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Additive manufacturing is steadily gaining acceptance in certain industry segments as a process for the manufacturing of dense metallic components. The Ni-based superalloys belonging to the Inconel family have for many
years been in focus for AM research and AM produced components are now becoming commercially available.
However, it is still unclear how the microstructural anisotropy, inherent to most AM materials, aﬀects the
material performance in a given application. The anisotropy may e.g. inﬂuence the mechanical properties and
the performance in certain tribological situations, such as when subjected to rolling contact fatigue. Like most
AM methods, the powder bed fusion – laser beam process gives the produced components a relatively rough
surface. To perform well in demanding tribological situations, the components are commonly machined to a
smooth ﬁnish.
In this work, Inconel 625 produced using PBF-LB is evaluated in a rolling contact fatigue test. Test cylinders
(Ø10 mm) have been produced using diﬀerent build directions and scan strategies, resulting in varying microstructures and textures.
In the rolling contact fatigue test, a cylindrical sample is mounted between two Ø 140 mm metal rollers,
pulled together via a spring. After testing, the contact tracks are studied using SEM and EBSD to reveal cracks.
Cracks were analysed with respect to the microstructure and anisotropies.
It was found that the anisotropy inﬂuences both the nucleation and growth of cracks. The AM produced
specimens were also found to be more prone to transgranular cracking than conventional Inconel 625, which
predominantly displayed intergranular cracks.

1. Introduction
In general, Additive Manufacturing (AM) oﬀers great versatility to
the manufacturing industry, suitable for both production of component
prototypes and small batches. It also allows for tailoring of local microstructural properties [1–3]. The Ni-based superalloy Inconel 625
(IN625) is particularly interesting for high temperature applications
where high strength and creep resistance as well excellent corrosion
resistance is desired [4]. However, IN625 is notoriously diﬃcult to
machine, partly because it is prone to work hardening and partly due to
its poor thermal conductivity [5]. This makes AM processes, requiring a
minimum of machining, attractive for its production.
Powder bed fusion – Laser beam (PBF-LB) is one of the AM processes
that currently receive much attention. In the PBF-LB process, metal
powder layers are melted using a laser beam. The laser is scanned over
the metal powder layer to speciﬁcally melt only those areas that are to
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become part of the component. After this, a new layer of powder is
distributed and the laser is scanned over the area to be molten in that
layer. This process is repeated, layer by layer, until a complete component has been produced. During the scanning, a fast-moving melt
pool is formed at the focus point of the laser. As soon as the laser spot
has passed, the material quickly solidiﬁes. Moreover, any particular
volume of the component is re-melted several times as heat is conducted from the laser focus spot to adjacent material, either in the same
layer or in the layer above. This has important implications for the
microstructure that develops. A material synthesized via LPF-LB will
have experienced rapid thermal ﬂuctuations with fast melting and fast
cooling, i.e. large thermal gradients, during the entire manufacturing
process [6,7]. These large thermal gradients and fast cooling rates often
result in highly textured materials. For example, IN625 produced via
PBF-LB typically shows a distinct < 001 > texture and a columnar
grain structure oriented parallel to the build direction [8–10]. Such
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Table 1
Chemical composition of the powder used in this work.
IN625

Ni

Cr

Mo

Nb

Fe

Al

Si

C

Ta

Ti

Mn

Composition (wt%)

63

21.5

9.2

3.7

2.4

0.05

0.04

0.020

0.017

0.01

0.01

The grain structure of AM-produced components can, to some extent, be changed from the highly textured columnar structure to a more
equiaxed and less textured structure by changing the path of the laser,
i.e. using diﬀerent scan strategies. This could be utilised to control the
performance of mechanical components. Helmer [22] showed, using
the related AM method electron beam melting (PBF-E), that by changing the scan direction between successive layers a more equiaxed
microstructure could be attained. Dehoﬀ et al. [23] also used PBF-E to
demonstrate how the microstructure can be controlled in a site speciﬁc
manner, by changing from a linear heat source to a point heat source.
By doing so they could switch from a columnar to equiaxed structure.
Further research on the inﬂuence of scan strategies could allow us to
locally tailor the mechanical properties to suit requirements of engineering components. In the present work a few conceptually diﬀerent
scan strategies are employed to study their inﬂuence on AM produced
components exposed to rolling contact fatigue.

