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Abstract

The purpose of this article is to assess a self-heating testing method for
the characterization of fatigue properties of single-track thickness additively
manufactured specimens. It also evaluates the impact of the microstructure
orientation with respect to the loading direction on the dissipative behavior
and the initiation of microcracks. The 316L stainless steel specimens under
scrutiny were manufactured by Directed Energy Deposition in two configura-
tions: (i) fully printed specimens (2 orientations) and (ii) repaired specimens.
The paper first presents a morphologic and crystallographic texture analy-
sis and second, a series of self-heating tests under cyclic loading. The mi-
crostructural analysis revealed elongated grains with their sizes, shapes and
preferred orientations controlled by process parameters. The self-heating
measurements under cyclic tensile loading proved that the dissipation es-
timation through infrared measurements can be performed on small scale,
thin specimens. The self-heating curves could successfully be represented by
the Munier model. Moreover, several links between the printing parameters
and self-heating results could be established. For example, a smaller ver-
tical increment between successively deposited layers leads to higher mean
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endurance limits in all configurations. Repaired specimens had a lower mean
endurance limit when compared with fully printed or conventionally manufac-
tured substrate specimens. Finally, anisotropy was highlighted during these
cyclic tests: specimens loaded orthogonally to the printing direction (PD)
showed higher fatigue limits when compared with the ones tested along the
PD. Additionally, post-mortem observations revealed characteristic microc-
racking patterns initiated during the self-heating experiments. Loading along
the printing direction induced a classical dominating crack, whereas orthog-
onal loading generated a network of microcracks along the printing direction.
This suggests that the damage, such as void opening, where concentrated at
the interlayers. Additionally these damage patterns can be correlated with
patterns of plasticity at the grains scale observed in a previous study.
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1. Introduction

Traditional cladding processes for the repair of structures with an iden-
tical or a different material have been investigated in the past decades. For
instance, arc welding [1], thermal/plasma spraying [2; 3; 4] and cold spray
[5] have been studied extensively but their broad deployment has been pre-
vented by severe limitations. In particular, these processes induced a large
heat affected zone (HAZ), critical distortions, poor accuracy and poor me-
chanical properties without additional treatments. Directed Energy Depo-
sition (DED), one of the two main metallic Additive Manufacturing (AM)
technologies received particular attention as an alternative repairing tech-
nique in the past years. The DED technology is an additive manufacturing
process, where the feed material is transported into a focused heat source
and deposited on the previously constructed layers [6]. Particular variants
of the DED process have been denoted in several ways in the literature as:
Direct Metal Deposition (DMD), 3D laser cladding, Laser Metal Deposition
(LMD) and Direct Laser Deposition (DLD) amongst others. One of the key
advantages of the DED technology is the deposition ability on a non-planar
substrate, which allows deposition of coatings [7] or to repair complex ge-
ometries [8; 9]. However, when it comes to accuracy or geometric complexity
of the manufacturing parts, it does not reach the performances of Powder
Bed Fusion (PBF), a complementary metallic AM technology [10].

Manufacturing or repairing with a DED technology requires the under-
standing of the intrinsic microstructure generated process and its effect on the
mechanical properties. Several research groups investigated the effects of the
process parameters such as laser power, powder flow, deposition speed etc.
on additively manufactured parts and highlighted the presence of oriented
microstructure with elongated grains as well as anisotropic macroscopic prop-
erties [11; 12; 13]. A discussion in [14] of the microstructure for a Vanadis 4
metallic substrate repaired by LMD with two different powders, CPM 10V
and Vanadis 4, showed that the microstructure of the resulting repaired part
was similar to a quenched alloy tool steel. Thus, it indicates that the technol-
ogy is adapted for repair. With optimized parameters, DED can attenuate
the HAZ, create metallurgical-bonded deposits, and reduce the distortion,
i.e. it can solve the above mentioned problems [15; 16]. Therefore, it is
particularly interesting for repairing high value components [17; 18].

For instance, a comparison of laser-cladding and gas metal arc welding of
gray cast iron repair is presented in [19]. It revealed a larger heat affected



zone and shorter ultimate elongations for components repaired by gas metal
arc welding. It highlights the superior properties for components repaired by
laser-cladding. The repair both in terms of shape of the slot and in volume
as well as the lasing strategy were found to be of high importance for the
final properties of the repaired specimens. The polycrystalline microstruc-
tures of 316L stainless steel used for the repair of tools has been discussed
in [20]. The study underlines a complex dendritic structure growth as a con-
sequence of irregular nucleation. The simulation work focusing on repairs of
different sizes by laser-cladding found that cracks occurred around the repair
only for the deepest ones and explained their occurrence by the presence
of thermal stresses and oxide inclusions. In [21], the authors noticed that a
trapezoidal slot shape resulted in a porosity free bonding compared to results
obtained with rectangular slot shape. In addition, the authors observed that
the scanning strategy, particularly the diagonal pattern, had an influence on
the friction coefficient and the wear resistance.

