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Abstract
Due to various causes, process interruptions during powder bed fusion of metal with laser beam (PBF-LB/M) can occur. This 
can be performed deliberately, e.g. as part of sensor integration or hybrid manufacturing. However, unplanned interruptions 
are also possible, for example, due to a power outage. In particular, long-term interruptions may result in significant quality 
losses, making it necessary to cancel the build job. Depending on the extent of the print job and the location of the interrup-
tion, this can mean a major economic loss. Most of the previous studies have found only minor reduction of the mechanical 
properties. However, these studies often dealt with the effect of planned interruptions and relatively short interruptions of 
about 1 h. Significantly longer interruption times are also realistic, especially when they occur overnight or during weekends. 
The aim of this study is to investigate the effects on the component quality of a process interruption when the manufacturing 
process is continued several hours after the interruption. For this purpose, the effects of different interruption durations (1, 
4, 10 and 16 h) on the microstructure, hardness, tensile strength and fatigue properties of the PBF-LB/M-fabricated com-
ponents made of AlSi10Mg were investigated. In addition, the layer shift resulting from the interruption is measured and 
described geometrically. The results show that for AlSi10Mg specimens in which the layer shift was removed and which 
are not highly loaded, an unplanned long-term process interruption up to 10 h does not result in a significant loss of quality 
under the considered conditions. Furthermore, it is apparent that the procedure for restarting the process is very important 
for the resulting component quality.

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

1 Introduction

The significance of powder bed fusion of metal with laser 
beam (PBF-LB/M) is rapidly expanding in the industry. 
Reasons for this include a high degree of design freedom, 
enabling cost-effective production of highly complex and 

near-net-shaped structures even for small batch sizes. In 
addition, parts produced with PBF-LB/M nowadays partly 
exhibit better mechanical properties compared to cast com-
ponents [1, 2].

As in all manufacturing processes, various anomalies and 
disturbances can occur in PBF-LB/M, which may have a 
negative impact on the robustness of the process as well as 
the component quality. The interruption of the manufactur-
ing process represents such a realistic disturbance. It can 
be deliberately initiated, for example, in the context of the 
integration of smart components such as sensors or actua-
tors as well as hybrid manufacturing [3–7]. However, a pro-
cess interruption can also occur unplanned, e.g. as a result 
of a lack of powder or inert gas, a power outage or other 
unwanted occurrences during the process [8–11].

The potential consequences of an unplanned process 
interruption are various. First of all, there is an economic 
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loss due to the machine downtime. If the build job is can-
celled, there is also a waste of materials such as powder or 
shielding gas. Due to the interruption and the associated 
cooling and shrinkage of the components, a circumferen-
tial mark is created when the process is continued, which is 
referred in VDI 3405 Part 2.8 as a layer shift [12] (Fig. 1). 
If they are not removed by machining, the marks cause not 
only a visual flaw but also a notch effect which has a nega-
tive impact on the mechanical properties of the component. 
Due to the interruption and the associated cooling of the 
parts, the powder bed and the entire system, there is also a 
risk of reduced bonding between the areas before and after 
the interruption when the build job is continued. In addition, 
the machine and generated components are slowly heated 
up by the PBF-LB/M process at the start of a regular build 
job and then remain at a stable temperature level until the 
build job is completed. However, if the build job is resumed 
after an interruption of several hours, the machine and the 
components undergo repeated heating and cooling phases, 
which could affect the quality of the components. If the build 
chamber is opened during the interruption or if the system is 
not completely sealed, oxidation, humidity or contamination 
of the powder bed can cause additional problems.

Depending on the size and quantity of the parts to be 
produced, a manufacturing process with PBF-LB/M can 
take several days, which is why the probability of such a 
disruption is much higher than with conventional processes. 
For this reason, the problem is particularly relevant for 
research institutions as well as for companies without 24/7 

supervision, since the risk of an unnoticed long-term inter-
ruption over night or even over the weekend is especially 
high.

Several studies have already examined the effects of dif-
ferent interruption scenarios [3–11]. In all cases, the samples 
were printed regularly up to their test area where the process 
was paused deliberately. Depending on the investigated sce-
nario, the duration (15 min to 24 h), as well as the state of 
the build chamber (open/closed) and the base plate heating 
(on/off) varied during the interruption. Mostly an aluminum 
alloy (AlSi10Mg, AlSi12) was processed [3, 5, 6, 8–10], but 
steel [4, 7], nickel alloys (Inconel 625, Inconel 718) [6] and 
Ti-6Al-4V [10, 11] were used as well.