grain texture, which is also seen for many other alloys, ultimately results in anisotropic mechanical properties [2,3,11].
Most characterisation of AM components focuses on the microstructure itself. When performed, mechanical evaluation is often limited to hardness, impact testing, and tensile testing. Such tests have
shown that AM Ni-based superalloys exhibit similar or higher tensile
strength and a reduced ductility compared to conventionally produced
Ni-based superalloys [8,10,12]. This is interesting, but reveals little
regarding how the anisotropic grain structure and texture aﬀects inservice performance of an AM-produced component. This is especially
true for the performance of the surface region, which is critical for
many engineering components. The present work aims to show how
microstructural and mechanical anisotropies can aﬀect the performance
of an AM produced component for rolling contact.
In a typical rolling contact, the surfaces of the mating components
are exposed to cyclic loading and unloading. If measures are taken to
avoid premature failure due to other mechanisms, fatigue may ultimately be the life limiting mechanism [13]. The stresses generated at
and beneath the surface during rolling, interact with stress raisers in the
material to nucleate cracks in the material [14]. Stress raisers may be
present in the material as internal pores, inclusions or as external
grooves, scratches or dimples. Even in fully dense and homogeneous
materials, free of inclusions and with surfaces without scratches, crack
nucleation may still occur by the formation of persistent slip bands
[15].
The propagation of surface initiated cracks in rolling contacts is still
poorly understood due to the inherent problem of measuring crack
propagation during rolling [14]. A work by Olver [16] indicates that
during early crack growth, called Stage 1 propagation by Rycerz et al.
[14], cracks will typically propagate slowly at a 20–30° angle relative to
the surface. As the cracks propagate deeper their rate of propagation
will increase (Stage 2) and they may in some cases begin to propagate
parallel to the surface [16]. Theoretical studies of surface initiated
crack propagation suggest that shear stresses are the dominant driving
force during Stage 1 crack propagation. This changes in Stage 2 propagation, where bulk Hertzian stresses become the dominant driving
force [17].
Lubrication of the contact has been shown to inﬂuence the crack
propagation, particularly during Stage 2, as lubricant entrapments in
larger cracks cause hydraulic pressure to build up within the crack,
which in turn acts to open the advancing crack tip. It has been shown
theoretically [17,18] that such hydraulic pressure promotes increased
crack growth rate during Stage 2 and makes the crack propagate parallel to the surface. This eﬀect is indirectly proven by the fact that crack
propagation ceases if the direction of rolling is reversed, as shown by
Tyfour and Beynon [19]. Once cracks emerge at the surface, pieces of
material may leave the surface, resulting in pitting damage, a phenomenon referred to as rolling contact fatigue (RCF).
There is no published literature on RCF in IN625. However, Ganesh
et al. [20] performed notched tensile fatigue tests on Direct Energy
Deposited (DED) IN625 in order to study crack propagation. Although
DED is a diﬀerent AM method than PBF-LB, with a larger melt pool that
results in a coarser microstructure [21], the work by Ganesh et al. oﬀers
some ideas about the mechanisms of crack propagation in IN625 produced via PBF-LB. Their fractographic studies revealed faceted fracture
surfaces where ductile striations indicated transgranular crack propagation preferably in the < 111 > planes, which they attributed to
crystal-slip. The present work aims to study if such mechanisms are also
present in PBF-LB IN625.