Another important aspect of additively manufactured metallic parts are
the fatigue properties and lifetime predictions. These properties are assessed
at the macroscopic scale of the structure. However, they depend on the plas-
ticity mechanisms and the particular grain structures at the microscopic scale
of the material as discussed for example in [22; 23]. Fatigue life in as-built AM
metallic materials has been assessed and discussed under different settings:
the influence of processing conditions and the resulting defect structure is
highlighted in [24; 25], and the role of the particular microstructure has been
underscored by exhibiting anisotropy properties for static and cyclic loadings
in [26; 12] and [25; 27], respectively. More precisely, a study in [25] focused on
Direct Metal Laser Sintering of 316L stainless steel found that the measured
fatigue strength was close to the value measured for wrought material when
subjected to uniaxial stress parallel to the printed layers. However, when the
loading direction was perpendicular to the printed layers, fatigue fractures
occurred prematurely by separation of the material. In the case of a 304L
stainless steel manufactured by DED [27], an improvement of the fatigue
properties of the printed material was reported. More precisely, for a loading
acting perpendicularly to layers, the fatigue limit was 25% superior in the
10%-10° cycle range and performed identically in the high cycle fatigue regime
when compared with wrought material. In the high cycle fatigue regime, a
7% decrease of the fatigue limit was measured for loadings parallel to the
layers when again compared to the wrought material.

The fatigue properties of DED repaired structures are for now less investi-
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gated. In [28], the authors reported that the repair of an AISI 4340 substrate
with the same material presented poor tensile properties and a significantly
reduced fatigue life. Nevertheless, the replacement of the cladded layer with
an AerMet 100 steel improved the fatigue life by a factor 10. Additionally,
the authors noticed that a heat treatment improved the fatigue limit slightly
above the limit of a grind-out substrate. Repair strategies by DED for Ti-
6Al-4V specimens and the effect of an inter-track pause were reported in [29].
A clear difference of microstructure and a 50% larger tensile residual stress
was observed for the specimen manufactured with an inter-track pause. For
the latter, the measured fatigue life was shorter and attributed to geometrical
defects.

These studies equally highlight the difficulties and the underlying cost of
providing a large data-base of fatigue properties that can largely vary with
process parameters. Therefore, alternative and faster methods are required
to determine such properties.

One of the rapid methods for the investigation of fatigue properties is
based on the self-heating of the specimen due to microscopic plasticity gen-
erating damage under cyclic loadings. The technique was initially proposed
by Stromeyer in 1914 [30] for a rapid determination of the mean fatigue limit
defined in this context as the minimum level of alternating stress which will
induce heat in the tested specimen. Over the years, this method was refined
and applied to various materials and configurations [31; 32; 33; 34; 35; 36; 37].
In [38], the authors proposed a two scale probabilistic model based on two
dissipative mechanisms, corresponding to the primary and secondary dissi-
pation regime to analyze the self-heating phenomenon. To our knowledge,
this method has not been yet used to analyze the fatigue of repaired parts
by DED. More generally, the method enables a fast determination of fatigue
properties in AM parts which opens up the possibility of an extended para-
metric analysis.

The objective of this paper is to assess the damage evolution for single-
track thickness specimens using the self-heating testing method and to eval-
uate the method for thin, small scale, fully printed and repaired specimens.
The results will equally prove that the difficulties of thermographic measure-
ments on small scale specimens can be overcome.

The article starts with the presentation of the specimens and the experi-
mental techniques. It then discusses the characterization of the microstruc-
ture and exhibits the macroscopic mechanical properties during uniaxial ten-
sile tests. Next, the article analyses and discusses measurements of the self-



heating phenomenon during increasing cyclic loadings and finishes with sev-
eral concluding remarks.



2. Materials and Experiments

2.1. Manufacturing of the specimens

A series of single-track thickness walls were built by Directed Energy
Deposition (DED) in two configurations as shown in Figure 1. First, a
set of 100mm x 30mm x 0.7mm walls was printed on a horizontal 316L
stainless steel substrate, on which fully printed specimens were extracted
in two orientations with respect to the printing direction. A second set of
50mm X 15mm x 0.7mm walls was printed on a vertical substrate in which
“repaired” specimens being half substrate half printed were extracted. For
both configurations, the specimens were extracted at the center of the walls
by water jet cutting with a Mach 2b water jet [39]. Two orientations of the
fully printed specimens enable the application of a perpendicular or parallel
tensile loading with respect to the printing direction.

The precise shape of the dogbone specimens does not follow shapes of
classical experimental standards but was imposed by local experimental con-
straints, i.e. the size of the ion polisher chamber, the shape of the fixtures of
the in-situ SEM tensile machine, etc. The homogeneity of the macroscopic
stress distribution in the zone of interest was verified using a finite element
analysis prior to the start of experiments.

The shorter length of the repaired walls was dictated by practical ex-
perimental limitations. Moreover, a different printing length of the layers
imposes, with the same process parameters, a different thermal history. It
consequently results in different microstructures and residual stresses as re-
ported in [29]. To avoid this effect, we added a dwell time of 1s between
two consecutive layers in order to compensate for the length ratio of 2 for
the fully printed and repaired walls. As a consequence, the similar thermal
history at the center of the wall replicated the microstructure. Let us further
mention, that additional parameters such as the difference of size of the sub-
strates and their effect on the heat conductivity and capacity of the system
were not quantified in this study.

