RESEARCH ARTICLE

W) Check for updates

ENGINEERING

www.aem-journal.com

Evolution of Creep Damage of 316L Produced by Laser

Powder Bed Fusion

Alexander Ulbricht,* Luis Alexander Avila Calderén, Konstantin Sommer,
Gunther Mohr, Alexander Evans, Birgit Skrotzki, and Giovanni Bruno

The damage mechanisms of metallic components produced by process laser
powder bed fusion differ significantly from those typically observed in conven-
tionally manufactured variants of the same alloy. This is due to the unique
microstructures of additively manufactured materials. Herein, the focus is on the
study of the evolution of creep damage in stainless steel 316L specimens pro-
duced by laser powder bed fusion. X-ray computed tomography is used to unravel
the influence of the process-specific microstructure from the influence of the
initial void distribution on creep damage mechanisms. The void distribution of
two specimens tested at 600 °C and 650 °C is analyzed before a creep test, after an
interruption, and after fracture. The results indicate that the formation of damage
is not connected to the initial void distribution. Instead, damage accumulation at
grain boundaries resulting from intergranular cracking is observed.

1. Introduction

Over the last decade, additive manufacturing (AM) of metals has
evolved from a rapid prototyping technique to a mature industrial
production process with applications in several industries, even
in aerospace.l'! Among the AM production processes, laser pow-
der bed fusion (PBF-LB/M; this abbreviation of powder bed
fusion using a laser beam of metallic feedstock material follows
the nomenclature defined in DIN EN ISO/ASTM 52900-21 and
replaces the abbreviation LPBF?) has become relevant since it
enables the production of net-shape metallic parts that do not
need additional machining.®) One aim of PBF-LB/M is the
reduction of the amount of necessary material to produce
light-weight components. In fact, the main advantage of metallic
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components produced by PBF-LB/M is the
freedom of design, which enables material
reduction to the minimum required to with-
stand the expected loads.**! This contrasts
to conventionally produced components
(such as castings, millings, or forged) which
are limited by the constraints of machining
capability.®! Nonetheless, this surplus
material adds to the safety margin of these
parts.”) PBF-LB/M parts might not possess
this intrinsic additional safety margin. This
apparent dilemma generates a stronger
need for understanding how PBF-LB/M
components respond to the application of
external loads. This knowledge is especially
needed for the engineering design of
PBF-LB/M components to be used in safety
critical environments and applications.

One of the most commonly used alloys in industry is stainless
steel AISI 316L, thanks to its high corrosion resistance and
good processing properties.®® The use of PBF-LB/M/316L starts
to become relevant for industrial applications.’” In order to
implement the material’s use in high temperature environments
and safety critical applications, a profound knowledge of the
properties of PBF-LB/M/316L is required.

Despite the increasing use of PBF-LB/M/316L in industry, lit-
erature on the evolution of damage—especially of creep—in this
material is still limited."*™*! Avila et al.™ had shown that the
damage mechanisms in PBF-LB/M/316L differ significantly
from the mechanisms in conventionally produced 316L. They
suggested that PBF-LB/M/316L accommodates external creep
strains presumably during tertiary creep by creating micro-cracks
along the grain boundaries instead of undergoing plastic defor-
mation. Yoon et al. demonstrated the occurrence of cracking
at grain boundaries in their PBF-LB/M/316L specimens.?
Williams et al. reported for PBF-LB/M/316L, where the loading
axis was parallel to the build direction, large transgranular cracks
and intergranular creep micro-cracks apparently starting mainly
from lack of fusion defects and, to a lesser extent, gas porosity.™*!
The intergranular micro-cracks were considered to be a product
of coalescence of creep cavities at grain boundaries and were
observed at grain boundaries, both perpendicular and nearly par-
allel to the building direction. The ultimate fracture was due to
the branching and linking of the micro-cracks through multiple
defects and across multiple layers. Such fracture was transgranu-
lar in nature. The material studied had a defect volume fraction
smaller than 0.5%. In the work of Li et al. on PBF-LB/M/316L,
grain boundary cracking was the predominant failure mode.!"*
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The grains were highly elongated, and the cracks mainly
grew along the grain boundaries perpendicular to the loading
direction. Some large cracks mixed with a high density of
microcracks along the grain boundaries were observed. The
volume fraction of defects in the studied region was 0.10%, being
higher and more concentrated toward the center (0.18%). As
shown in previous studies of PBF-LB/M/316L, the process
parameters used define the characteristics of the microstruc-
ture."®”! It had been presented in literature that the character-
istics of a polycrystalline material microstructure affects strongly
its material properties in terms of deformation and damage
evolution."® Therefore, conclusions regarding service life of
PBF-LB/M/316L could only be drawn for the specifically studied
microstructure.