The results of the studies are partly contradictory. While a 
few studies found a decrease in mechanical properties [3, 4, 
11], most studies describe that there was no detectable influ-
ence of the interruption [5–7, 9, 10]. The opposite results 
can possibly be explained by the different interruption sce-
narios, materials, and interruption durations considered.

Some of the studies have also investigated the effects of a 
restart procedure. For example, in addition to multiple man-
ual recoating to ensure a uniform powder bed, it has been 
tested whether multiple exposure are recommended instead 
of a regular single exposure [4, 5, 8]. This had the objective 
of developing a suitable procedure to minimize the risk of a 
negative influence of the process interruption. Following the 
restart procedure, the build job was finished in the regular 
manner. The results of Stoll et al. [4] and Richter et al. [8] 
indicated no significant impact of multiple exposure on the 
mechanical component properties, whereas Binder et al. [5] 
reported a decline in properties. This means that multiple 
exposure has no effect in the best case and negative effects 
in the worst case.

Most studies deal with relatively short interruption dura-
tions of 1 h or less, which is why the effects of long-term 
interruptions have not yet been adequately researched. In 
particular, the consequences for fatigue properties have not 
been clarified. This has only been considered for an inter-
ruption duration of 1 h by Richter et al. [8]. In addition, 
the resulting layer shifts have been mentioned, but their 
geometry and dimensions have not yet been described in 
the literature.

An interruption often results in anomalies of the tem-
perature history of the parts to be manufactured, which is 
why long-term interruptions in particular have the potential 
to influence the properties of the parts [12]. Hence, the aim 
of this study is to generate further knowledge regarding the 
consequences of long-term interruptions on the mechani-
cal properties. The effects of different interruption times 
on porosity, microstructure, hardness and tensile properties 
are investigated. In addition, fatigue tests for an interruption 
duration of 10 h were carried out and the layer shift was 
geometrically described. Based on the findings, the waste 

Fig. 1  Layer shift as a result of a process interruption. a Rod with 
multiple layer shifts caused by several process interruptions. b PBF-
LB/M printed bust of Athena with layer shift due to a process inter-
ruption
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rate of PBF-LB/M could be reduced and thus the economic 
efficiency of the process could be increased.

2  Materials and methods

For this study, all samples were produced on a standard 
 SLM125HL® from SLM Solutions with the parameter set 
listed in Table 1. Every build job started after the required 
build plate temperature of 150 °C and an oxygen level in the 
build chamber of 0.05% were reached. The argon shield-
ing gas flow was set to 4 m/s. The gas atomized AlSi10Mg 
powder with a particle size distribution of 20–63 µm was 
purchased from the machine manufacturer SLM Solutions 
and used in recycled condition in this study.

In the context of this study, the scenario of a process 
interruption due to a power outage was investigated. This 
involved simulating conditions as if there were a real power 
outage, with the build chamber remaining sealed and both 
the base plate heating and shielding gas flow deactivated. 
The study considered four different interruption durations: 
1, 4, 10, and 16 h. To assess the impact of the process inter-
ruption on component quality, the layout shown in Fig. 2a 
was printed once for each interruption duration. Every build 
job consisted of five notched cubes, six smaller and 12 
larger cylinders. The different sample heights were adjusted 
by using support structures to ensure that the interruption 
level was positioned within the testing area of all specimens 
(Fig. 2b). Up to a height of 55.5 mm, the specimens were 
printed regularly. After exposing the powder layer, the build 
job was paused deliberately and the base plate heating and 
gas flow were deactivated.

The notched cubic samples with dimensions 
8 × 10 × 6  mm3 served three main purposes—examining the 
geometry of the layer shift and investigating the microstruc-
ture and hardness following DIN EN ISO 6507-1 [13] and 
VDI 3405 Part 2 [14]. The notch on these samples marked 
the interruption level, facilitating its identification in cross-
sections. A Keyence VR-5200® 3D profilometer was used to 
measure the geometry of the layer shift. To prepare metal-
lographic sections for hardness and microstructure analy-
ses, the samples were ground and polished along the plane 
shown in Fig. 2c. Microstructure examination required addi-
tional etching of the samples with 5% sodium hydroxide 

solution. Microscopic analysis was carried out using a digi-
tal microscope Keyence VHX-3000® and a Zeiss Ultra  55® 
SEM. For HV 0.1 hardness testing, a QATM QNESS 60 
A +  EVO® was used, producing the test pattern as shown in 
Fig. 2d. The red dashed line marks the interruption level on 
which one measurement was performed. Additionally, four 
more measurement points were placed above and below this 
plane, spaced at intervals of 0.5 mm.