The metallic powder used in this study was a 316L stainless steel from
Hoganés AB [40] generated by gas atomization with a particle size in the
range of 45-90 um. This material was chosen in this study for its weldability
and mechanical properties. For both configurations, walls were printed with
the following parameters of the machine: (i) a powder flow of 6.5 g/min,
(ii) a deposition speed of 2000 mm/min and (iii) a laser power of 225 W.
Additional information concerning the powder, the additive manufacturing



machine Mobile from BeAM [41] as well as the process calibration are avail-
able in previous studies [11; 42]. Also, a back and forth printing strategy
along the printing direction (PD) was employed for the manufacturing as
shown in Figure 1. For both configurations, the effect of process parame-
ters on the microstructure and mechanical behavior was studied through the
effect of two different vertical increments i.e. the vertical spacing between
the successive deposited layers. For both vertical increments, i.e. 0.12mm
and 0.2mm, the targeted final dimensions of the walls were reached. This
indicates that both vertical increments are suitable for repair. However, the
precise value of the vertical increment imposes a specific thermal history.
More precisely, a ratio of 5/3 between the number of back and forth scans
for the 0.12mm and 0.2 mm vertical increments was necessary in order to
reach the same final height of the wall. Consequently, different properties and
microstructures were generated for the two vertical increments as presented
and discussed next.

We shall denote the specimens manufactured with a vertical increment of
0.12mm and a perpendicular or parallel tensile direction to the PD as A .12
and B .12 respectively, as represented in Figure 1. For a vertical increment
of 0.2mm, they are denoted as Ao and B respectively. Finally, the
repaired specimens manufactured with a vertical spacing of 0.12mm and
0.2mm are named Ry 12 and R(s respectively and their dimensions in mm
(common to the fully printed ones) are shown in Figure 1.

2.2. Specimen preparation and observation

The specimens were mechanically polished after extraction from the wall.
The final mirror surface, needed for Electron Backscatter Diffraction (EBSD)
maps acquisition, was reached after an additional ion polishing. The precise
procedure and parameters are available in [11]. Moreover, the surface polish-
ing eliminated the natural surface roughness created during the DED process
and the eventual initiation sites of surface defect. Indeed, in [20], it was no-
ticed that the fatigue properties of Ti-6Al-4V samples, produced by direct
metal laser sintering and electron beam melting, are dominated by surface
roughness. The effect would have been particularly important as the rough-
ness in comparison to the specimen thickness is high for single-track thickness
specimens.

The microstructure was analyzed qualitatively and quantitatively in terms
of grain size, shape and distribution from the data of the EBSD map. In or-
der to control the microstructure and measure precisely the influence of the
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vertical spacing between layers, we paid close attention to the following con-
ditions: (i) extraction of the specimens in the middle and at the same height
of the wall (ii) introduction of a dwell time for the repaired specimens, (iii)
precise control of the level of polishing, implying similar thicknesses for the
final specimens, (iv) acquisition of the EBSD maps with a step size of 1 um.
The conditions ensured a consistent material control and specimen prepara-
tion, but also a large data-base that contains a statistically representative
number of grains.

In order to simplify the discussion and avoid redundancy, only the follow-
ing configurations will be reported next: A, .12, Bjo.2, Roi2, Roz.

2.3. Mechanical testing

Tensile tests were conducted under quasi-static monotonic loading on an
electro-mechanical Instron ElectroPulsTM E3000 machine [43]. The tests
were performed using a 3 kN load cell at a fixed strain rate of 2.1072 s
The strain field was obtained by Digital Image Correlation (DIC) using the
software Correlation Manual Value (CMV) [44; 45] on a coarse speckle cre-
ated with black and white paints.

For the self-heating experiments, specimens were painted using black
paint to ensure an emissivity close to 1. Moreover, to limit the thermal
noise from the surroundings, the complete experimental set up was insulated
by a protective enclosure, see Figure 2 for details.

Self-heating tests were performed using the same Instron machine. The
loading protocol consists of applying a successive series of blocks of cycles
which gradually increase in terms of stress amplitude Y, while keeping a
constant loading ratio Ry, = 0.1. Ry is defined for each block of cycles as
follows:

O—’H'LG,I

with 0., and 0,4, referring to the minimum and the maximum stress, re-
spectively (see Figure 3(a)). The positive value of Ry = 0.1 avoids compres-
sive loads and prevents the buckling of the thin specimens. The specimens
were tested at the frequency of 30 Hz for 20000 cycles per block. For each
printed configuration, the tests were performed twice.

Thermal measurements have been carried out using the FLIR X6580sc
camera [46] at the recording frequency of 10 Hz. The camera was focused on



the specimen’s surface using a G1 lens allowing a resolution of 15 um/pixel
on a 3 x 4mm? area.

Local heat increase, recorded for each block of cycles, is a consequence
of the energy dissipation due to irreversible phenomena at the microscopic
scale: microplasticity, microcraking, etc. More precisely, the temperature
elevation for a block of cycles is defined as the difference between the average
temperature recorded during the block of cycles and the average temperature
attained in the break between two successive blocks. Indeed, the 3 minutes
break permits the dissipation of the accumulated heat during the cycles of
the preceding block. The data corresponding to the temperature elevation
with respect of the stress amplitude are plotted in Figure 3(b).