This study follows the work of Avila et al.""! The same simple
bidirectional scanning strategy with 90° rotation from layer to
layer was used during PBF-LB/M/316L specimen production.
Such scanning strategy results in columnar grain morphology.
This specific grain morphology enables easy recognition of inter-
granular cracks since the latter appear in a similar fashion. This
study focusses on a more detailed analysis of PBF-LB/M/316L’s
response to creep loading in terms of damage accumulation by
using X-ray micro computed tomography (XCT) than in the pre-
vious study by Avila et al.™'!) In addition to the microscopy analy-
sis of broken creep specimens, the evolution of void formation is
nondestructively analyzed using XCT before the creep test, after
an interruption, and after failure. XCT analysis enables the non-
destructive analysis of specimens’ microstructural features and
defects (void population) in the complete volume. Therefore, pat-
terns of internal creep damage could be easily recognized than
with 2D methods such as metallographic sections.

Williams et al. have studied PBF-LB/M/316L creep speci-
mens, but they used a different scan strategy and used a pulsed
laser (therefore, producing a different microstructure).** They
reported that the size, shape, and location of the initial voids
had a larger influence on rupture life than the applied stress.

In this study, we aimed to track the positions of the initial
voids through the creep test. Therefore, the same XCT analysis
as performed prior to creep testing was repeated during a defined
interruption of the creep test at the start of tertiary creep. Finally,
the two specimens were analyzed after fracture. By this multi-
stage procedure, the material’s response to creep loading in
terms of damage evolution with respect to initial porosity could
be shown.

2. Experimental Section

2.1. Specimen Production

Two creep specimens tested at different temperatures and creep
loads were analyzed by XCT at three stages of creep testing. The
inherent initial porosity of PBF-LB/M/316L specimens as well as
their spatial distribution were analyzed prior to the mechanical
tests to study their influence on the evolution of creep damage.
The PBF-LB/M/316L creep specimens were produced in-house
using a SLM280HL (SLM Solutions Group AG, Libeck,
Germany). The machine is equipped with a 400 W continuous
wave ytterbium fiber laser. It has a focal spot size of 80 pm at
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an emitted wavelength of 1070 nm."""”) Argon was used as
shielding gas during the production of the specimens. The feed-
stock 316L powder was characterized by its supplier. Details on
powder characterization are given in the paper by Avila et al.l'!
The following process parameters were used to produce the
specimens: a laser power of 275 W, a scan velocity of 700 mm s,
a hatch distance of 0.12mm, a layer thickness of 0.05 mm,
and an inter-layer time of approx. 65 s. A bidirectional scanning
strategy was applied which alternated the scanning vectors’
orientation by 90° between odd and even layers. Prisms with
dimensions (20 x 13 x 114,5) mm® were produced. The prisms
were heat treated at 450 °C for 4h to relieve internal stresses.
From the prisms, cylindrical creep specimens with dimensions
100 mm x M12 were machined to prevent surface roughness
from influencing the creep test results. Further details are
described by Avila et al. and Charmi et al.''2%

2.2. Creep Testing

Creep testing was performed in-house according to DIN EN ISO
204:2019-04, i.e., with constant force until rupture (see Avila
et al. for further details of the mechanical test).'"*"! The loading
direction of the creep tests coincided with the build direction of
the creep specimens. Two PBF-LB/M/316L creep specimens
were tested under different test conditions: One specimen was
tested at 600°C/200 MPa and the other at 650°C/175MPa.
The creep tests were interrupted to enable XCT inspection at
a specific time for each specimen approx. at the first quarter
of the tertiary creep phase. To interrupt the tests, the specimens
were cooled down to room temperature and unloaded afterward.
The time of interruption t; is marked in the creep curves given in
Figure 1 and in Table 1. Besides, Table 1 shows that the percent-
age plastic extension e, of both specimens consists only of the
percentage creep extension e The total plastic strains at the point
of interruption were 0.39% for the 600 °C/200 MPa creep speci-
men and 0.53% for the 650 °C/175 MPa creep specimen. Most of
the percentage plastic/creep extension was developed during the
test period after the interruption, as visible in Figure 1. The
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Figure 1. Creep curves e, versus t of the two tested specimens including
the interruption time t;.
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Table 1. Experimental data of the creep tests of the PBF-LB/M/316 L creep specimens as presented in the paper of Avila et al.l'"]

