
The Impact of High-Productivity Processing on the Fatigue Failure of an
Additive Manufactured Superalloy HAYNES 282

Downloaded from: https://research.chalmers.se, 2026-05-19 12:53 UTC

Citation for the original published paper (version of record):
Shaikh, A., Jabir Hussain, A., Mishurova, T. et al (2026). The Impact of High-Productivity
Processing on the Fatigue Failure of an Additive Manufactured
Superalloy HAYNES 282. Advanced Engineering Materials, 28(8).
http://dx.doi.org/10.1002/adem.202502048

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



The Impact of High-Productivity Processing on the
Fatigue Failure of an Additive Manufactured
Superalloy HAYNES 282
Abdul Shaafi Shaikh1,2 | Ahmed Fardan1 | Tatiana Mishurova3 | Eduard Hryha1

1Department of Industrial and Materials Science, Chalmers University of Technology, Gothenburg, Sweden | 2Electro Optical Systems Finland Oy, Turku,

Finland | 3Bundesanstalt für Materialforschung und -prüfung, Berlin, Germany

Correspondence: Abdul Shaafi Shaikh (abdulsh@chalmers.se)

Received: 5 August 2025 | Revised: 24 October 2025 | Accepted: 16 January 2026

Keywords: additive manufacturing | computed tomography | fatigue | fractography | powder bed fusion – laser beam | superalloy

ABSTRACT
The elevated temperature low cycle fatigue life of additively manufactured HAYNES 282 superalloy from conventional 40 μm
layer thickness process parameters was compared with that of high-productivity 80 μm layer thickness process parameters.

Wrought 282 alloy was also tested in parallel for comparison. The 40 μm process parameters produced fatigue life between

1400 and 1700 cycles to failure, the 80 μm process parameter specimens failed after �1200 cycles, and the wrought alloy reached

1350 cycles to failure. Microstructure investigations did not reveal systematic differences in phase constituents or grain structure

between 40 and 80 μm processed 282 alloy. While both process parameters produced porosity of less than 0.05% by volume, high-

resolution X-ray computed tomography showed the occurrence of large aspect ratio lack of fusion defects in the 80 μm material.

These defects were also identified on fracture surfaces and could be related to the accelerated initiation and propagation of cracks,

especially when oriented perpendicular to the load axis in samples built parallel to the building direction. The results emphasize

the criticality of seemingly minor variations in defect characteristics on performance in cyclic loading conditions for high strength

alloys.

1 | Introduction

Additive manufacturing (AM) by powder bed fusion-laser beam
(PBF-LB) is an increasingly important manufacturing method for
Ni-base superalloy components in the energy and aerospace
industries. Superalloy components in such industries are subject
to extreme temperature and stress conditions, including different
forms of cyclic loading. Fatigue performance of PBF-LB manu-
factured superalloys is therefore an important subject of investi-
gation to enable safe adoption of AM in critical components.

Studies on fatigue of AM superalloys have shown these materials
to be either similar in properties [1, 2], poorer in fatigue life [3, 4],
or in some cases better in performance [5, 6] compared to their
conventionally manufactured counterparts. Fatigue properties

have been found to be dependent on the AM processing, the heat
treatment, and the specific fatigue testing conditions [7, 8]. The
fatigue resistance of conventionally manufactured superalloys typ-
ically depends on the extent and nature of defects and inclusions
present in the material, but also on microstructure, deformation
behavior, and oxidation behavior [9, 10]. However, AM technology
is particularly sensitive to defect formation due to its layer-wise
nature, and many instances of premature failure of AM structures
have been linked to residual porosity [7]. Defects are known to be
especially influential when applied strain ranges are high [11].
Apart from defects, the fatigue performance can also be influenced
by grain size, microstructure, and surface condition, which can
vary widely for AM materials [7, 8, 12].