The measurement of the heat increase is a delicate task in the case of thin
specimens and small quantities of dissipated energy due to multiple sources
of heat loss. Heat loss by conduction arises at the jaws fixing the specimen
and by convection with the surrounding air. A prior article of self-heating
tests [38], reports for example that hot oil circulating in the hydraulic press
increases temperature of the jaws and consequently the specimen. The ma-
chine used in the present case was oil-free and based on a linear motor tech-
nology. Therefore, it enabled us to focus on the variation of the specimen’s
temperature due to the microscopic plasticity during the cyclic loadings.

Let us further remark that the temperature increases with the stress and
falls into two distinctive regimes as shown in Figure 3(b). The primary regime
corresponds to a small limited dissipation regime with almost vanishing heat
increase. In contrast, the secondary regime exhibits an important elevation
of temperature with increasing amplitudes of stress. The stress amplitude
Yo marking the change of regime, is associated with the fatigue limit char-
acterizing infinite lifetime, as discussed in [47; 48]. The measured results for
all our configurations were interpreted using Munier’s model [38], which was
fit to the data using a least-square method.
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3. Result and discussion

3.1. Microstructure

To reiterate, to simplify the discussion only the following configurations
will be reported in this section:A | .12, Bjo.2, Ro.12, Roa.

Typical microstructures of fully printed or repaired specimens with a ver-
tical increment of 0.2 mm are presented in Figures 4 and 5, respectively. On
these two EBSD maps corresponding to the microstructure of the specimen
Bjo2 and R 2, one can observe similarities in term of morphological aspects.
Moreover, orientation of grains exhibits a clear ziz-zag pattern, which cor-
responds to the deposition direction during the back and forth scanning of
the laser. A zoom image of both microstructures is displayed on the same
figures. It can be noticed that printing layers are recognizable by the under-
lying grain pattern. Furthermore, the printed layers are composed mainly
of large grains, while isolated clusters of small grains are located at the in-
terlayers. To the best of our knowledge, the precise formation of the small
grains is still unknown and currently under investigation. Observations with
a thermal camera suggest that the clusters of small grains are not related
to a lack of fusion at the interlayers as several layers are reheated by each
passage of the laser.

Grains were statistically analyzed in terms of morphology, i.e. shape,
surface, orientation, etc. For convenience, they were sorted into two families
with respect to their equivalent grain diameters, i.e. small and large grains.
The threshold value between the two families of grains is 15 um and corre-
sponds to the equivalent diameter of a disk matching by surface the biggest
grain found in a cluster of small grains.

In the case of the fully printed or repaired specimens with a vertical
increment of 0.12mm (see Figure 6 and 7 respectively), one can remark that
the deposited layers are less recognizable. Furthermore, clusters of small
grains are absent even though small grains are still present (detailed later).

The shape of the grain will be characterized by the aspect ratio, defined
as the ratio of principal axes of the smallest circumscribed ellipse. Therefore
an aspect ratio of 1 indicates an equiaxed grain. For all specimens, the
distribution of the grain sizes and shapes can be described by the probability
density function (PDF) in terms of the equivalent grain diameter and of the
aspect ratio, as illustated in Figure 8. The main statistical features of the
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shape and size data such as the equivalent diameter average, aspect ratio
median etc. are summarized in table 1.

The analysis of the comparative plot of the equivalent grain diameter
distributions displayed in Figure 8(a) is pointing out the influence of the
vertical increment for the fully printed specimens. In this plot, the 0.12mm
and 0.2 mm vertical increments are represented by A, o2 in blue and B in
red respectively. The continuous, dashed and dotted lines illustrate the data
of the whole EBSD map, the large grains and the small grains respectively.
One can remark that the distribution corresponding to all grains is more
spread for A} .12 than for Bjgo with an average equivalent grain diameter
of 26.8um + 20.8um (median of 22um) and 14.7um + 14pum (median of
9um), respectively. A focus on the two families of grains previously presented
shows that for A, 19, the distribution for large grains is more spread with
a higher equivalent diameter of 35.2um + 19.3um and a spread expressed
by a median of 29.9um than for Bjo2 which has an equivalent diameter of
29.6pum £ 15.3um and a median value of 24.4um. The same scrutiny for the
small grains shows similar distribution trends with a slight offset for their
respective peaks. Same as for the large grains, the small ones shows higher
equivalent diameter of 8.9um +3.6pum (median of 9.9um) for A, 12 than for
B2 which has an equivalent diameter of 7.2um=3.4m (median of 6.5um).
Also one can note that for the specimens A (12, the small grains represent
32.7% of the microstructure although occupying 10.5% of the surface while
for the specimen B, they represent 65.6% of the microstructure despite
occupying 31.4% of the surface. A similar trend is observed for the equivalent
grain diameter of the specimens R 12 and Rg2 on figure 8(c).

Figure 8(b) portrays the distribution of the aspect ratio of the grains of
the fully printed specimens. For the grains in specimen Bjo represented
by the blue lines, the aspect ratio curves present distinct PDF for the two
families of grains. Large grains have a wide distribution of the aspect ratio
with an average of 3.3 £ 2 (median of 2.8). Small grains present a narrow
distribution of the aspect ratio with an average of 2.4 + 1.4 (median of 2).
Grains in specimen A (12, represented by the red line, manifest a similar
trend. The average values of the aspect ratio are now 2.4 £ 1.2 (median of
2.1) and 2.3 £+ 1.3 (median of 2) for the large and small grains, respectively.