Testing Initial Creep Time of Percentage initial Percentage Percentage initial Percentage Percentage
temperature stress rupture time interruption total extension elastic extension plastic extension creep extension plastic extension
rrd Ro [MPa] t [h] i [h] ey [%] ee [%] & [%] er [%] ep [%]

600 200 402 143 0.19 0.19 0.00 2.40 2.40

650 175 155 44.83 0.18 0.18 0.00 9.20 9.20

extensions showed in Table 1 are related to each other according
to Equation (1)—(3). The term e, represents the total extension. All
other extension components are listed in Table 1

e = ey +er 1)
€y = € + € 2)
e, = €—€. = € + ef (3)

2.3. Micro Computed Tomography

Both creep specimens were analyzed by XCT in the three stages
of the creep experiment. The XCT data acquisition of the speci-
mens before testing and after the first interruption of the creep
test was performed on a GE v|tome|x 180/300 commercial XCT
scanner (GE Sensing and Inspection GmbH, Wunstorf,
Germany). The CT scan after the interruption was performed
without the application of external load. So, existing cracks,
which lips were closed during unloading, cannot be detected
because closed cracks do not change the local X-ray absorption.
The used scan parameters are given in Table 2. The XCT scan of
the specimens after rupture was performed using a custom built
XCT scanner. The used scan parameters are given in Table 3. To
achieve a voxel size of 10 pm, the specimens had to be scanned at
different heights. The reconstructed data of each height were
stitched to create a 3D volume of the whole specimen. Subtle
variations in the gray-level distribution are visible in the merged
3D volume of the broken specimens. The reconstructed data of
all XCT scans were filtered using the filter nonlocal means

Table 2. XCT acquisition parameters for the two creep specimens before
the test and after the interruption.

Voltage [kV]  Current [pA] Projections Filter Voxel
Ne Time [s]  Average (mm] size [um]
200 50 2600 2 - Ag 0.25 10

Table 3. XCT acquisition parameters for the two broken specimens.

Voltage [kV] Current [uA] Projections Filter [mm]  Voxel
Ne Time [s] Average size [um]
210 70 2100-2250% 2 5 Cu 1.0 10

Al 0.25

AThe number of needed projections differed slightly for the broken parts due to

alignment.
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denoising of the open-source imaging software Fiji to reduce
the noise in the data.?>”** Segmentation of internal structures
in the reconstructed data was performed using the commercial
3D image analysis software VG Studio MAX version 3.3 (Volume
Graphics GmbH, Heidelberg, Germany) and the open-source
software iLastik.”>) A lower threshold of 8 voxels was used to
define voids.

2.4. Optical Microscopy

The microstructure of the PBF-LB/M/316L specimens of this
study was characterized by optical microscopy on twin specimens
built with the same process parameters and on the same PBF-
LB/M machine. These specimens were ground to the plane of
analysis as well as polished and etched. The preparation and
image acquisition process are described in detail by Avila et al.™"!

3. Results

The initial porosity of the two creep specimens was very low
(<0.01%). This was in agreement to previous studies of the same
material produced by PBF-LB/M/316L.*"! In the two specimens
a sparse population of spherical voids was found (see Figure 2a
and 3a). Their average equivalent diameter was 29 pm.

In the XCT data acquired after the interrupted creep test, addi-
tional voids were found in both specimens. Still, the total porosity
remained below 0.01%. A slight change in the aspect ratio of the
initial voids (i.e., elongation) in the loading direction was
observed (see Figure 4). No micro-cracking could be detected
in the XCT reconstructions.