Note: “Haynes” and “282” are registered trademarks of Haynes International, Inc, Kokomo, Indiana, USA.
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Defects and porosity in PBF-LB are primarily controlled by process
parameters, particularly when hardware and material feedstock
are held constant. However, the process parameters also have a
strong impact on productivity of the manufacturing process
[13]. In particular, layer thickness has an influence on the through-
put and therefore the cost of AMparts, showing potential to double
the build rate when layer thickness is increased from 40 to 80 μm
[14]. While conventional layer thicknesses for metal PBF-LB are in
the range of 20 to 50 μm, there is an increased interest in industry
towards enhancing build rates by the use of high-productivity
process parameters, which are characterized by higher layer
thicknesses in the range of 80 μm and above [15]. These
high-productivity process parameters have been shown to pro-
duce mechanical performance comparable with conventional
parameters, e.g., Leicht et al. showed that PBF-LB processing
of 316L stainless steel in 80 μm layers could achieve nominal
densities in excess of 99.9%, and tensile properties comparable
with the conventional 20 μmlayer thickness process parameters [16].
Paradise et al. performed room temperature mechanical tests of
PBF-LB IN718 manufactured using 60 μm and 80 μm layer thick-
nesses, concluding that properties after postbuildheat treatmentwere
comparable to that of conventional IN718 [17]. On the other hand,
high-productivity process parameters have also been shown to be
more susceptible to defect formation due to large melt track sizes
and reduced remelting of underlyingmaterial, and little data is avail-
able on the comparative mechanical performance of conventional
and high-productivity PBF-LB processed materials when exposed
to elevated temperature or cyclic loading. Further, it is known that
static tensile properties are generally less sensitive to defects than
fatigue properties [18], which motivates the investigation of cyclic
loading for high-productivity processed materials by PBF-LB.

The current investigation aims to examine the fatigue perfor-
mance of a Ni-base superalloy HAYNES 282 (henceforth referred
to as 282 alloy, note that ‘Haynes’ and ‘282’ are registered trade-
marks of Haynes International, Inc, Kokomo, Indiana, USA.)
manufactured in PBF-LB by conventional and high-
productivity process parameters. 282 alloy is a relatively new
superalloy which has been shown to be well processable in
AM [19], while also producing mechanical performance on
par with conventional forms [20, 21]. While fatigue performance
of the alloy in conventional forms has been extensively investi-
gated [22–26], the fatigue performance of the PBF-LB version of
the alloy, especially at elevated temperatures, is not yet widely
reported. The objectives of this article are, therefore, to under-
stand the effect of microstructure and defects from PBF-LB proc-
essing, including those from high-productivity parameters, on
elevated temperature fatigue of 282 alloy processed by PBF-LB.

2 | Materials and Methods

Samples for material testing were manufactured using an
EOS M290 system, which has a building platform size of
250 mm× 250mm. The process parameter set titled ‘Haynes282_

040_080_CoreM291’ from EOS GmbH was utilized, which
includes a 40 μm layer thickness exposure set as well as an
80 μm layer thickness exposure set, developed by the principal
author. Specifically, the exposure set ‘EOS_DirectPart’ with volu-
metric energy density Ev of 56 J/mm3 was utilized for conventional
40 μm layer thickness processing, while the exposure set
‘EOS_DirectPart_Fast’ with Ev of 39 J/mm3 was used for high-
productivity 80 μm layer thickness processing. The standard con-
figuration of hardware recommended by the manufacturer was
utilized, i.e., high-speed steel recoater, Ar shielding gas, and steel
building platform. The powder feedstock was EOS NickelAlloy
HAYNES 282 and the chemical composition of the powder is given
in the Table 1. The powder was not in virgin condition but had
previously been used for building test parts and subsequently
sieved with a 63 μm sieve according to recommended practice.
Parts in 40 and 80 μm layer thickness were manufactured within
the same build job. Samples manufactured with the different layer
thickness parameters will henceforth be called ‘40 μm’ or ‘80 μm’

for ease of reference.

To demonstrate the difference in productivity between the 40 and
80 μm process parameters, build times were simulated using
EOSPRINT 2.17 using example geometries. Figure 1 shows the
build layout, which featured six gas turbine ring segments and
four tensile bar blanks. Total building time using 40 μm was
51 h and 21mins, whereas building time for 80 μm was 29 h and
26mins, i.e., PBF-LB building time was predicted to be�43% less
when using high-productivity processing compared to conven-
tional. Further details including recoating and exposure times
can be found in Table 2.

Samples for mechanical testing were built as cylinders of 15mm
diameter and 80mm length, oriented either parallel or perpen-
dicular to the building direction (BD). Samples built parallel and
perpendicular to the BD will henceforth be referred to as ‘verti-
cal’ and ‘horizontal’ samples. Metallographic analysis samples
were manufactured as 15 mm cubes. Samples for X-ray computed
tomography (XCT) scanning were manufactured as 6 mm diam-
eter cylinders with 50mm height in the vertical orientation.

