
TN (-) 1.5 1.6 1.5 11.2 10.4 8.8 6.7 2.3
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All regular as-built samples failed at single inhomogenei-
ties directly at the surface (Fig. 10a). Numerous studies have 
proven that crack growth always starts from a defect at the 
surface due to the higher residual stresses [13, 30, 39, 40]. 
In contrast, several smaller defects are present on the surface 
of the interrupted as-built specimens, indicating an overall 
defective area, as also shown by Mahtabi et al. [11]. Fig-
ure 10b shows three exemplary defects that are close to each 
other. The many small defects merge and lead to premature 
failure of the samples. In general, the fracture surfaces of 
the interrupted samples show more and larger lack of fusion 
pores. These are attributed to the increased layer thickness as 
a result of an unsuitable restart procedure when continuing 
the build job.

Regardless of whether there was an interruption or not, 
the fracture in the blasted samples always starts from an 
inhomogeneity below the surface (Fig. 10c and d). How-
ever, other studies have found that even in the presence of 

large pores in the border area, defects always initiate cracks 
directly on the surface [39]. It is suspected that due to the 
compressive stresses in the surface area introduced by the 
post-processing methods, the critical region migrates toward 
the interior of the specimens where the compressive stresses 
gradually change back into residual tensile stresses. At the 
point where the stresses become large enough again and 
overlap with the stresses due to the load, the component fails 
at the next critical inhomogeneity. As was already evident in 
Fig. 5, the fine blasting beads even penetrate the fine corners 
of the mark, which greatly reduces its negative effect.

Despite the existing residual compressive stresses, the 
NO_VF samples primarily fail at a defect directly on the 
surface (Fig. 10e). These defects are probably the craters 
shown in Fig. 4. Since the roughness after vibratory finish-
ing is quite low, these profile defects are now the most criti-
cal. For WITH_VF samples, on the other hand, the crack 
starts at the interruption mark and extends to defects nearby 

Fig. 8  Fracture locations 
relative to the interruption level 
(dashed red line) for the investi-
gated machining conditions

Fig. 9  Fracture location of 
representative fatigue specimens 
printed without (NO) and with 
a process interruption (WITH) 
for the machining conditions 
as-built and manually ground. 
Blasted and vibratory finished 
samples show the same fracture 
pattern as the as-built samples
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Fig. 10  Exemplary locations, dimensions, and 
√

area according to Murakami [29] of fracture-causing defects
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(Fig. 10f). Unlike blasting, where the fine particles can even 
reach the small edges and corners in the interruption marks, 
the abrasive media for vibratory finishing consist of triangles 
with approx. 10 mm in size. These large particles are unable 
to access the bottom of the surface craters as well as the 
small corners of the marks. This implies that the roughness 
and residual stress values in these areas might be similar to 
those of an as-built surface.

In case of the manually ground samples, the crack origi-
nates from defects close to the surface, which were appar-
ently exposed during post-processing (Fig. 10g and h). 
This exposure of near-surface defects might provide a fur-
ther explanation for the large scattering of the samples as 
the presence, size and location of these defects are purely 
coincidental.

Figure 11 shows the interruption mark visible in the frac-
ture surface of a WITH_AB sample. The defect size can 
be estimated using Murakami’s simplified method 

√

10 ∗ c 
where c corresponds to the defect size [29]. This equation 
can be used to estimate the defect size of very shallow cir-
cumferential cracks and of the surface roughness. For the 
defect depth c, the size of the mark can be used. With an 
average of 100 µm and a maximum size of 145 µm, this 
results in a 

√

area of 316 to 459 µm, which is significantly 
larger than the usual defects, ranging from 51 µm to 348 µm 
(Fig. 10).

Figure 12 illustrates the distance between the fracture 
location and the interruption level in relation to the product 
of the defect size 