A large increase in the number of detected voids was observed
along the whole length of both specimens after rupture. In both
specimens, the highest density of voids was detected near the
rupture surface. Due to the slight gray level variation in the 3D
reconstructed volumes, some artefacts were observed at the loca-
tions of the stitches. These stitching artefacts influence the qual-
ity of the segmentation of voids. Therefore, the void distribution
in Figure 2c and 3c could be analyzed in a qualitative fashion.

The XCT data of both broken specimens revealed a network of
voids (see Figure 2 and 3). The spatial distribution of these voids
was arranged in a grid. Its shape and size resemble the grain
morphology of the PBF-LB/M/316L material. Due to the amount
of creep-induced damage (overlapping myriad of further defects)
and the elongation of the specimens, it was not possible to retrace
the location of the individual initial voids in the broken speci-
mens. In the 650 °C/175 MPa creep specimen (Figure 3), creep-
induced voids occur throughout the whole specimen’s length.
Their spatial density increases toward the location of the rupture.

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

5101 SUOWILLIOD A TERD) 3[geotdde Uy A pausanob a2 SOILE YO ‘85N Jo s3I 10) AIGIT BUIIUQ AB]IM UO (SUONIPUOO-PUE-SWRYLIcD" A8 1M AReIq 1PUIJUO//SAIL) SUO 1 IPUOD) PUE S | aU) 885 * [£202/50/70] Uo ARIqITauIluo AB11M ‘Ulieg We - Yed Ad T8ST0ZZ0Z Wepe/Z00T 0T/I0p/woo-/a| 1w AZeiq 1jpuuo//Sny Wo1y papeo|umod ‘0 ‘879z.25T


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

(@ (b)

Volume /mm? -4 Volume /mm? , ; 7:7
0.0200 - 0.0200 ' . - -
0.0180 0.0180
0.0160 o 0.0160 e
0.0140 0.0140 -
0.0120 0.0120 L
0.0100 | 0.0100
0.0080 - - 0.0080 )
0.0060 0.0060 1
00040 - 00040 ~j--Til'
00020 -, 00020 -~ -
0.0000 . 0.0000

c ! c i i
ke | - S 55

23 29 B,

5 = = i

0 T - = 0 T S -

www.aem-journal.com

Volume /mm?
0.0200

0.0180

0.0160

0.0140

0.0120

0.0100

0.0080

0.0060

0.0040

0.0020

0.0000

build
direction

]2 MM

Figure 2. XCT reconstruction of the 600 °C/200 MPa specimen at different stages of the creep test: a) Void distribution before the creep test; b) void
distribution after test interruption; c) void distribution after rupture; d) virtual cut at the maximum specimen vertical cross section.

In comparison, in the 600°C/200 MPa specimen (Figure 2),
creep-induced voids are more sparsely distributed through the
overall length of the specimen, and their distribution density
sharply increases near the rupture surface. A comparison of
the material’s microstructure and segmented voids reveals a cor-
relation between the shape of the segmented voids and the grain
morphology (see Figure 5). As shown in the figure, voids are pri-
marily formed by cracking at grain boundaries oriented nearly
perpendicular to the build direction (from now on referred to
as “horizontal grain boundaries”). The figure also shows that
connected microcracks form clusters (the largest connected
micro-crack in Figure 5b is highlighted in red). Grain boundaries
oriented parallel to the build direction (from now on referred to
as “vertical grain boundaries”) remain broadly intact, unless iso-
lated networks of micro-cracks are formed, as observed on the
final fracture surface. These features have also been observed
by optical microscopy.™"

For completeness, Figure 6 shows optical microscopy images
of the damage characteristics. The micrograph before etching,

Adv. Eng. Mater. 2023, 2201581 2201581 (4 of 9)

Figure 6a, is shown as reference. There, the melt pool boundaries
are not visible. The etched surface (see figure 6b), which reveals
both the grain boundaries and, in less strong contrast, the melt
pool boundaries, shows that the micro-cracks form at the hori-
zontal grain boundaries. The figure also reveals that the rupture
surface is formed by a network of micro-cracks along those grain
boundaries. Additionally, three melt pool boundaries are
highlighted in red to emphasize the fact that micro cracks form
along horizontal grain boundaries rather than along melt pool
boundaries. An inspection of the rupture surfaces revealed a
checkerboard-like structure, which matches the spatial distribu-
tion of the voids found in the two specimens (see Figure 7).