The microstructural texture, in terms of both morphology and crystallo-
graphic orientations is determined by the local heat flow during solidification
and cooling[49; 50; 51]. The cooling history and the orientation of the ther-
mal gradient will impose the preferred growth directions of the grains and fix
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their orientation observed previously in the zig-zag pattern. More precisely,
the particular heat flow pattern depends on the geometry of the specimen
and the substrate, the conduction and heat exchange coefficient as well as
the heat input defined by the printing parameters. These parameters are the
power of the laser, the printing speed, the scanning pattern strategy etc. In
our case, an additional parameter, the vertical increment, is equally driving
the position of the heat source in the transient heat flow problem. For the
0.2 mm specimens, the zig-zag pattern is inherited from the thermal gradient
and flow during the printing as also reported by [49]. Manufacturing with a
smaller vertical increment of 0.12 mm imposes a larger local heat during the
manufacturing of the successive layers. In this case, the thermal gradient and
flow are less influenced by each laser passage. Overall, one could simplify the
reasoning by stating that the grain size is proportional to the heat energy
absorbed from the laser and that the shape and orientation are driven by
the cooling rate and direction. We recall our previous observation: the wall
with a 0.12mm vertical increment requires 5/3 times more back and forth
passages than the wall with a 0.2 mm vertical spacing. This implies almost
twice as much laser energy and subsequently more heat in the manufactured
wall. This could explain the global difference in size of the grains as well as
the lower volume fraction of small grains.

Finally, one can conclude that: (i) a clear zig-zag pattern is distinguished
for the 0.2mm vertical increment and an absence of pattern for 0.12mm
vertical increment, (ii) large grains are columnar, whereas small ones are
equiaxed, (iii) the separation of aspect ratios between small and large grains
is more pronounced in the case of the 0.2mm vertical spacing than in the
0.12mm scase.

Figure 9 exhibits the crystallographic texture as the pole figure of the
crystallographic family of planes {100} for fully printed and repaired spec-
imens with respect to the two vertical increments. Building and printing
directions denoted as BD and PD respectively, are indicated with arrows in
the diagrams. Well known results from solidification theory, see for exam-
ple [52], state that the growing directions in the crystal are chosen among
the directions involving the smallest number of atoms. As a consequence,
the face-centered cubic (FCC) 316L steel of this study presents a preferred
growth in the <001> direction. Additional remarks can also be found in
[53; 54].

In the case of the configuration with a 0.2 mm vertical increment, one can
notice for both fully printed and repaired specimens, the presence of similar
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textures with two maximal values, i.e. the red hotspots on the horizontal axis.
The texture is the representation of the complete specimen and therefore
includes the layers printed from left-to-right and the layers manufactured
from right-to-left. These two layer families are responsible for each one of
the two hotspots. Therefore, the crystallographic texture can be expressed
as the sum of two fiber textures.

From the graph, one can read that the angle between the vertical BD axis
and each of the hotspots corresponds to a tilt angle of ~ £30°. The angle
agrees with previous morphological measurements, i.e. the orientation of the
larger axis of the equivalent ellipse. Let us further mention that the angle is
an indirect measure of the maximum heat flow during cooling, as discussed
in [51].

The configuration with a 0.12mm vertical increment shows different pre-
ferred orientations as presented in Figure 9. One can recognize for the fully
printed specimen, a fiber texture pointing to the outer wall surface with a
tilt half way between the Normal Direction (ND) and the PD.

Let us recall that the heat accumulation is larger in this case as the
printing nozzle had to do 5/3 times the number of passages in comparison
to the 0.2mm wall. Moreover, the crystallographic texture orientation is
dependent of the heat flow direction. The tilt toward the normal of the outer
wall indicates that for this configuration, the gradient of the thermal flow is
tilted towards the outer surface. It therefore illustrates an important increase
of the cooling through convection with the outer surface and a proportional
smaller importance of the cooling mechanism by thermal conduction through
the substrate and previously deposited layers.

Last but not least, in contrast to the configuration with a vertical in-
crement of 0.2 mm where the fully printed and repaired specimens have the
same crystallographic texture, a different preferred orientation are observable
for fully printed and repaired specimens with vertical increment of 0.12 mm.
In the case of the repaired specimen, the texture indicates a tilt of the {100}
direction from the building direction axis toward the Normal Direction and
a rotation along a vector aligned with the Normal Direction. This particular
texture is obtained near the repaired interface, where texture of the substrate
is thought to influence the preferred growth orientation of the grains. One
can expect that the texture should evolve toward the pattern observed for
the fully printed specimen with a surface of study further from the interface.
However, the distance from the interface for which the preferred orientation
of Rg12 evolves to the crystallographic texture of A, 12 was not found in
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this study suggesting that the difference in conduction through the substrate
was not equalized.