After PBF-LB processing the manufactured test parts were
removed from the building platform by a bandsaw and heat
treated in a TAV H4S type industrial vacuum furnace.
Pressurized Ar gas was used for the cooling steps. The heat
treatment regime, which has previously been shown to improve
elevated temperature ductility and reduce anisotropy in PBF-LB
282 alloy [21], consisted of the following three steps: (1) a solu-
tion treatment of 1250°C for 2 h followed by gas quenching at
�100°C/min; (2) first ageing at 1010°C for 2 h with forced gas
cooling at �20°C/min; and (3) second ageing at 788°C for 8 h
with forced gas cooling at �20°C/min.

Wrought superalloys are often considered a benchmark for prop-
erties when developing AM superalloys, motivating the compar-
ison of fatigue life between wrought and PBF-LB 282 alloy. Since
fatigue testing results can vary depending on the precise condi-
tions of testing, wrought 282 alloy was also tested in parallel to

TABLE 1 | Chemical composition of the powder alloy in wt.%.

Ni Cr Co Mo Ti Al C B O N S Fe Si

Balance 19.4 10.3 8.4 2.1 1.6 0.04 0.007 0.018 0.009 0.0018 0.09 0.05
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PBF-LB 282 alloy to enable a fair comparison. The wrought alloy
was obtained from Haynes International Inc as a rolled plate of
15.9 mm thickness and the test specimens were extracted in the
long transverse orientation. Note that wrought material was sub-
jected to the same ageing heat treatment as the PBF-LB alloy, but
no solutionizing was done, as the material was received in mill
annealed condition, which is equivalent to the solution treated
condition of the PBF-LB alloy [27].

Specimens for low cycle fatigue (LCF) tests were machined,
ground, and longitudinally polished to a cylindrical dog-bone
shape with a 5.08 mm gauge diameter and 19.05 mm parallel
length. LCF tests were performed in strain control according
to ASTM E606−21 at 760°C, with a triangular waveform, fre-
quency of 20 cycles per minute, total strain range of 1.0%, and
stress ratio of −1 (fully reversed tension-compression loading).
Two specimens were tested per condition and orientation –

see Table S1 for a complete list of tests.

For the microstructure analysis, cube-shaped samples were
printed and cut parallel to the BD (ZY section) and perpendicular
to the BD (XY section) and mounted in Struers’ Polyfast conduc-
tive resin. This was followed by standard metallographic

preparation with SiC papers and various cloths with progressively
finer diamond paste down to a 1 μm finish. Samples for the pur-
pose of microstructure observation were then electrolytically
etched at 6 V with 10wt.% oxalic acid. For electron backscattered
diffraction (EBSD) analysis the samples were not etched but fur-
ther polished with colloidal silica until grain relief was optically
visible. Metallographic samples were prepared in duplicate per
condition and orientation, with one sample used for EBSD analysis
and the other for general microstructure analysis.

General microstructure and fracture surface observations were
made on a Zeiss GeminiSEM 450 scanning electron microscope
(SEM). For EBSD analysis a LEO Gemini 1550 SEM was used
with a Nordlys II detector. A step size of 3 μm was used for pat-
tern acquisition, and the EBSD data was processed and analyzed
with the Oxford AztecCrystal software, considering a 10° misori-
entation angle for grain determination.

XCT measurements were performed on a General Electric
v|tome|x L 300 scanner, with one specimen being analyzed for
40 μm and one specimen for 80 μm. A single scan consisted of
2500 projections, using an acquisition time of 3 s for each projec-
tion. The tube voltage used was 160 kV with a current of 60 μA
reaching a voxel size of 3 μm3. Fiji ImageJ and AvizoFire 9.4 were
used for data gathering and processing. To avoid false segmen-
tation, only defects with a minimum volume of 5 voxels were
considered in the analysis. Thus, defects with minimum equiva-
lent diameter of around 7 μm were detected.

3 | Results and Discussion

The results in the following section are presented in order of
investigation. The LCF results are described first, followed by

FIGURE 1 | Geometries including gas turbine ring segments and tensile bars blanks used for simulating PBF-LB building time with conventional

and high-productivity process parameters.