2. Experimental
2.1. Materials
For the manufacturing of test pieces, a commercial IN625 powder
was used (Sandvik Osprey). The alloy was produced via vacuum induction melting and subsequently gas atomized using nitrogen gas. The
resulting powder had a particle size distribution (PSD) of
− 45 + 10 µm, a PSD commonly used for the PFB-LB process. The
powder composition is shown in Table 1.
The powder was processed in an EOS M100 machine equipped with
a 200 W Yb-ﬁbre laser with a focus spot having a diameter of 50 µm.
The process parameters used were developed in-house and have an
energy density of 95 J/mm3. Two scan strategies and two build directions were employed in order to produce diﬀerent microstructures and
textures relative to the axis of the cylindrical samples. For the ﬁrst scan
strategy (Strategy 1), the beam was scanned over the full cross-sectional
area using a hatch distance of 60 µm, (see Fig. 1a). The second scan
strategy (Strategy 2) involved an initial contour step, consisting of three
concentric rings, prior to scanning the bulk of the cylinder in the same
way as in Strategy 1, (see Fig. 1c). Both scan strategies share the machine default 67° rotation between successive layers.
With Strategy 1, cylindrical samples were prepared with their axis
oriented parallel (sample A) as well as perpendicular (sample B) to the
build direction, i.e. the cylinders were built in vertical and horizontal
orientations. When building long horizontal components, residual
stresses arising during the process may distort the geometry slightly.
For this reason, a larger diameter was used for the cylinder built perpendicularly to the build direction to allow for subsequent machining
into a straight cylindrical shape. Also, since the cross-sectional area to
be scanned by the laser is larger for the cylinder built perpendicularly to
the build direction, a slightly diﬀerent scan approach was used. The
cross-sectional area to be scanned was divided into 5 mm wide stripes,
shown in Fig. 1b, each stripe was then scanned one after the other. This
approach limits the distance the laser scans back and forth; to a maximum of 5 mm. Otherwise the scan could extend up to the full length of
the cylindrical sample, which signiﬁcantly inﬂuences the cooling rate.
With Strategy 2 (sample C), a cylinder was prepared with its axis parallel to the build direction.
After being built, all samples were ground to remove their rough
surfaces. The sample produced with Strategy 2, sample C, had the
smallest as-built diameter and was centreless ground until a featureless
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Fig. 1. Illustration of the scan strategies and sample orientations relative build direction (arrow) for samples A, B and C, respectively.

Table 2
Table show initial and ﬁnal sample geometries as well as surface roughness.

1

Sample

Initial diameter
(mm)

Final diameter
(mm)

Surface roughness Sa1
(µm)

A
B
C
D

Ø11.1
Ø14.0
Ø10.2
Ø16.0

9.96
9.97
10.05
9.99

0.164
0.153
0.172
0.186

Sa is the arithmetical mean height, similar to Ra but extended to a surface.

surface was attained. To achieve this, 0.17 mm was removed diametrically, resulting in a ﬁnal diameter of 10.05 mm. Strategy 1 samples A
and B, as well as an Ø16 mm conventional IN625 round bar (sample D),
were then all ground to arrive close to that diameter. Table 2 shows
initial and ﬁnal dimensions for all samples. The centreless grounding
ensured that all samples were perfectly round and had very similar
surface ﬁnish.
Cross sections were prepared by cutting a small piece of each sample
perpendicularly to the cylinder axis. The sections were mechanically
ground with abrasive paper ANSI grits 220, 500 and 1000, followed by
mechanical polishing with 3 µm and 1 µm diamond suspensions.
Finally, a 40 nm SiO2 OP-S suspension was used. To give the best possible conditions for characterisation using EBSD, no etching was performed.

Fig. 2. Illustration showing the RCF test setup together with the cylindrical
sample visible in the centre, clamped between the two rollers.

pre-set vibrational threshold is reached. Three tests were run on each
sample, resulting in three well separated tracks on the cylinder.