√

area and the shape factor Y presented 
in Eq. 1. To be able to estimate the defect size range for 
each type, the crack-inducing defects of the samples with the 
lowest and the highest achieved fatigue life were measured. 
However, this does not mean that there are no samples with 
smaller or larger defects. The first noticeable aspect is the 
cluster formation. As can also be seen in Fig. 8, the fracture 
location of the regularly manufactured samples (NO) var-
ies greatly, while the variants manufactured with an inter-
ruption (WITH) fail almost exclusively in the area near the 
interruption. Only one of the WITH_MG samples does not 
follow this pattern (highlighted by red circle). This might 

be due to the non-uniformity of the specimens. It can also 
be seen that the range of the defect sizes is significantly 
larger for the WITH samples than for the NO samples. This 
is probably due to the negative effect of the mark and the 
increased porosity in the interruption level. Furthermore, the 
WITH_AB samples show several smaller defects as shown 
in Fig. 10b. This makes it difficult to identify the most criti-
cal defect here. For comparison, the defect size of the inter-
ruption mark is shown as well. As this is a defect directly 
on the surface, a Y of 0.65 was used. As shown earlier, the 
defect is significantly larger than the usual defects in regu-
larly printed specimens. The mark is expected to influence 
not only the position but also the size of the crack initiating 
defect. Currently, their interaction is not well understood and 
cannot be considered in the evaluations (Fig. 12).

4  Conclusions

This study investigated the extent to which the consequences 
of a process interruption on PBF-LB/M AlSi10Mg compo-
nents can be reduced using quick and easy post-processing 
methods. For this purpose, three methods were tested: blast-
ing, vibratory finishing and manual grinding. These methods 
can all be used unplanned and without much preparation. 
Each of these methods offers different advantages and limi-
tations, influencing the component properties in different 
ways. The investigations provide the following findings:

• The as-built samples show the rough surface known from 
numerous studies, which is due to the adhesion of incom-
pletely melted powder particles. There are also craters 
on the surface which are probably due to roughness or 
profile valleys. Due to the high-temperature gradients in 
PBF-LB/M, residual tensile stresses are generated in the 
surface area of the as-built specimens. As a result of the 
interruption and the cooling of the system and the speci-
mens, the interruption mark known from other studies 
was created, which significantly diminishes the fatigue 
strength. This corresponds to a notch approximately 

Fig. 11  Example of an interrup-
tion mark visible in the fracture 
surface of a WITH_AB sample
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0.1 mm in size and has a preferred direction correlat-
ing with the gas flow, as also described in other stud-
ies. The regularly manufactured samples show a random 
distribution of the fracture location and the fracture trig-
gering defect is always located directly on the surface. 
In contrast, the samples produced with an interruption 
fail exclusively in the interruption plane. In addition, the 
crack originates from several points on the surface and 
not from a single defect. This demonstrates the critical 
effect of a process interruption on the fatigue strength of 
as-built specimens.

• The loose adhering particles and roughness peaks are 
removed by blasting and vibratory finishing, which sig-
nificantly improves the roughness. While the profile of 
the interruption marks is smoothed by these post-pro-
cessing methods, the size is barely affected. Although 
the mark is not reduced, a considerable improvement in 
fatigue resistance is achieved. Even the strength values of 
the as-built samples printed without an interruption are 
surpassed. This is probably due to the residual compres-
sive stresses present in the border area, indicating plastic 
deformation and hardening. These are higher after blast-
ing than with vibratory finishing, resulting in the highest 
fatigue strength of the blasted samples. Both the blasted 
and vibratory finished specimens fail at random heights 
when printed regularly, but fail exclusively in the inter-
ruption level if the printing process is paused. In case of 
the blasted samples, the fracture originates from defects 
in the contour area below the surface. It is suspected that 
the residual compressive stresses at this point are very 

low or have even reverted to residual tensile stresses, so 
that a crack starts from the nearest defect.

• Manual grinding turned out to be the only way to 
completely remove the marks. However, the material 
removal and the uniformity of the reworked surface 
depend strongly on the person carrying out the work. In 
addition, pores close to the surface are exposed, acting 
as fracture-inducing defects. Their size, shape, and dis-
tribution in the samples are random, which is reflected 
in a large scatter of fatigue strength and the fracture 
location.

As the results show, the tested post-processing methods 
can be used to mitigate the negative effects after a process 
interruption in PBF-LB of AlSi10Mg. This is particu-
larly relevant for long and time-critical build jobs and can 
help reduce the scrap rate. However, despite the general 
improvement in the strength level, the increased scattering 
of fatigue life has a negative effect on the performance of 
the components. The wider scatter is probably due to a 
higher layer thickness and thus increased porosity caused 
by an unsuitable procedure when continuing the build 
process. By optimizing the restart procedure, this defect 
could be reduced, thereby further minimizing the negative 
effects of a process interruption. This issue is part of cur-
rent research and will be addressed in future publication.
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√
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