The small grey cylinders depicted in Fig. 2a and b are 
tensile test specimens according to DIN 50125-B5 × 25 [15]. 
These specimens were initially produced as plain cylinders 
with a diameter of Ø10 × 72  mm3 and later machined by 
turning. Tensile tests were performed according to DIN EN 
ISO 6892-1 [16] using a ZwickRoell Z100/SN3A® machine. 
A Keyence VHX  3000® digital microscope and a Zeiss Ultra 
 55® SEM were used for fracture surface analysis.

For assessing fatigue resistance, specimens following 
DIN 50113 [17] (Ø15 × 72  mm3 and Ø15 × 120  mm3) were 
manufactured, as shown in the larger cylinders in Fig. 2a 
and b. There are two types of fatigue specimens—“as-built” 
specimens, which were 3D printed in their final shape, and 
“machined” specimens, initially shaped as Ø15 × 120  mm3 
cylinders and then post-processed by turning. To evaluate 
time-dependent strength, the pearl string method following 
DIN 50100 [18] was used with R =  −1, employing a Sin-
coTec POWER  ROTABEND® rotary bending test machine. 
Each stress level was tested at least twice. During the study, 
it became evident that the number of 12 fatigue specimens 
was insufficient for generating statistically significant results. 
Consequently, fatigue specimens were manufactured sepa-
rately with a 10-h interruption, with each variant comprising 
30 specimens. To avoid potential variations in temperature 
history affecting the specimens, the large cylinders, intended 
as fatigue specimens, were still printed within the layout 
shown in Fig. 2a. They were used for measuring the inter-
ruption marks and additional hardness tests. Five samples 
per interruption period were selected to measure the marks. 
For the hardness measurements, three samples with ten- 
and 16-h interruptions and the same number of reference 
samples were used. Like the cubic samples, these were first 
embedded and prepared by grinding and polishing. The 
hardness measurements were carried out on the same device 
and with the same settings as for the cubic specimens, but 

Table 1  Default 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 /
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in a range of ±15 mm below to above the interruption level 
instead of ±2 mm for the cubes.

Following the specified interruption duration, a restart 
procedure was performed. This involved inerting the build 
chamber and switching on the base plate heater as well as 
the shielding gas flow. According to the temperature sensor 
integrated in the machine’s platform below the base plate, 
the desired temperature of 150 °C was reached after approxi-
mately 3 min. It was assumed that the base plate, machine 
components, and the powder bed had not yet attained the 
desired temperature. Consequently, a total waiting time of 
15 min was observed before conducting multiple manual 
recoating operations to ensure the uniformity of the powder 
layer on all samples. Based on the findings of Stoll et al. [4], 
Binder et al. [5] and Richter et al. [8], no multiple exposure 
was carried out and the build job was therefore restarted 
using the default process parameters listed in Table 1 on the 
new recoated powder layer.

3  Results and discussion

3.1  Results during the build job

After the interruption and a 15-min preheating time, a man-
ual recoating was carried out. It was observed that especially 
after longer breaks exceeding 10 h, a single recoating pro-
cess is not sufficient to achieve a homogeneous powder layer 
on all samples. Figure 3a shows an image of the machine´s 
internal layer control system (LCS). This system captures 
camera images of the powder bed and checks it for anoma-
lies, which are highlighted in color. As can be seen, pow-
der was only deposited in the lower area of the build plate, 
which means that the amount of applied powder in a regular 
recoating process is not sufficient to create a homogeneous 
powder bed across all components. This indicates that the 
samples and the powder bed are not entirely heated up to the 
temperature before the interruption, which means a smaller 
thermal expansion in build direction and therefore a gap 
between the last solidified layer before the interruption and 

Fig. 2  Build layout with notched cubes, tensile and fatigue specimens (a), marking of the interruption level (b), ground plane of cubic specimens 
(c) and test pattern for HV 0.1 hardness test (d)
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the recoating level. To fill this gap, a considerably greater 
quantity of powder is required than in a regular recoating 
process. Hence, a multiple manual recoating as well as a 
significantly longer heating time before restarting the build 
job are necessary to heat the components and powder bed to 
the desired temperature as well as achieving a homogeneous 
powder bed. This is recommended to minimize the risk of a 
negative impact due to a process interruption.