TABLE 2 | Comparison of PBF-LB processing times between 40 and

80 μm processing parameters for the example build layout in Figure 1.

Process
parameter

Exposure
time,

hh:mm

Recoating
time,

hh:mm

Total building
time,

hh:mm

40 μm 46:14 5:07 51:21

80 μm 26:52 2:33 29:26

Advanced Engineering Materials, 2026 3 of 13
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characterization of the material conditions, focusing on variables
anticipated to influence fatigue behavior, particularly micro-
structural features such as phase constitution, grain structure,
and porosity. Subsequently, fractographic and metallographic
analyses of failed LCF specimens are presented to establish a link
between material condition and the trends observed in the LCF
tests.

3.1 | Low Cycle Fatigue

All LCF tests were run until specimen failure. The number of
cycles to failureNf are plotted against the sample condition (proc-
essing parameter and orientation) and shown in Figure 2. As two
samples were tested per condition, the average is plotted along
with error bars indicating the maximum and minimum test
result. Further details of the tests, including cycles to initiation
Ni, defined by 10% load drop from maximum load, are shown in
Table S1. All samples failed within the range of 1000–2000 cycles.
The longest fatigue life averaged over two samples was shown by
the 40 μm vertical samples, followed by the 40 μm horizontal
samples. The 80 μm vertical samples showed the lowest Nf of
all, and one sample notably showed no difference between Ni

and Nf. The wrought 282 alloy showed the largest difference
in Nf between the 2 tested samples, though the average Nf

was 1343 cycles.

While the difference between 40 and 80 μm parameters is not
large considering the typical scatter of LCF testing results
[28, 29], the trend over all tested samples suggests that 40 μm
PBF-LB 282 alloy shows longer fatigue life than 80 μm under
the described test conditions. The fatigue life of Ni-base super-
alloys is influenced by several material characteristics, with
the most relevant factors being grain size, microstructure, and
defects [9, 30]. Each of these factors was analyzed to determine
their effect on fatigue life and are shown in sections 3.2 to 3.4
below. Other known influences such as surface condition were
the same for all tested samples, and are therefore not considered
as a variable in the upcoming analysis. Note that the monotonic

tensile strength and ductility of the 40 and 80 μm 282 alloy at
760°C are very similar (see Table 3) and this property is therefore
not considered to be a contributing factor. The hardening and
softening behavior for all samples was also found to be similar
to that described by Buckson et al. [26] for wrought 282 alloy, and
is not discussed in detail in this text.

3.2 | Grain Size

Maps from EBSD analysis depicting grain structure of the 40 and
80 μm PBF-LB 282 alloy in planes parallel and perpendicular to
the BD are shown in Figure 3. All analyzed samples showed a
grain structure coarser than typically found in the as-built con-
dition of PBF-LB 282 alloy [19, 20, 31–34]. The high solution
treatment temperature of 1250°C promotes grain growth in
the microstructure [20, 21, 32]. Frequent twin boundaries were
also noted in the microstructure, and no pronounced texture was
observed. The grain sizes in terms of equivalent circle diameter
were extracted from the EBSD maps and plotted as distributions
on boxplots seen in Figure 4. Note that grain sizes were calcu-
lated from parent grains, excluding twin boundaries.

The measurement results in Figure 4 suggest that the 40 and
80 μm conditions exhibited generally similar grain size. This is
evidenced by the similar values of mean grain size, and of P25
and P75 grain sizes for all distributions. Certain minor variations
were noted, including a larger median (P50) grain size for the
40 μm sample in the plane perpendicular to the BD, however this
is likely to be a feature of the specific region measured by EBSD,
as seen from the exceptionally large grain at the bottom right of
Figure 3b. No major systematic differences were observed in
grain size or morphology between the different conditions.