To sum up, changing the vertical spacing between printed layers affects
thermal time and space distribution and, therefore yields differences in crys-
tallographic textures. More precisely, we found that for the fully printed and
repaired specimens with a vertical spacing of 0.2 mm, the texture is to be as-
sociated with the back-and-forth printing strategy and the ensuing heat flow
pattern. Reducing the vertical spacing between layers increases the retained
heat present in the wall. However, the conductive cooling by the substrate
is not able to accommodate the heat increase. Consequently, the relative
importance of the convective cooling at the surface increases, which modi-
fies the direction of the temperature flow gradient Further investigations to
quantify the observations are underway.

3.2. Tensile properties

For both vertical increments, 3 monotonic tests were performed for the
repaired and fully printed specimens in order to determine their respective
mechanical properties. In order to facilitate a quantitative comparison of the
tensile properties, we provide standard material parameters such as the yield
stress (0, ), ultimate tensile strength (UTS) and the ductility (D). Moreover,
we introduce as a characteristic of the anisotropy, the ratio, r,,, of each
material parameters. The ratio compares the values obtained from the tests
parallel to the printing direction with the value obtained for the tests per-
pendicular to the printing direction. Moreover, the data is compared to data
extracted from literature [12; 26; 55]. A global view is proposed in table 2.

One can remark that the ductility is almost similar for the specimen A ¢ 5
and By, with a ratio of 0.98, indicating an isotropy of this property. How-
ever higher ratio values of 1.14 and 1.15 are observable for the yield and ulti-
mate strength respectively, indicating an anisotropy of these properties. For
A2 and B .12, similar trends can also be noticed for the yield and the ul-
timate strength, with ratios of 1.06 and 1.05 respectively, indicating a weaker
anisotropy than before. Previous publications on stainless steel employing
DED as a manufacturing technology presented similar results regarding the
mechanical behavior under uniaxial tensile test [26; 56; 57; 12; 55]. Higher o,
and UTS for the specimens parallel to the PD were found as shown in table
2. However, in these cases, specimens tested perpendicularly to the PD had
higher ductility while in this study, the ductility was found almost similar for
both orientations. The difference in geometry of the specimens can explain
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this difference but this aspect was not investigated. The particular elongated
microstructure induced by this additive manufacturing process is at the ori-
gin of this particular anisotropy. Indeed, grains are columnar i.e. depending
on the tensile orientation, dislocations meet more or less boundaries resulting
in a difference in properties [58]. Also, a less marked anisotropy measured
for the smaller vertical increment is thought to be due to a less columnar
microstructure than for the 0.2 mm configuration as demonstrated earlier.
Finally, one can remark that even though the trends are similar, the in-
trinsic values are spread as also summarized in [59]. The scattering of the
mechanical properties are directly related to the different machines, geome-
try of the specimens, process parameters and material composition used in
studies, see comments and discussion in [59; 60; 61]. Our work highlighted
the difference of properties induced due to the variation of the vertical incre-
ment.
The corresponding tensile engineering stress versus strain curve of all the
specimens tested in this study are plotted in Figure 10. One can remark in
this Figure that the tensile strength of the repaired specimens falls between
those of the substrate and A ones for their respective vertical increment. In
addition, the ductility is more limited than the two joined materials tested
separately and these results were also shared by [62; 63]. An improvement
of the properties by reducing the vertical increment is still present for the
repaired specimens as exhibited for the fully printed specimens A, 15. Fi-
nally, all the repaired specimens fractured in the printed parted, far away
from the interface, which indicates that the bonding zone is not a limiting
weak zone during uniaxial static loadings.

3.3. Comparison of the self-heating curves

The self-heating test highlights two operating regimes of the material be-
havior by expressing the temperature elevation in the sample as a function of
the applied stress’s amplitude. In the first regime for small stress amplitudes,
the temperature increase is negligible as a consequence of small mechanical
dissipation. This is the signature of an elastic response at all material scales
and an infinite fatigue lifetime. In the second regime at larger stress am-
plitudes, the temperature increase is noticeable and the consequence of a
lack of mechanical dissipation due to irreversible mechanisms. The change
between the two operating regimes is clearly marked by a threshold of the
stress amplitude which is related to the fatigue endurance limit. The limit
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is usually identified by the intersections of the linear approximations for the
two operating regimes, or by the intersection of the linear regression of the
three last points of the secondary regime with the stress amplitude axis as
shown in [64; 65; 66]. The results have proven that the intersection matches
the fatigue endurance limit at approximately two million of cycles. This fact
was further verified in [38] for several steel grades with various microstruc-
tures. The comparison between the mean fatigue endurance limit obtained
from self-heating measurements with a standard stair-case method showed
an average error of less than 2%.

The success of a self-heating experiment is associated to the capacity to
precisely measure the thermal dissipation due to the microscopic plasticity.
The precision of thermal measurements increases with thermal inertia and
results in a reliable determination of the endurance limit. The small and
thin specimens of the single-track wall of this study place the samples in the
region of small thermal inertia and challenging temperature measurements.
As discussed in the materials section, part of the problem was tackled by
the choice of the testing machine and by verification of the temperature
distribution on the sample. However the acquired data proved to have an
inherent scatter, which renders the determination of the fatigue limit using
linear regression and line intersection unreliable. To overcome this difficulty,
we propose to use the analytical model developed in [38] to relate fatigue
data with the representation measured during the self-heating experiments.
The model covers the complete data spectrum over the two operating regimes
and therefore acts as a normalizing filter in the data determination.