In addition to the described cooling of the machine dur-
ing the interruption, it must be expected that the machine is 
not completely sealed. For this reason, there is a risk of an 
increase in the oxygen content in the build chamber during 
the interruption. Figure 3b shows the flow velocity of the 
shielding gas and the oxygen content at the ceiling of the 
build chamber during a production interruption of 10 h. The 
drop and the rise in the flow velocity mark the beginning and 
the end of the interruption. At the beginning of the inter-
ruption, the oxygen level initially remains constant at 0%. 
After a standstill period of approximately 2.7 h, the oxygen 
content slowly rises to a maximum value of 1%. By flood-
ing with argon again and switching on the inert gas flow 
during the restart procedure, the oxygen content increases 
briefly to 1.1% and then drops to 0% again before the build 
job is resumed and remains at this level until the end of the 
build job. This curve indicates that the oxygen content con-
tinues to increase with longer interruption duration, which 
is not the case. A maximum oxygen content of 1.1% was 
also recorded for a 16-h interruption. In contrast, the oxygen 
content remains at 0% during an interruption of 1 h and rises 
to a maximum value of 0.6% after 4 h. This shows that the 
 SLM125® is not completely leakproof. Possible explana-
tions are not completely sealed system boundaries such as 

the build chamber door or the pipework as well as the elimi-
nation of the overpressure when the gas pump is switched 
off. However, in the study conducted by Stokes et al. [9], 
the samples and powder were exposed to the atmosphere 
for up to 24 h with no significant effect. For this reason, 
the relatively small increase in oxygen in this study is not 
considered to be significant.

3.2  Layer shift

As expected, the specimens also show the previously men-
tioned layer shift (Fig. 4a). If these marks are not removed 
by subsequent machining, they represent a visual flaw and 
result in a notch effect. Just by visual inspection of the cylin-
drical specimens, it is noticeable that the layer shift is not 
a uniform circumferential defect. Instead, it is an offset of 
the upper half of the specimens printed after the interrup-
tion (Fig. 4b). Figure 4c shows the size of the interruption 
marks at different interruption durations for the cubic and 
fatigue specimens. It can be seen that the marks have approx-
imately the same size for both geometries. Furthermore, a 
clear trend can be seen up to an interruption duration of 
10 h. The mean size of the marks is 0.03 mm for 1-h samples 
and 0.06 mm for 4-h samples. With an average of 0.1 mm 
and a maximum of 0.12 mm, the largest marks occurred at 
samples with a 10-h interruption, followed by an average 
size of almost 0.08 mm at 16 h. In addition, on all examined 
fatigue specimens it was observed that this does not appear 
to be a permanent shift. About 8 mm after continuing the 
build job, the two halves of the specimen converge again and 
the offset disappears (Fig. 4d). Since the cubic specimens 
were too small and the tensile specimens were not examined 

Fig. 3  a Image of the layer control system (LCS) installed in the  SLM125® shows an inhomogeneous powder bed due to insufficient powder 
quantity during the recoating process. b Shielding gas flow velocity and oxygen content in the building chamber during a 10 h interruption
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in this respect, no statement can currently be made about this 
behavior for other geometries.

A more precise analysis of the layer shift reveals that there 
is a preferred orientation in negative x-direction (Fig. 5a). 
This phenomenon has occurred in all build jobs performed 
in this study, which strongly indicates a systematic effect.

A first possible explanation is the shielding gas flow, 
whose direction coincides with the preferred offset direc-
tion. Although this is considered a less likely cause due to 
the low flow velocity of 4 m/s, it cannot be ruled out as a 
cause at the moment.

Another possible explanation might be material shrinkage 
due to cooling during machine downtime, not only of the 
samples and the powder bed, but also of the base plate as 
described by Binder et al. [5]. It is conceivable that the screw 
connection of the base plate loosens due to cooling, which 
could result in a change of the specimen position in the build 
space. However, this alone is unlikely to be the sole cause of 
the preferred direction, since in this case a randomly varying 
offset direction would have to be expected. Even if the tem-
perature is not uniform throughout the build space, leading 
to different dimensions of the layer shift depending on the 

Fig. 4  Geometry of the layer shift. Layer shift on the real specimens 
(a), shift on the example fatigue specimen (b), size of the interruption 
marks depending on the interruption duration for cubic and fatigue 

specimens (c) and profile of the layer shift on the example fatigue 
specimens (d)

Fig. 5  Offset direction of the layer shift (a) and temperature history of the platform and the laser optics (b)
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position of the specimen, there should be no clear preferred 
direction. Despite their different sizes, both the cubic and the 
fatigue specimens have almost the same offset, which also 
argues against thermal shrinkage as the main cause.