2.2. Rolling test set up
The RCF test setup consists of the cylindrical sample mounted in a
spindle driven by an electric motor, as shown in Fig. 2. Two 140 mm
diameter rollers (UDDEHOLM CALDIE® cold working tool steel, 61.5
HRC) are pressed against the sample with a force of 200 N, by the
means of a spring. The rollers are 8 mm thick and along their circumference they have a crowning with a radius of 5 mm. This results in
one elliptical contact on each side of the cylindrical sample. As the
sample is rotated by the motor, the rollers will also rotate, driven by the
rotating sample. In order to prevent any slipping in the sample-roller
contacts due to the inertia of the rollers, the rotational speed of the
sample is slowly ramped up to 5000 rpm. Furthermore, the rollers are
carefully aligned relative to each other to run in the same track on the
sample. During the test, the contact is continuously lubricated with
PAO8 oil. According to Hertzian calculations, in the static load situation, the contact will result in a contact pressure of 2.5 GPa and a
maximum shear stress of 800 MPa, located 90 µm beneath the surface of
the sample.
Throughout the test, vibrations are monitored using an accelerometer. If and when a pitting damage develops, it will result in increased vibrations. The equipment is set to terminate the test once a

2.3. Analysis
The grain structure and texture of the samples were determined by
studying cross sections in a Zeiss Merlin Field Emission SEM equipped
with a high resolution Schott FEG and EDS/EBSD systems. For EBSD a
20 kV acceleration voltage, 3 nA current and a 70° sample tilt were used
and the results were analysed using the hkl software CHANNEL 5 in
order to construct GOS and grain boundary maps. After testing, the
contact tracks and any damage were analysed using SEM and EBSD.
This was done on the track surfaces, as well as on cross sections of
damaged regions.
3. Results
The bulk microstructure of the PBF-LB produced samples A, B and C
exhibited the columnar grain structure typical to that of PBF-LB produced metals, see Fig. 3a. As can be seen in the cut-out in Fig. 3, the
columnar grains themselves are comprised of ﬁbrous micro dendrites,
oriented parallel to the build direction. Analysis of the microstructure
1839
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Fig. 3. a) Cross section of sample A parallel to the build direction (arrow), (EBSD, band contrast image). Grain boundaries are highlighted in red. The etched cut-out
shows a SEM micrograph of the ﬁbrous dendrite structure within the grains (SEM). b) Cross-section of the conventional IN625 (sample D), (EBSD, band contrast
image). Twinning boundaries marked in red. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article).

track is similar, as can be seen by the extent of vertical ridges. The
ridges are imposed to the sample by pre-existing impressions in the
surfaces of the rollers. Such ridges inevitably inﬂuence the fatigue crack
initiation. The ridges are, however, visually identical for all tracks. Any
plausible eﬀect of minute (undetected) geometrical change of the
rollers during the test series was reduced by the fact that the samples
were tested in a rotated order.
Fig. 8 shows typical crack morphologies, as observed in cross sections for samples A through D. Apart from the large scale damage,
tracks on both sample A and D typically displayed a number of much
smaller fatigue damage sites. In cross section, two out of the three
tracks on sample A showed a large number of fatigue cracks. The vast
majority of these were shallow, typically reaching about 50 µm beneath
the surface. Cracks that resurfaced, and resulted in material loss, typically extended down to 100 µm beneath the surface. None of these
deeper cracks showed any sign of directional change, but instead continued to grow at a 20°–30° angle relative to the surface of the cylinder.
Sample D showed a crack morphology similar to that of sample A with a
large number of fatigue cracks although they generally extended to
greater depths. Typically they reached 130 µm beneath the surface with
the deepest extending to 200 µm. Sample B and C typically resulted in
only one or two fatigue damage sites per wear track, but then with a
very large amount of material loss from these isolated sites.
Naturally, damage on samples A, C and D may appear around the
circumference of the cylinders, as there is no variation in the microstructure relative to surface position. However, this is not the case for
sample B where the orientation of the columnar grain structure varies
relative to the surface normal between diﬀerent point along the wear
track. Interestingly, fatigue damage on sample B occurred only in the
bottom part of the cylinder, relative to the build direction, resulting in
cracks propagating at about 90°–100° relative to the dendritic structure
of the columnar grains. No damage was found in the top region, despite
the fact that the microstructure in this region is oriented in a similar
way relative to the build direction, as that in the bottom region. Only
sample C showed clear signs of directional change in the crack growth.
From the initial crack growth of 20°–30° relative to the surface, the
direction of propagation changed to more or less follow the surface,
resulting in large “lips” of unsupported material.
The EBSD IPF-maps in Fig. 9 reveal that crack propagation in
samples A and B were primarily transgranular having an angle of
20°–30° from the surface tangent. As described above, the cracks in the
sample B only occurred in the bottom part, meaning that these cracks
also had a speciﬁc angle, roughly 90°–100°, relative to the internal ﬁbrous structure of the columnar grains. Crack propagation in sample C
is restricted to the ﬁne grained microstructure that separates the
elongated grains in the contour region. The conventional sample D, on