The model is based on an energy balance and represents the tempera-
ture elevation as the sum of two contributions related to the two operating
regimes. The temperature elevation €2 is defined as:

2o 2o

Q= ‘(e

) (2)

It is a function of the maximal stress amplitude before failure ¥,,,, and
the stress amplitude per block ;. These quantities are supposed to be
known from experimental data. «, v and m are real numbers and considered
model parameters. « and v have a physical meaning and are related to
heat dissipation in the two operating regimes. Therfore, there are strictly
positive. «, v and m have been obtained by applying a linear regression to
the experimental data.
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The comparison between the identified model and the experimental data
are represented for all tested configurations in Figure 11. Moreover, we have
equally represented the linear tangent estimation of the secondary operating
regime, which permits to obtain a rough estimation of the mean fatigue
endurance limit at its intersection with the horizontal axis. The coefficients
of the model and the mean endurance limits are listed in table 3.

The analysis of the parameter values reveals several aspects. The param-
eter «, describing the primary operating regime, a is zero value for most of
the configurations and described correctly the measurement points lying on
the horizontal axis. In contrast, the values obtained in [38] are higher and lie
between 0.4 and 4.54. This difference is a consequence of the limited volume
of our specimens.

Let us further notice that during the first loading blocks with low stress
amplitude, the thermography camera could not capture any heat on the
specimen. This means the dissipation required to offset the heat generated as
a result of the microscopic plasticity was completely accounted for convection
and conduction heat losses. Nevertheless, one can further remark that the
model and the tangent lines produced coherent data and reasonable values for
the mean fatigue endurance limits ¥,,. More precisely, the mean endurance
limits found for each specimen are lower than their respective yield strengths,
i.e. Y lies between 0.6- 0.8 of the yield strength, a magnitude that is be
expected for a 316L stainless steel. Moreover the experimental scatter was
controlled by the identification method.

Let us dive a step deeper in the data and analyze the effect of the DED
process and manufacturing parameters on the self-heating behavior and more
precisely on the limit ¥,,. The comparison of the materials fabricated with
vertical increments of 0.2mm and 0.12mm are represented by the ratio
T, 0.12 of the respective limits, listed in table 4. One can notice that spec-
imens with a smaller vertical increment, i.e. 0.12mm specimens, always
exhibit higher fatigue limit with an improvement of 8%, 6% and 13% for the
configuration A, By and R respectively. The improvement of the fatigue
behavior was expected for A; and R, as these samples exhibited equally
higher material values during monotonic tests. Overall, repaired specimens
showed the lowest mean endurance limit in comparison to those of the sub-
strate with a decrease of 11% and 21% for the 0.12mm and 0.2 mm repaired
configurations respectively.

Let us denote the ratio of the mean endurance limit of the specimens
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tested perpendicular and parallel to the printing direction as ry,_1. As de-

tailed in table 4, one can notice that specimens fully printed and tested
perpendicularly to the printing direction have a higher ¥, than the parallel
specimens. This anisotropy was also shared in [55] and [27] in the case of
304L manufactured by DED and WAAM respectively. A similar trend was
also presented in [67] for a 316L stainless steel printed by SLM. This is a
stark reminder that mechanical anisotropy is very apparent during uniaxial
tensile test for additively manufactured specimens. In fact, the specimens
tested perpendicularly to the printing direction exhibit lower o, and UTS
than the specimen tested along the PD [12; 26]. Anisotropy is also present
during cyclic tests but in this case, perpendicular configuration shows higher
fatigue limits than parallel one [55; 27] i.e the orientation effects are inverted
for cyclic tests compared to the tensile ones.

This favorable orientation in terms of ry,__ 4 Was quantified at 10% for the

0.12mm configuration and 8% for the 0.2mm configuration. These values
are in the same magnitude as the ones found in the literature. The reason
for this anisotropic behavior is explained in [68] as the consequence of the
particular microstructure obtained by additive manufacturing. More exactly,
the difference observed for the two orientations is associated with the presence
of long grains oriented along the building direction. This microstructure
induces a crack growth with a tortuous path in the case of a test perpendicular
to the printing direction. In contrast, a more forward and less tortuous crack
path with fatigue cracks predominantly growing along grain boundaries was
noticed in the case of a specimen tested along the printing direction. In
addition to the highly tortuous crack observed in the case of a perpendicular
specimens, local mixed-mode fracture was also highlighted with the crack
path often changing directions[69]. Therefore, these explanations could be
a key to understand the anisotropy highlighted during cyclic tests, and the
mechanism conducting to a favorable perpendicular configuration.

However during self-heating tests, the cyclic loadings are performed at
lower stresses than the yield stress for a limited number of cycles per block.
Therefore mostly microscopic plasticity phenomena are generated [38] rather
than crack growth. Post mortem SEM images of specimens A, and By
after the self-heating test are shown in Figure 12(a) and (b) respectively.
For these 2 images, the printed layers are vertical for A; and horizontal for
By i.e. the loading direction is perpendicular and parallel to the printing
direction for A and B respectively. One can notice in (a) the presence of
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multiple vertical cracks, while in (b) only two large cracks are present with
one being responsible for the failure of the specimen. For both specimens,
the cracks initiated at the highest stress i.e. during the last blocks.