The currently most plausible explanation for the preferred 
offset direction is a thermal contraction of the entire sys-
tem, including the laser optics. This effect could be further 
enhanced by a temperature-induced change in the refractive 
index in the laser optics. This phenomenon, known as ther-
mal lensing, causes a shift in the focus plane and the spot 
diameter [19, 20]. In highly precise systems such as laser 
optics, even supposedly small temperature differences of a 
few degrees can have significant effects on the positioning 
accuracy of the laser spot. The distance between base plate 
and laser entry window of the  SLM125® is about 340 mm. 
For an offset of 0.12 mm, this corresponds to a minor angu-
lar error in laser positioning of 0.02°.

Figure 5b compares the temperature curves recorded by 
sensors in the platform below the base plate and the opti-
cal bench of the machine. As can be seen, the platform and 
laser optics cool down from their operating temperature 
(platform = 150 °C; laser optics = 30.7 °C) to a temperature 
of about 26 °C within the interruption period of 10 h shown 
here. After the end of the interruption period, a restart pro-
cedure was carried out in which the base plate heating and 
the shielding gas flow were switched on again. While the 
platform reached the set temperature of 150 °C after about 
3 min, the laser optics needed up to 12 h to achieve the 
same temperature as before the interruption. In addition, this 
behavior matches the results of the 3D scans on the fatigue 
samples in Fig. 4d, which show that the offset of the layer 
shift is not permanent, but is eliminated after about 8 mm. 
This will probably only happen when the temperature of 
the laser optics approaches the value before the interruption 
again and reaches a certain value. This temperature can be 
determined by calculating the production time until the mis-
alignment disappears. With a layer thickness of 30 µm, 8 mm 
equals a number of 267 layers. An average layer duration of 
31.8 s results in a production time of 2.36 h after continuing 
the build job until the mark has disappeared. At this time, 
the optical bench reaches a temperature of 28.3 °C, reduc-
ing the temperature difference from initially 4.7 °C to about 
2.4 °C compared to the temperature before the interruption 
occurred. The temperature of the laser optics rises rapidly 
at first and then becomes flatter. This could explain why the 
offset is already compensated after about 2.36 h of runtime, 
instead of the expected 12 h. This also indicates that there is 
a positioning error in the first few layers at the start of every 
build job when the laser optics is still cold. These first layers 
usually consist of supports or are removed when the samples 
get cut from the build plate. Unfortunately, preheating the 
laser optics of a commercially available  SLM125® is not 

possible because the machine is not equipped with a heat-
ing system to control the temperature of the optical bench.

The correlation between the size of the interruption marks 
and the interruption duration shown in Fig. 4c might also 
be caused by a positioning error due to the cooling of the 
machine, the laser optics, the components and the powder 
bed. As the duration of the interruption increases, these cool 
down more, which increases the temperature difference com-
pared to before the interruption. The smaller the temperature 
difference when the build job is continued, the smaller the 
positioning error might be. It is not yet clear why the marks 
of the 16-h samples are smaller than those of the 10-h sam-
ples. However, it is assumed that the reason for this can 
also be found in different temperature profiles. In addition, 
a combination of several effects mentioned in this study, 
such as thermal lensing, contraction of the laser optics and 
an increased first powder layer thickness when continuing 
the build job, is conceivable.

3.3  Porosity and microstructure

The results of the porosity investigations show that a distinct 
increase in porosity can only be recognized for the 16 h sam-
ples (Fig. 6). There is no significant change in porosity for 
all other investigated interruption times.

The first finding in the microstructure is a dark area in the 
interruption zone (red box in Fig. 7). This anomaly has also 
been observed in previous studies [5, 9, 10]. Binder et al. 
[5] opened the chamber during the interruption, which is 
why they may have suspected increased oxidation. Accord-
ing to Mahtabi et al. [10], who observed the dark area with 
open and closed build chamber, the changed temperature 
history due to the interruption could be responsible for this 
discoloration.

Fig. 6  Microscope images for analysis of porosity at a polished sam-
ple with a 16-h interruption
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Figure 8 shows representative SEM images of the areas  
2 mm below (a), in (b) and  2 mm above (c) the interruption 
of a 10 h-sample. It can be seen that the Al cells below and 
above the interruption have an elongated orientation in the 
build-up direction and are surrounded by a Si eutectic, also 
shown in the literature [6, 8, 9]. The grains preferably grow 
in the direction of the heat flow—in this case in the negative 
z-direction. Unlike in the areas before and after the inter-
ruption, the microstructure in the interruption area appears 
to have slightly more of the fine and round grain structures. 
This could indicate an interrupted or altered heat flow due 
to the process interruption and could also be a possible 
explanation for the discoloration in the interruption plane. 
However, this change is only a minor and localized effect. 
As already reported in several studies, no clear changes in 
the microstructure due to the interruption have been found 
within these investigations either [3, 6, 10, 11]. For this 
reason, the studies were limited to the reference and 10 h 
samples. The broken Si boundaries shown by Stokes et al. 
[9] and in Fig. 8a also occurred in the reference samples, 

whereas the shift in the microstructure mentioned by Richter 
et al. [8] could not be detected.