did not reveal any precipitates of carbides or delta-phase. Further, no
pores were found. The general microstructure of the conventional
IN625 (sample D) on the other hand, shown in Fig. 3b, exhibited an
equiaxed grain structure with a substantial amount of twinning. Furthermore, precipitates of carbides, NiAl and delta-phase can clearly be
seen.
A cross section perpendicular to the cylinder axis of Sample A reveals grains with an equiaxed appearance, see Fig. 4. This apparent
equiaxed grain structure results from the cut being made perpendicular
to the columnar grain structure. Sample B has its columnar grain
structure oriented parallel to the cut through the cylinder. Therefore,
the orientation of the columnar grain structure relative to the surface
normal of the cylinder wall varies. The EBSD image from the top-most
part of cylinder B in Fig. 4 shows columnar grains oriented parallel to
the surface normal, whereas the EBSD image from one of the “sides” of
sample B shows columnar grains perpendicular to the surface normal.
Sample C, produced using Strategy 2 with contouring, was equal to that
of sample A with regards to grain structure and texture in the bulk of
the cylinder. However, as depicted in Fig. 4, the contouring resulted in
three concentric rings of elongated grains, subdivided by an area with a
very ﬁne grain structure.
The EBSD-IPF maps shown in Fig. 4 indicate a strong < 001 >
texture along the build direction for all samples. This texture was
conﬁrmed by XRD when measurements were made on cross sections
parallel and perpendicular to the build direction and thereafter compared with XRD measurements on powder stock, see Fig. 5. The measurement on powder, which has a random orientation of the powder
particles, reveals the diﬀraction strength of diﬀerent plane families. As
can be seen in Fig. 5, the (111) planes dominate. Note that [100] is
forbidden in this structure. For the surface perpendicular to the build
direction of the PBF-LB samples, the [200]-peak is dominant while the
intensity of the [111]-peak is reduced. When measuring on the surface
parallel to the build direction, the spectrum is more similar to the
powder measurement but with a slightly more pronounced [200]-peak.
This conﬁrms that (001) planes in the structure are preferably oriented
parallel to the build direction.
EBSD GOS maps show the average miss orientations within each
grain, which is indicative of the local residual strain. The GOS map of
the conventional sample D, Fig. 6b, clearly shows residual strain limited
to the outermost grains (green to red), as caused by the ﬁnal centreless
grounding operation. The interior of the sample is virtually free of
strain (blue). Contrastingly, the PBF-LB samples, exempliﬁed in Fig. 6a
by sample A, show residual strain throughout the material; which was
described above as a known eﬀect of the PBF-LB process.
As can be seen in the micrographs in Fig. 7, the rolling contact
tracks all display fatigue pitting damage. The width of each contact
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Wear 426–427 (2019) 1837–1845

C.J. Hassila et al.