3.3 | Microstructure

The 40 and 80 μm 282 alloy both exhibit a typical γ-γ 0 microstruc-
ture, with carbides at grain boundaries, as shown in Figure 5.
Grain boundary carbides were spaced closely together along with
grain boundary γ’, forming nearly continuous chains. This con-
figuration of grain boundary phases has been reported previously
for 282 alloy [21, 27], and detailed analysis of the grain boundary
carbides found elsewhere [34–36] suggests that these are
expected to Cr-rich M23C6 carbides along with Mo-rich M6C car-
bides. Small intragranular carbides were also observed within
grains. The fine intragranular γ 0 appeared spherical in morphol-
ogy, and measurements by image analysis showed very similar
size for both conditions. In the 40 μm 282 alloy the γ 0 was
38± 12 nm in diameter, and in the 80 μm 282 alloy the γ 0 was
42± 8 nm in diameter. Such a small difference in precipitate size
is likely related to variations in the cooling rates from ageing
steps [37] and thus not considered to be consequential for the
mechanical performance of the alloy.

3.4 | Porosity

Analysis of the porosity by XCT revealed a major difference
between the 40 and 80 μm 282 alloy conditions. A 3D rendering
of the XCT reconstructions is presented in Figure 6, where red
coloring indicates the absence of dense material, i.e., porosity/
defects. As can be seen from the reconstruction, the 40 μm

FIGURE 2 | Cycles to failure for PBF-LB 282 alloy, for two process

parameters and orientations. Testing in strain control at 760 °C and

1% total strain range. Results for Wrought 282 alloy are also shown.
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sample showed small spherical pores, whereas the 80 μm sample
showed small spherical pores as well as larger pores with a higher
aspect ratio. The insets in Figure 6 show magnified versions of
typical pores found in the samples. The large pores found in
the 80 μm sample tend to have their major dimension oriented
perpendicular to the build direction, which suggests that these
are lack of fusion defects [8, 38]. The volume fraction of porosity
was calculated to be 0.004% for the 40 μm sample and 0.036% for
the 80 μm sample. While both these values are small in absolute
terms, the difference in porosity between the process parameters
is significant.

A quantitative representation of the comparative sphericity and
size of the porosity distributions is shown in Figure 7. The 40 μm
sample had pores which were no larger than 40 μm (in equivalent
spherical diameter) and tended to have high sphericity. Such

pores are also present in the 80 μm sample, however, the distri-
bution for the 80 μm sample was extended towards large defect
sizes, with equivalent spherical diameters up to 130 μm. Note
that a low sphericity for a pore implies that the maximum dimen-
sion of the defect is much larger than the equivalent spherical
diameter. For the 80 μm sample the larger pores were also less
spherical, further supporting the understanding that these are
lack of fusion defects [30]. The increased propensity to porosity
and lack of fusion defects in larger layer thickness PBF-LB proc-
essing is consistent with the literature and has been correlated to
increased melt pool instability, more spatter generation, and
reduced remelting of underlying material when layer thickness
is high [14, 16, 39, 40]. Further detailed analysis of the cause of
porosity and optimization of PBF-LB process parameters is
beyond the scope of the present investigation.

TABLE 3 | Results of tensile testing at 760 °C for 40 and 80 μm alloy 282. Tensile testing on 6mm diameter cylindrical samples according to ISO

6892–2 using strain rate of 2.5 × 10−4 s−1 until yield followed by 1.4 × 10−3 s−1 to failure.

Condition Orientation Yield strength, MPa
Ultimate tensile
strength, MPa

Elongation after
fracture 4D, %

Reduction
in area, %

40 μm Vertical 597 835 31.5 34

Horizontal 620 844 26.5 29

80 μm Vertical 592 834 29.5 33

Horizontal 616 853 26.5 29

FIGURE 3 | EBSD orientation maps in inverse pole figure (IPF) representation for (a) and (b) 40 μm 282 alloy; and (c) and (d) 80 μm 282 alloy in

cross-sections parallel and perpendicular to the BD. IPF coloring is along the BD.

Advanced Engineering Materials, 2026 5 of 13
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FIGURE 4 | Box and whisker plots representing the distribution of equivalent circle diameter grain sizes from EBSD measurements of 40 and 80 μm
282 alloy from cross sections parallel and perpendicular to BD. The 10th, 25th, 50th, 75th, and 90th percentiles of the distribution are represented by P10,

P25, P50, P75, and P90, respectively. x
―

represents the mean value.

FIGURE 5 | SEM micrographs with InLens detector showing the microstructure of (a) and (b) 40 μm 282 alloy; and (c) and (d) 80 μm 282 alloy. All

micrographs are of cross-sections perpendicular to the BD.