3.4  Hardness

Figure 9a shows the hardness values of the cubic samples 
at different z-positions relative to the interruption level for 
the investigated interruption times. The two horizontal black 
lines represent the range of variation based on the mean 
value and the standard deviation of the reference samples 
(128 ± 4 HV 0.1) and visualize the variance of the measure-
ment results. The mean values and deviation ranges of all 
interruption times are shown in Table 2. For all interruption 
times, slightly increasing hardness values with increasing 
z-position can be recognized in the area below the inter-
ruption, which remain at a constant hardness level in the 
area after the interruption. For the 4 h and 16 h samples, the 
highest hardness values (136 ± 1 HV0.1 and 135 ± 8 HV0.1) 
were found at the interruption level. The reference samples 
show a similar trend of increasing and then constant val-
ues. In order to verify this trend over a greater build height, 
some of the fatigue samples shown in Fig. 2a and b, were 
used for this purpose. Figure 9b shows the hardness curves 
of the fatigue specimens for the investigated interruption 
durations. Compared to the cubic specimens, the hardness 
of the fatigue specimens is higher, as a different temperature 
history is present. Considering the small scatter band of the 
mean values and the relatively large standard deviations, no 
trends can be recognized depending on the z-position. As 
already observed for the cubic samples, the 16 h fatigue sam-
ples also show that the hardness values in the interruption 
level are slightly higher than in the rest of the sample. This 
could be due to the slightly finer grain structure shown in 
Fig. 8b. However, considering the large scatter of the values 
and the fact that almost all values are within the scatter band 
of the reference samples, the increased hardness values in 
the interruption zone might also be a coincidence.

A possible explanation for the lower hardness of the cubic 
samples in the area before the interruption might be poorer 

Fig. 7  Microscope images for analysis of microstructure of a polished 
and etched sample with a 10-h interruption

Fig. 8  SEM images 2 mm below (a), in (b) and 2 mm above (c) the interruption of a 10 h-sample
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heat flow due to the perforated block supports directly below 
the samples. The area below the interruption level may not 
be sufficient to ensure uniform heat dissipation, possibly 
leading to heat accumulation in the lower sample area, 
which might influence the properties of the samples. This 
assumption fits with the higher hardness level of the fatigue 
specimens. These were printed on solid volume support and 
are significantly larger than the cubic samples, which favors 
the heat flow. Furthermore, the examined area is notably 
farther from the support structures, indicating that consistent 
heat dissipation may have already occurred in this region. 
This shows that the cubic samples are probably too small 
and therefore unsuitable for valid measurements of hardness 
profiles over the build height.

In addition to the qualitative evaluation of the changes, 
an analysis of variance (ANOVA) with an α-level of 5% 
was performed to assess the significance of the changes at 
different interruption durations. The p-value serves as the 
evaluation parameter. This evaluates whether there is a sig-
nificant difference between the values of the groups in rela-
tion to their respective variance. A p-value smaller than 0.05 

indicates a significant difference between the groups and 
thus an influence of the variable, in this case the interruption 
duration. The ANOVA shows a minimum p-value of 0.16, 
which confirms the findings described above that there is no 
significant change in hardness due to an interruption.

The results agree with the findings of the microstructural 
tests, where only minor changes were detected. This is con-
sistent with the results of Terrazas et al. [6], Mahtabi et al. 
[10] and Stokes et al. [9] who found no significant changes in 
hardness values. However, under the same conditions, they 
only considered interruption durations of 1–12 h.

3.5  Tensile tests

The results of the tensile tests are also shown in Table 2 as 
well as Fig. 10. Again, an ANOVA was performed to provide 
a quantitative indication about the significance of the differ-
ences due to the interruption duration. The ultimate tensile 
strength (UTS) varies between 460 and 478 MPa depend-
ing on the duration of the interruption. A p-value of 0.015 
indicates a significant influence of the interruption duration. 