Fig. 4. EBSD-IPF maps of cross sections near the surface of the cylinders A, B, C and D, showing crystallographic orientation relative to the build direction (out-ofplane for samples A and C and upwards for sample B). Twinning in sample D is indicated by red grain boundaries.

end of the test where a sudden rapid increase in vibration ﬁnally terminates the tests.
One test on sample B, (blue), reached termination threshold much
earlier than the other sample B tests. With regards to fatigue life,
samples B and C could reach almost identical life times at around
8 × 106 cycles. The conventional sample D resulted in two tests terminating close to 107 cycles, and one test with steadily increasing vibration ﬁnally reaching the threshold at 6.4 × 106 cycles.

the other hand, exhibited intergranular crack propagation and the
cracks tended to follow twin boundaries.
Vibration curves for all tests on the four samples are shown in
Fig. 10. Samples A and D show a similar development of their vibrational curves. As the test progresses, the vibration level begins to increase until the termination threshold is reached. This is true even for
the blue curve for sample A, although the gradual increase is suddenly
interrupted by a spike in vibration that caused termination of the test.
The other two sample A curves continued to longer life times, one all
the way to 2.4 × 107 cycles, with slowly increasing vibration.
Samples B and C typically show stable vibrational levels until the
1841
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was likely extensive, and that the cracks tended to branch (secondary
cracks) and reach the surface early. This favours small damage rather
than large ones. SEM imaging of cross sections from sample A and D
conﬁrms the presence of many secondary cracks as well as occasional
overhangs, limited to 100–200 µm in length.
Samples B and C on the other hand all displayed a dramatic vibration escalation towards the end of the tests. Since their vibrational levels ﬁrst stayed low and stable for a large number of cycles in the ﬁrst
phase, damage must have been limited before the sudden increase in
vibration. This could be governed by the nucleation of only a limited
number of cracks with stable overhangs. The stability of these overhangs likely come from limited number of secondary cracks. At some
point the overhang becomes unstable, fractures and thereby instantly
forms a large pitting damage. Consequently, the vibration level will
show a sudden increase, a spike. Cross-section micrographs of samples
B and C typically show a single dominating pitting damage, with only
limited secondary cracking, allowing overhangs to grow up to 1 mm
long for sample C.
In this study, no measurements of crack propagation rates were
performed, and it is hard to relate the vibrational amplitudes to the
crack propagation stages 1 and 2. However, due to the long cracks
observed in sample C, they must either have nucleated early on during
the test or have propagated at a higher rate compared to cracks in any
of the other samples.
Furthermore, the crack morphologies of samples A and D are similar. For both, the cracks tend to continue to grow at a 20–30° angle
relative to the surface, instead of veering oﬀ to follow the cylinder
surface, as displayed by sample C. One possible cause behind this
continued 20–30° growth angle could be that the mentioned continuous
removal of material from the overhangs alters the contact situation
between the sample and the rollers. This may in turn cause more plastic
deformation and work hardening of the remaining overhang, as the
rollers pass the developing but still undisclosed pitting damage. This
could allow shear stresses to reach deeper under the surface.
The conventional sample D exhibits typical intergranular cracks,
whereas samples A, B and C display transgranular cracks, which is in
agreement with observations made by Ganesh [20]. Furthermore, the
fact that cracks reach deeper in sample D than in sample A is possibly
explained by the presence of internal stress raisers in sample D, e.g.
intergranular delta-phase.
The fact that pitting damage on sample B was only observed in the

Fig. 5. XRD spectra from cross sections parallel and perpendicular to the build
direction of sample A, together with a powder reference spectrum. [111]
dominates in the powder whereas [200] dominates in the two (mutually orthogonal) cross sections.