6 of 13 Advanced Engineering Materials, 2026
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The XCT analysis showed a clear difference in porosity volume
fraction, size, and morphology between 40 and 80 μm samples.
The sharper and larger defects in the 80 μm282 alloy correlatewith
the relatively low LCF life of that material. To conclusively estab-
lish a causative link between the porosity and the LCF perfor-
mance, fractographic analysis of the failed LCF specimens was
performed.

3.5 | Fractography

SEM micrographs of the fractured surfaces of LCF specimens are
shown in Figure 8 for 40 and 80 μm vertically oriented

specimens, and in Figure 9 for 40 and 80 μm horizontally ori-
ented specimens. The fractographic examination revealed that
fatigue cracks were initiated at or close to the surface for all cases,
and propagated transgranularly through the specimen cross-
section perpendicular to the loading direction. The final fracture
was mixed inter- and transgranular. Similar behavior has been
reported for wrought 282 alloy in the literature [23, 41] and
can also be observed in Supporting Information Figure S1, which
shows the fracture surface of the wrought material.

For the 40 μm vertical sample, multiple initiation points can be
seen in Figure 8a,b, however, no defects were found at or near the
initiation points. Rather rough morphology of the fracture sur-
face indicates complex crack propagation, starting from multiple
initiation points at the sample surface. The transgranular fracture
surface can be seen in Figure 8c, as well as two spherical pores,
which are typical for the 40 μm 282 alloy, as discussed in section
3.4 above.

The fractured 80 μm vertical sample seen in Figure 8d,e, also
showed several initiation points. However, several lack of fusion
defects could be observed on the fracture surface, as seen in
Figure 8e, which contributed to initiation and acceleration of
the crack propagation through the specimen. Large lack of fusion
defects were also observed near to the surface - see Figure 8f.
These defects have maximum dimensions exceeding 200 μm
and sharp features, suggesting they could act as stress concentra-
tors. The observation of feathering marks on the fracture surface
adjacent to these defects suggests that these defects acted as crack

FIGURE 6 | 3D rendering of samples and porosity obtained by XCT in (a) 40 μm 282 alloy; and (b) 80 μm 282 alloy. Insets show isolated defects from

each condition.

FIGURE 7 | Distribution of defects detected by XCT in 40 and 80 μm
282 alloy in terms of sphericity and equivalent spherical diameter.

Advanced Engineering Materials, 2026 7 of 13
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initiation sites. It is notable that the 80 μm vertically oriented
samples showed the lowest LCF life of all conditions.

The fracture surface for a 40 μm horizontally oriented LCF spec-
imen can be seen in Figure 9a–c. Similar to the vertically oriented
sample, multiple initiation points at the surface were observed,
along with a transgranular fracture surface. No large defects were
observed on the fracture surface, nor near the crack initiation
points. Conversely, the 80 μm horizontally oriented specimen
showed large lack of fusion defects with their major axis oriented
perpendicular to the direction of crack growth (parallel to the
direction of applied stress) at locations within the specimen bulk.
Such defects can be seen in Figure 9e,f. As these defects are not
cohesive, they would be expected to negatively impact the fatigue
life. However, since they are oriented parallel to the stress axis,
their effective cross-sectional area is lower relative to the lack of
fusion defects seen in Figure 8f, decreasing their harmful effect
on fatigue life. No indications were found that they acted as ini-
tiation points in the 80 μm horizontally oriented specimens.

Cross-sections of the failed specimens were examined to further
clarify the crack initiation and propagation in different condi-
tions of AM 282. Several large secondary cracks were observed
for the specimens in all conditions (see Figure 10) but no

correlation of secondary cracks with defects could be found at
cross-sections. This suggests that cracks initiated on the surface
of specimens from microstructural features, for example, see
Figure 10e,f where a crack can be seen initiating on the surface
of the wrought specimen from a feature which is probably a twin
boundary—an initiation mechanism which is commonly
reported in the literature [2, 42]. However, in the cross-section
of the failed 80 μm vertical specimen a number of small cracks
could be observed around lack of fusion defects oriented perpen-
dicular to the BD (and the axis of applied stress). Some examples
of these defects are shown in Figure 11. While these cracks were
small relative to the specimen cross-sectional area, their occur-
rence only in the 80 μm horizontal specimen agrees with the
observations from fractography (Figure 8d–f ) where lack of
fusion defects could be seen on the path of the fatigue crack.