Fig. 9  Hardness profile of the cubic specimens (a) and the fatigue specimens (b) at different positions relative to the interruption level and inter-
ruption durations. The black horizontal lines represent the range of variation of the reference samples

Table 2  Mean values and 
standard deviation of the 
hardness and tensile tests 
(values in brackets include all 
six tensile specimens)

Interruption duration (h) Hardness values cubic 
samples (HV 0.1)

UTS (MPa) εf (%) YS (MPa)

0 128 ± 3.8 460 ± 6.3 3.9 ± 0.3 281 ± 1.8
(466 ± 7.7) (4.4 ± 0.6) (282 ± 1.7)

1 129 ± 3.7 474 ± 2.4 4.7 ± 0.2 280 ± 1.4
(475 ± 2.0) (4.8 ± 0.2) (281 ± 1.4)

4 131 ± 2.9 469 ± 10.7 4.3 ± 0.7 285 ± 1.2
10 128 ± 4.0 478 ± 4.7 5.0 ± 0.6 285 ± 1.7
16 129 ± 5.3 457 ± 17.8 3,6 ± 0.5 285 ± 6.7
VDI 3405 Part 2.1 [1] 112…124 353…482 2…5 210…272
p-value 0.16 0.015 0.001 0.132
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The elongation at break (εf) is also significantly influenced 
by the duration of the interruption (p-value = 0.001). It var-
ies between 3.6% and 5.0%. The yield strength (YS), on the 
other hand, is not affected (p-value = 0.132) and varies in the 

range from 280 to 285 MPa (Table 2). Compared to the data 
given in the material data sheet for AlSi10Mg in VDI 3405 
Part 2.1 [1], the tensile strength values determined generally 
achieve very good results.

Fig. 10  Results of tensile tests: a elongation at break and ultimate tensile strength; b yield strength

Fig. 11  Results of fracture surface analysis: a Digital microscope 
image of a fracture surface from a reference sample with less and 
small defects; b Digital microscope image of a fracture surface from 

a 16-h sample with many LoF defects; c SEM images of flat surfaces; 
d SEM images of unmolten powder particles
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Looking at Fig. 10a, it is noticeable that UTS and εf 
show an almost parallel zig-zag pattern of increasing and 
decreasing values. This suggests a correlation between the 
two values, but this has not been mentioned in other stud-
ies. The yield strength, on the other hand, is not affected by 
an interruption lasting up to 10 h (Fig. 10b). In case of an 
interruption period of 16 h, there is a significant increase 
in the variation of tensile strength as well as yield strength. 
This indicates that the probability of critical defects such 
as lack of fusion (LoF) is significantly increased in case of 
a 16-h interruption, thereby reducing the robustness of the 
PBF-LB/M process. For unknown reasons, half of the refer-
ence specimens (0) as well as the 1-h specimens failed in the 
upper region outside the strain gauge extensometers. Even if 
the samples are broken in the cylindrical area of the speci-
mens and the values can therefore be utilized, only the three 
samples that broke within the area of the extensometer were 
considered for the evaluation of the 0 h and 1 h interruptions. 
In Table 2, the values of all six samples are added in brackets.

Up to an interruption duration of 10 h,  the results con-
firm the findings from the microstructure analysis and the 
hardness measurement, in which only minor changes were 
detected. The worse properties at a 16-h interruption might be 
caused by an increase of defects in the interruption zone. This 
is shown by a simultaneous decrease in tensile strength and 
elongation at break as well as an increase in the variance. Up 
to an interruption duration of 10 h, the results of this study are 
consistent with the findings of most studies, which state that 
the tensile strength properties are not significantly affected 
by a machine breakdown. However, the studies only tested a 
maximum duration of 12 h under the same conditions, so any 
differences could be due to the longer interruption period.

3.6  Fracture analysis

As mentioned above, half of the reference samples with-
out interruption as well as the 1-h-specimens broke in the 
upper region outside the strain gauge extensometers. This 
confirms the finding that an interruption duration of 1 h has 
no significant effect on the mechanical properties. Under the 
mentioned restrictions, it can be seen that with increasing 
downtime, more specimens tend to fail in the area of the 
interruption zone.

Figure 11 shows examples of the fracture surfaces from a 
reference specimen (a) and a 16-h specimen (b). The digital 
microscope images show that with increasing interruption 
time, the proportion of defects that appear darker on the 
fracture surfaces increases. Figure 11c and d show SEM 
images of these defects. Flat surfaces (c) and unmolten 
powder particles (d) are a clear indication for lack of fusion 
(LoF). This supports the findings from the tensile tests that 
an interruption time of 16 h can have a negative effect on the 
mechanical properties.