The broken parts of each of the two specimens were virtually
matched in VG Studio MAX in such a way that the outer circum-
ferences of both parts were matched without leaving a gap.
However, a small gap in the center between the two parts was
observed (see Figure 8).

A major difference was observed between the two specimens
(see Table 4) when determining the total length of the matched

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 3. XCT reconstruction of the 650 °C/175 MPa specimen at different stages of the creep test: a) Void distribution before the creep test; b) void
distribution after test interruption; c) void distribution after rupture; d) virtual cut at the maximum specimen vertical cross section.

parts from the XCT data. The merged broken parts of the 600 °C/
200 MPa specimen revealed a total elongation of only about
1.2mm. For the 650°C/175MPa specimen an elongation of
about 5.5 mm was observed. This observation is consistent with
the larger plastic extension e}, of the 650 °C/175 MPa specimen in
comparison to the 600°C/200 MPa specimen, as shown in
Table 1.

4, Discussion

As shown by Avila et al., the same batch of PBF-LB/M/316L
exhibited lower creep ductility than conventionally manufactured
316L.1M" Comparisons to conventionally manufactured creep

Adv. Eng. Mater. 2023, 2201581 2201581 (5 of 9)

specimens in this study are based on their results. Therefore,
the authors refer to Avila et al. for a detailed discussion on
the differences between the studies PBF-LB/M/316L and conven-
tionally manufactured 316L."") The creep behavior of the studied
PBF-LB/M/316L is characterized by a less pronounced reduction
of the cross section area, lower creep extension, and lower total
elongation compared to the conventionally manufactured
316L.M" Avila et al. showed that cracking at grain boundaries
is the dominant damage formation mechanism for this specific
PBF-LB/M/316L material.""! Also Li et al. reported intergranular
cracking for their PBF-LB/M/316L creep specimens.”®
Intergranular cracking had also been reported for heat treated
creep specimens of other PBF-LB/M materials, such as
IN718.2728 Eor conventionally manufactured 316L, the degree

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

B5UB17 SUOLLLOD) SAIER1D) 3|qeoldde au Ag peusenob ke opile YO ‘SN 0 S9IN1 10} A1 BUIIUO AB|IM UO (SUORIPUCD-PUB-SLUBIW0D" AB | IMA1q [ou1UO//STNY) SUORIPUOD Pue swie L 83 89S *[£202/50/70] U0 Arigiauliuo Ao|Im ‘ullieg weg - sed Aq T8STOZZ0Z Wepe/z00T OT/I0p/od"A3|Im Akeiq 1 putjuo//SARy Wwoly papeojumoq ‘0 ‘8v9z.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED ADVANCED
SCIENCE NEWS O ATERIALS

www.advancedsciencenews.com www.aem-journal.com

(a) (b)

Volume /mm? Volume /mm?
0.00020 0.00020
0.00018 0.00018
0.00016 0.00016
0.00014 0.00014
0.00012 0.00012
0.00010 0.00010
0.00008 = 0.00008 s
0.00007 B 0.00007 B
0.00005 % 0.00005 g
0.00003 5 0.00003 S
0.00001 3 0.00001 3
0.01 mm 0.01 mm

Figure 4. 3D rendering of the largest void found in the 600 °C/200 MPa specimen: a) before the creep test; b) after interruption.
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Figure 5. Comparison of the microstructure of the PBF-LB/M/316L material and the shape of the segmented micro-cracks after fracture: a) Generic
volume element obtained from microscopy images of the same batch of PBF-LB/M/316L material: alternating bidirectional scan orientations for odd and
even layers are marked in green and blue; build direction is marked in pink; b) combination of the segmented damaged section of the 650 °C/175 MPa
specimen and the microscopy images at the same scale.

Figure 6. Optical microscopy images of a cut section of the 650 °C/175 MPa specimen. The longer upper part of the broken specimen was cut along the
build direction: a) Before etching and b) the very same section after etching. Three melt pool boundaries are highlighted in red.
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Figure 7. 3D rendering of the bottom part’s top view of the 650 °C/175 MPa specimen: a) rendering of the rupture surface—side view; b) rendering of the
void distribution—side view; c) rendering of the rupture surface—top view; d) rendering of the void distribution—top view.