3.6 | Synthesis and Discussion

The above results suggest that while the microstructures of the 40
and 80 μm 282 alloy are very similar, there are clear differences in
defects resulting from PBF-LB processing. The fractography
results further indicate that the differences in size, morphology,

FIGURE 8 | Fracture surfaces of failed vertical LCF specimens from (a) to (c) 40 μm 282 alloy; and (d) to (f ) 80 μm 282 alloy. Yellow arrows indicate

fatigue crack initiation points, and pink arrows indicate lack of fusion defects.
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and orientation of defects do appear to influence the LCF behav-
ior. In particular, the increased defect fraction in the 80 μm 282
alloy is correlated with the lower fatigue life in the 80 μm LCF
specimens.

Fatigue fracture generally progresses in three stages: initiation
(stage I), followed by stable propagation of a dominant crack
(stage II), and final fracture (stage III) [43, 44]. From the litera-
ture on fatigue of AM Ni-base superalloys it is known that crack
initiation is the most crucial phase where most of the fatigue life
is spent. After cracks are initiated a relatively small number of
cycles is required for their propagation, followed by a rapid final
fracture [12, 45–47]. Further, it is known that when the material
is free from defects, crack initiation occurs mainly from the sur-
face, e.g., frommicrostructural features such as slip bands or twin
boundaries [8, 30, 46, 48, 49]. On the other hand, when defects
are present in the material, they may or may not act as fatigue
crack initiation sites [8, 12, 46, 49]. This depends on their size,
type, morphology, position, and orientation relative to the load-
ing [50].

Considering the results in the light of the literature, the following
qualitative explanation for the LCF performance trends between
parameters is proposed. In the 40 μm horizontal and vertical

specimens, fatigue cracks initiate from the surface due to the lack
of any sharp defects or inclusions in the material. Although the
material contains defects in the form of spherical pores, no evi-
dence of crack initiation from such pores could be found, which
agrees with reports in the literature [1]. Following initiation,
fatigue cracks propagate transgranularly until the load-bearing
cross-section is sufficiently reduced for final fracture to occur.
This behavior, characterized by slow initiation, accounts for
the long fatigue life observed in the 40 μm 282 alloy specimens,
which is on par with the wrought material. Crack initiation is
also slow in the 80 μm horizontal specimens, since the lack of
fusion defects in this material are oriented with their long axis
parallel to the stress axis and are therefore unlikely to serve
as crack initiation sites. However, these large defects do lower
the effective load bearing cross-section and therefore accelerate
the propagation of the crack (relative to the 40 μm material),
which also explains the lower average Nf. The 80 μm vertical
specimens contain lack of fusion defects oriented perpendicular
to the axis of stress, which effectively act as preincubated cracks.
Thus, these specimens see crack initiation both from the surface
and from near-surface lack of fusion defects, accelerating the
crack initiation stage. Crack propagation is also expected to
be fastest in the 80 μm vertical specimens due to the projected

FIGURE 9 | Fracture surfaces of failed horizontal LCF specimens from (a) to (c) 40 μm 282 alloy; and (d) to (f ) 80 μm 282 alloy. Yellow arrows

indicate fatigue crack initiation points, and pink arrows indicate lack of fusion defects.
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area of defects over the load bearing cross-section being maxi-
mized due to their orientation. Therefore, both initiation and
propagation stages are accelerated in the 80 μm vertical speci-
mens, which accounts for their averageNf being the lowest of all

tested conditions. The detrimental effect of lack of fusion
defects orientated perpendicular to the loading direction on
fatigue life has previously been noted by other researchers as
well [50–53].

FIGURE 10 | Secondary cracks in cross-sections of failed LCF specimens tested at 760 °C; (a) 40 μm vertical; (b) 40 μm horizontal; (c) 80 μm vertical;

(c) 80 μm horizontal; (e) wrought; and (f ) suspected crack initiation at twin boundary in failed wrought specimen.