3.7  Fatigue tests

In the context of this study, a distinction is made between 
two machining states of the fatigue specimens. These are as-
built as well as machined specimens, which were produced 
without an interruption or with an interruption duration of 
10 h. Three of the four types are shown in Fig. 12, while 
machined samples with and without interruption do not dif-
fer visually.

Figure 13 shows the fatigue life diagram in which the 
stress amplitude is plotted over the number of cycles to 
failure in a double logarithmic manner. Furthermore, the 
values for the mean roughness depth Rz as well as the the-
oretically endurable stress amplitude for 200 k cycles are 
shown. Comparing the properties of machined specimens 
without interruption (grey) with those of as-built speci-
mens without interruption (blue), it can be seen that the 
as-built specimens fail significantly earlier (Fig. 13a). This 
can be explained by the higher roughness of the as-built 
specimens (Rz = 21.45 µm). The fatigue properties are 
mainly determined by surface near inhomogeneities and 
notches such as pores and the surface roughness [21–25]. 
This is also shown when comparing the as-built specimens 

Fig. 12  Types of fatigue specimens: machined fatigue specimens 
(left), as-built specimens without interruption (center) and as-built 
specimens with a 10 h interruption (right)



 Progress in Additive Manufacturing

without interruption with those with interruption (red). 
The lower number of cycles to failure can be explained 
by the notch effect of the layer shift. The layer shift rep-
resents a single notch with a depth up to 0.12 mm and is 
thus about six times higher than the Rz. More surpris-
ing are the results of the machined specimens (Fig. 13b). 
Here, no significant difference can be seen between the 
specimens without (grey) and with interruption (green). 
It merely appears that the variance of the samples with 
interruptions is slightly higher. The results confirm the 
conclusions of Richter et al. (2021) [8] that the fatigue 
strength of machined specimens is not affected by a pro-
cess interruption.

4  Conclusions

In this study, the effects of an unplanned process inter-
ruption on the properties of PBF-LB/M samples made of 
AlSi10Mg were investigated. A power outage scenario 
with four different interruption durations of  1,  4,  10 and 
16 h was considered. Before continuing the build job, a 

multiple manual recoating was required to achieve a uni-
form layer of powder on all samples. As expected, the 
specimens printed in this study formed the layer shift 
known from other studies. However, this is not a uniform 
circumferential mark, but rather a lateral offset of the sam-
ple area which was produced after the interruption. Up to 
a duration of 10 h, the size of the marks correlates with 
the interruption duration. Furthermore, the offset appears 
to be not permanent and unrelated to the specimen geom-
etry, as it shows approximately the same size for cubic and 
fatigue specimens. In addition, a preferred direction of this 
upper area offset was observed in all build jobs, which is 
an indication for a systematic effect. The most conclusive 
explanation so far can be found in a thermal contraction 
of the laser optics due to the cooling during the machine 
downtime.

While no change in the microstructure could be observed, 
a clear influence of the interruption on porosity and mechan-
ical properties was only detectable for durations of 16 h. For 
this, a decrease in tensile properties and increased variance 
were observed, probably caused by more defects in the inter-
ruption level. The fracture location is also affected by the 

 

Sample type 
Rz 

(µm) 
σa,200k 

(MPa) 

NO interruption 
machined 9.00±1.90 128.2 

NO interruption 
as-built 

21.45±3.74 
83.8 

WITH interruption 
as-built 61.1 

(a) 

 

Sample type 
Rz 

(µm) 
σa,200k 

(MPa) 

NO interruption 
machined 

9.00±1.90 
128.2 

WITH interruption 
machined 127.5 

 
(b) 

Fig. 13  Fatigue life diagram: a Comparison of as-built specimens without (blue) and with a 10-h interruption (red) with machined specimens 
without interruption (grey). b Machined specimens without (grey) and machined specimens with a 10-h interruption (green)
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interruption, as increasing interruption duration also resulted 
in more specimens breaking in the interruption level. The 
fatigue properties of the as-built specimens were reduced 
by the notch effect of the interruption mark. In contrast, the 
comparison between machined specimens, where the mark 
was removed by turning, shows no clear difference.

In conclusion, for AlSi10Mg samples where the inter-
ruption mark has been removed and which are not highly 
loaded, an unplanned process interruption up to a duration 
of 10 h does not result in a significant loss of quality under 
the considered conditions. Even if the overall quality losses 
due to an interruption are not significant, a suitable restart 
procedure should be defined and performed to minimize 
the risk of negative effects. In addition to investigating the 
effects on component properties, especially for as-built parts, 
it is also important to examine how affected components 
can be handled. There is also further research potential in 
understanding the formation, orientation and characteristics 
of the interruption marks.
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