4. Discussion
Direct studies of crack propagation in rolling contacts are notoriously diﬃcult. However, the vibrational measurements disclose some
information about the gradual development of the pitting damage,
especially when combined with the post-test SEM studies of the crack
morphologies. The samples clearly displayed diﬀerent behaviours, as
revealed in the vibrational amplitude curves. Samples A and D, the two
samples with the most similar grain structure, both show an initial
phase with almost constant vibration levels followed by a second phase
with slowly increasing vibration levels. Samples B and C also showed an
initial phase with a low and relatively stable vibration level, but for
these, the second phase displays a much more dramatic increase or even
a sudden spike, resulting in termination of the test.
This indicates that the damage in samples A and D, that cause the
slowly increasing vibration in the second phase, occurred on a small
scale, meaning that material was continuously lost from the surfaces in
the form of small fragments. This further suggests that crack formation

Fig. 6. GOS maps of cross sections near the surface of a) sample A and b) sample D. Blue indicates lowest strain and a red indicates highest strain. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
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Fig. 7. Fatigue damage appearances on wear tracks of samples A through D. The rollers have rolled from bottom to the top of the images. (SEM).

Fig. 8. Cross sectional SEM back-scatter images showing typical fatigue cracks in samples A through D. The rollers have rolled from the right to left in the image. Note
that B is shown with higher magniﬁcation in order to visualise its smaller cracks.
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Fig. 9. EBSD IFP-maps showing the crystallographic orientation in cross sections through fatigue damaged zones relative to the cylinder axis for samples A through D.
The rollers have rolled from the right to left. Note that C is shown with lower magniﬁcation in order to visualise the larger crack.

dislocations encounter grain boundaries. Both these eﬀects favour crack
nucleation in a B-top or B-bottom region rather than in a B-side position. In the small number of tests performed so far, damage has only
been found in the B-bottom region. Future tests will show whether the
B-bottom region is indeed more prone to fatigue damage than the B-top
region.

bottom part of the cylinder (relative to its build direction) can possibly
be linked to how the grain texture aﬀects crack nucleation. It has previously been observed that fatigue crack nucleation in nickel-based
superalloys preferably occurs in areas where adjacent grains have similar crystallographic orientation, i.e. to some extent they behave like a
large single grain [24].
It was determined via EBSD and XRD measurements that the columnar grain structure is the same in the whole of sample B, which
means the columnar orientation of the grains relative to the normal of
the cylinder surface varies. In the bottom and top part of the sample
(again relative to the build direction), grains presenting (001) planes
towards the surface dominate and may collectively behave as a large
grain, as described. Moreover, with (001) planes towards the surface,
the predominant slip planes, {111}, will be inclined from the surface,
allowing longer and more extensive slip within a speciﬁc grain before

5. Conclusions
Rolling contact fatigue testing of cylinders of IN625, produced with
AM using diﬀerent orientations and scan strategies, and compared to a
conventionally produced reference cylinder, have resulted in the following main conclusions:

• Crack

propagation in the additive manufactured materials was

Fig. 10. Vibration level development during the rolling contact fatigue testing of samples A through D. Black, red and blue represents ﬁrst, second and third test,
respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).
1844

Wear 426–427 (2019) 1837–1845

C.J. Hassila et al.

•
•
•

transgranular, whereas in the conventional material cracks were
often intergranular, due to the presence of carbides and other precipitates in the grain boundaries.
The vertically AM built cylinder and the conventionally build cylinder tended to show a steadily accumulating number of small
damage sites until end of test, rather than a large pitting damage
occurring as a single event.
The horizontally built AM cylinder and the cylinder having a surface
contour tended to show a large number of cycles without damage
until a ﬁnal large fatigue damage occurred.
For the horizontally built cylinder, the crystallographic texture in
the bottom of the cylinder interacts with the stress distribution
caused by the rolling contact to promote crack nucleation only in
this speciﬁc area.
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