FIGURE 11 | Cracks observed around lack of fusion defects in a cross-section of the failed horizontal 80 μm LCF specimen. Defects (and cracks

originating from them) appear to be oriented perpendicular to the axis of applied stress.
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A result which is not explained by the above discussion is the
difference in average Nf between horizontal and vertical 40 μm
282 alloy. A possible explanation could be residual anisotropy
which is noted in previous work for AM 282 alloy [21] and
has been proposed as the cause for improved fatigue life of verti-
cally oriented specimens [12]. Related trends of better fatigue
crack growth resistance in the vertical orientation compared
to horizontal have been noted elsewhere in the literature
[2, 7, 54]. Further investigations are required to determine the
cause of this result. Nevertheless, the anisotropy in fatigue life
is an important result and especially worthy of consideration
when designing components for AM.

While the 40 μm horizontal, 80 μm vertical, and 80 μm horizontal
conditions all showed only small differences in Nf between their
respective duplicate specimens, the Wrought condition and
40 μm vertical condition showed wider variation among speci-
mens. However, this level of scatter is a common observance
in fatigue testing, and similar variation among specimens can
be found in several published reports [8, 29, 34]. According to
Sanaei et al., materials with low porosity can be expected to have
more scatter in fatigue testing, because the life controlling stage
(crack initiation from the surface) has greater randomness, rather
than being a function of a known defect population [30]. In addi-
tion, the Nf results are validated by reports in the literature for
Wrought 282 alloy in fully reversed strain-controlled testing. Pike
reported Nf of �1300 cycles for 282 alloy sheet at 760°C and 1%
total strain range [22], while He et al. reported Nf of�2000 cycles
for large forgings of 282 alloy tested at 750°C and 0.93% total
strain range [23]. These results also indicate that the 40 μm
282 alloy has competitive LCF performance with the Wrought
alloy at the tested conditions. Further testing at higher and lower
strain ranges and temperatures is needed to better understand
the LCF behavior of PBF-LB 282 alloy at a general level.

From a processing perspective, the results show that there
remains room for improvement of high-productivity PBF-LB
processing to improve density and lower defect fractions.
Further process development trials are needed to assess the
potential for process improvement without compromising pro-
ductivity or buildability. Additionally, postprocessing techniques
such as hot isostatic pressing, as shown by Herzog et al. [55], are
anticipated to be effective in reducing porosity and further
improving mechanical properties. These methods may help to
further narrow the performance gap between conventional proc-
essing and high-productivity parameter sets.

4 | Conclusions

An investigation into the elevated temperature LCF performance
of PBF-LB processed 282 alloy was performed, comparing con-
ventional 40 μm layer thickness processing to high-productivity
80 μm process parameters, along with a direct comparison to
wrought 282 alloy.

At 760°C with fully reversed loading and 1% total strain range the
40 μm 282 alloy showed the highest fatigue life of Nf � 1700
cycles in the vertical orientation, and Nf � 1400 cycles in the hor-
izontal orientation, averaged over 2 specimens. The 80 μm 282
alloy showed lower fatigue life of Nf � 1150 cycles in the vertical
orientation and Nf � 1250 cycles in the horizontal orientation.
The wrought form of the alloy showed average Nf � 1350 cycles.

Metallographic analysis of the 40 and 80 μm 282 alloy conditions
showed similar γ-γ 0 microstructure with carbides at grain bound-
aries, and generally similar grain structure and grain size.
However, high-resolution X-ray CT measurements showed sig-
nificant differences in porosity resulting from the AM processing
parameters, with Vf porosity of 0.036% for the 80 μm but only
0.004% for the 40 μm. Moreover, large and sharp lack of fusion
defects were found in the 80 μmmaterial whereas the 40 μm con-
tained only small spherical pores. Failure analysis of the LCF
specimens suggests that these lack of fusion defects resulted in
faster crack initiation and propagation for the 80 μm 282 alloy
relative to the 40 μm, especially in vertically oriented specimens,
where the defects were aligned parallel to the direction of fatigue
crack propagation.

The results emphasize the criticality of defects in high-
performance AM materials subjected to challenging loading
conditions, but also highlight the possibility to achieve similar
or better performance with respect to wrought material subject
to adequate processing parameters.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Fracture surface of failed LCF
specimens from the Wrought alloy. Yellow arrows indicate fatigue crack
initiation points. Micrographs in (b) and (c) show final fracture;
Micrographs (d) to (f ) show fatigue crack. Supporting Table S1:
Results of ASTM E606 strain-controlled LCF tests at 760°C and strain
range of 1.0%.
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