Figure 8. Gap between the centers of the two broken parts after combination: a) 600 °C/200 MPa specimen; b) 650 °C/175 MPa specimen.

Table 4. Parallel length of the specimen obtained from XCT results.

Testing condition of the specimens Point of time for XCT scan

to [mm] t; [mm] t, [mm]
600 °C/200 MPa (60.2+£0.5) (60.4+£05) (61.7+0.5)
650°C/175 MPa (60.1£0.5)  (60.4+0.5)  (65.6+0.5)

of intergranular damage as shown by XCT and optical micros-
copy is significantly lower for the same testing conditions.!"
Previous studies on conventionally manufactured 316 L have
shown that intergranular cracking can occur at testing conditions
above 600 °C/275 MPa and 625 °C/~230 MPa.***% This behav-
ior indicates that intergranular damage is inherent to 316L at
such testing conditions. However, the study by Avila et al.

Adv. Eng. Mater. 2023, 2201581 2201581 (7 of 9)

highlights that the degree of intergranular cracking appears
greater for PBF-LB/M/316L than for conventionally manufac-
tured 316L at the tested conditions. The XCT analysis results
reported in this work on the two inspected PBF-LB/M/316L
specimens fully corroborate the results shown by Avila
et al."" In Section 2.2, it was mentioned that most of the plas-
tic/creep extension observable by XCT seems to develop after
the interruption of the test period. The results presented in
Section 3 (Figure 2 and 3) indicate that most of the creep dam-
age develops during that time frame as well. During the inter-
ruption only changes in the aspect ratio of initial pores could be
detected by XCT (i.e., voids subtle elongated along the loading
direction). Optical microscopy images of metallographic cuts of
the broken specimens did not indicate other damage mecha-
nisms than the reported micro-cracking at horizontal grain
boundaries.
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The absence of micro-cracks in the XCT data on both speci-
mens after creep test interruption (i.e., at the end of the secondary
stage of creep) could lead to the conclusion that either micro-
cracking occurs in late stages of creep (tertiary) or that the lips
of already existing micro-cracks could either be closed because of
the load release (interruption) or below the resolution of the XCT.
Closed micro-crack lips cannot be detected by XCT since they do
not cause any change to the X-ray absorption. Only open cracks
can be detected since voids air between the lips lead to changes in
the X-ray absorption.

The XCT results reveal that the emergence of micro-cracks in
the PBF-LB/M/316L seems to be the key mechanism causing the
creep deformation. The higher accumulation of damage of
650°C/175 MPa than in the 600 °C/200 MPa specimen well cor-
responds to the almost four times larger creep extensions
observed. The shape of these micro-cracks resembles the grain
morphology of the material. From their size and shape, it can be
deduced that these micro-cracks primarily formed at the horizon-
tal grain boundaries, as also shown by Avila et al.'"! We showed
in this work that these micro-cracks can form clusters. In agree-
ment with Li et al., the XCT analysis of the rupture surface also
revealed that it is mainly formed by a network of intergranular
micro-cracks of horizontal (i.e., perpendicular to the load axis)
grain boundaries.* Throughout both specimens, the areas near
the vertical grain boundaries are less affected by cracking (the
void-free sections between the defect columns). Near the rupture
surface, some necking could be observed (see Figure 7), but not
to the extent shown by conventional hot rolled 316 L, where creep
leads to a significant reduction of area.") This indicates that the
rupture was a combination of intergranular cracking of the hori-
zontal grain boundaries and ductile fracture (plastic deformation
in regions of predominantly vertical grain boundaries). A small
gap remained after stitching the 3D volumes of the broken parts,
indicating that the rupture started within the specimen and grew
to the circumference. This interpretation is supported by the fact
that the XCT data did not reveal secondary macro-cracks at the
surface of the specimens apart from the rupture itself.

Despite the fact that the initial voids could not be retraced in the
broken specimens, we deduced from the shape of both the rupture
area and of the initial voids that the initial void distribution did not
cause the emergence of the intergranular cracks. Initial voids (due
to manufacturing) do not seem to be the main contributor to creep
failure in this PBF-LB/M/316L material. The analysis of metallo-
graphic sections of similarly produced creep specimens (see
Avila et al.™) supports this conclusion. The final fracture is overall
mainly intergranular. Our results differ from the results of
Williams et al., who were able to attribute the emergence of cracks
to the positions of the initial voids in their specimens.'*! The
shown results are in agreement with the work of Li et al., in spite
of the different grain morphologies.' The XCT and optical
microscopy results show that the micro-cracks in the PBF-LB/
M/316L creep specimens occur mainly at the grain boundaries that
are oriented either 45° tilted to the loading direction, the theoretical
region of maximum shear stress, or perpendicular to it. This differs
slightly from the results of Williams et al. where creep cavities were
observed at both grain boundaries oriented perpendicular and
nearly parallel to the building direction.*) The mismatch between
different reports highlights the dependency of PBF-LB/M/316L
material properties on their specific production process
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parameters. In fact, Williams et al. had used a different scanning
strategy, a chessboard scanning with a 67° rotation; furthermore,
they used a different PBF-LB/M machine which works with a
pulsed laser mode instead of the more common continuous wave
mode.™ Their process parameters and system set-up resulted in a
different microstructure, with a lower proportion of horizontal
grain boundaries (perpendicular to the loading direction). Also,
the initial porosity of their specimens (0.4%) was much larger com-
pared to the porosity <0.01% of the specimens in this study. Aside
from the total number of voids, the defect size and shape are
important: Williams et al. observed sharp-edged lack-of-fusion
voids (of the size of their material’s grains and above); conse-
quently, they observed cracks growing from these elongated
voids."*! The average size of the spherical voids observed in the
specimens of this study is about a third of the grain size
(75 pm) (reported by Avila et al.'")). Therefore, the initial porosity
of the PBF-LB/M/316L material of this study did not contribute to
creep damage.

The XCT results revealed that clusters of micro-cracks were
formed throughout the cross-section of the specimens.

The combined application of higher testing temperature and
smaller applied load, which resulted in a decrease of the creep
rupture time of about 60 %, appears to strongly contribute to the
formation and amount of developed damage in the presented
creep-loaded PBF-LB/M/316L material. Furthermore, the observa-
tion that the spatial density of the micro-cracks increased toward the
location of the fracture surface for both specimens, where the cross-
sectional area is reduced, suggests that geometrically induced local
higher stresses contribute as well to the formation of damage.

It should finally be mentioned that the anisotropy of the
microstructure impacts the mechanical properties of this PBF-
LB/M/316L. The loading axis of our creep specimens coincides
with the build direction. Results from creep testing may vary for
different loading axes (e.g., perpendicular to the build direction).

5. Summary and Conclusions

Two PBF-LB/M specimens of stainless steel AISI 316L were ana-
lyzed by XCT at three stages of creep testing (prior to the test,
after interruption, and after failure). Although the position of
the initial voids through the three stages of the creep test could
not be tracked, it could be shown that the initial porosity did not
influence the evolution of creep damage in the specimens. The
main mechanism of the material’s damage was the formation of
micro-cracks at grain boundaries perpendicular to the load axis.
These intergranular cracks were not observed at the interrupted
stage either because they were below the resolution of the XCT or
that they had not yet initiated. In the specimen tested at 650 °C, a
dense network of micro-cracks was observed throughout the
whole length of the specimen, whereas for the specimen tested
at 600 °C the occurrence of micro-cracks was localized near the
final rupture surface. The correlation between the number of
micro-cracks and the observed elongation indicates that micro-
cracking is the main contribution to the creep extension in this
material. Damage could only be clearly observed after the tertiary
stage of creep in the studied specimens.

In the studied PBF-LB/M/316L material of this study large
micro-cracks arise from the coalescence of isolated internal
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micro-cracks without any visible cracks at the surface. This
means a PBF-LB/M/316L material could be damaged without
cracks being visible at its surface. This result must be considered
when choosing the appropriate nondestructive testing techni-
ques for safety inspection of PBF-LB/M/316L components.

The present results are in line with some works, but somewhat
different from other studies of creep damage in PBF-LB/M/316L.
This apparent ambiguity emphasizes the influence of the process
parameters on the material’s microstructure and the associated
failure mechanisms of PBF-LB/M/316L. The authors deduce that
process parameter can be used to design a microstructure that is
optimized for the expected loading conditions.
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