In addition, these two post mortem images were investigated under the
scope of the distribution of the crack sites. Therefore, images were cropped
to the white frame (see Figure 12) and adjusted in order to have black pixels
exclusively in the crack sites. One can observe the distribution of the black
pixels for A; and B, above their respective post mortem images in Figure
12(a) and (b). In addition, a gaussian filter was applied to smooth and
clarify the trends. For the specimen A, one can notice the recurrence of
the gaussian filter peaks to a distance corresponding to 2-4 layers. The
opposite trend is noticeable for specimen Bj. Indeed, except for the two
large cracks, no peaks are observable. Therefore one can conclude different
crack growth/failure mechanisms for both specimens. Next a comparison
with strain localisation during monotonic tensile test of these specimens is
shown in order to understand the two post mortem images.The complete
procedure for obtaining a high resolution (full) strain fields and overlapping
them on microstructural maps is available in [11]. In Figure 13, one can see
that for specimen A, the strain localization is heterogeneously distributed
between interlayers, while for the B the deformation is more homogeneously
distributed. In addition in [11], it was observed that for A, clusters of small
grains were present at interlayers and deformed less. Therefore, explaining
why some interlayers are not localizing in terms of deformation. This result is
thought to be a Hall-Petch effect. Moreover, it was observed that the strain
localization is the same at low or high macroscopic deformation with only the
magnitude of the strain evolving. For specimen B/, the authors found that
the strain localisation was located in particular large grains. Finally by taking
into account the microplasticity observations during monotonic tensile test,
the self-heating behavior, and the final microcracks observations, it suggests
that the microdamage mechanisms are different for the specimens A, and
By. One can propose the following scenario. A tensile load perpendicular to
the printing direction, specimen A |, will initiate a large number of extended
dissipation zones located at intense plastic sites i.e. interlayers. Afterwards,
these zones of high strain localization will generate a network of microcracks.
Additionally, a crack shielding mechanism as proposed in [70] could also
account for the network of cracks observed for A, . In contrat, for specimen
B, a more classical fatigue scenario happens. One of the grain will generate
localized plasticity. Afterwards, a large crack will initiate from this grain and
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will continue until the specimen fails.

Therefore, extended dissipation zones at the interlayers for A, and a localized
dissipation for B can explain why the transition between the primary regime
and secondary regime happens at a higher stress amplitude for A,. Further
works are needed to validate such scenarios.
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4. Conclusion

In this study, we investigated the self-heating behavior during cyclic load-
ings of 316L stainless steel specimens manufactured or repaired by DED.
Specimens were extracted from bidirectionally-printed single-track thickness
walls in different orientations and configurations.

We investigated the microstructure of the different printing configura-
tions and unveiled their morphology and crystallographical texture. Results
showed that modifying the vertical increment, i.e. one of the main process
parameters, from 0.2mm to 0.12mm had a strong effect on the microstruc-
ture. The morphological texture presented a noticeable zig-zag pattern for
the 0.2 mm vertical increment and less perceivable one for 0.12mm. Micro-
graphs revealed that [arge grains have more distinguishable columnar shape
than the small ones. The difference of the aspect ratio’s of small and large
grains is larger for the 0.2 mm vertical spacing than for the 0.12mm. More-
over, the results proved that the vertical increment affects the crystallo-
graphic texture in terms of a preferred grain orientation. We found that for
the fully printed and repaired specimens with a vertical spacing of 0.2 mm,
the texture can be associated with the back-and-forth printing strategy. For
a 0.12mm vertical increment, the texture is different in the case of repaired
and fully printed specimens. This difference has been associated with the
influence of the substrate as a thermal reservoir and the heat accumulation
in the wall once a certain height has been reached.

We explored the mechanical properties of the printed walls under mono-
tonic tensile tests. An anisotropic behavior has been detected for the fully
printed specimens. The specimens loaded along the printing direction, B,
exhibited higher mechanical properties in terms of yield strength (o,) and
ultimate tensile strength (UTS) than specimen loaded perpendicular to the
printing directions, A,. The tensile strength of the repaired specimens is
located between the strength of the substrate and fully printed specimen
loaded perpendicular to the printed direction, A, .

Self-heating tests yielded estimates of the fatigue endurance limit for the
material. The specimens with a vertical increment of 0.12 mm always showed
a higher fatigue limit with an improvement of 8%, 6% and 13% relative to the
configurations A, By and R, respectively. In addition, repaired specimens
had a ~ 11 — 21% lower mean endurance limit compared to the substrate,
manufactured by standard process. An anisotropic behavior was also dis-
covered during these cyclic tests. Specimens loaded perpendicularly to the
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printing direction showed higher fatigue limits (=~ 8 — 10%) comparared to
the ones tested along the printing direction. Post mortem analysis revealed
a multitude of cracks at the interlayers for the specimens tested perpendicu-
larly to the printing direction creating several sites of heat diffusion. Speci-
mens tested along the printing direction revealed a classical fatigue behavior,
i.e. with one dominating crack and localized plasticity and heat dissipation.
This observation of the difference in damage and failure is a possible expla-
nation for the different mean fatigue endurance limits. The transition points
characterizing the switch from the primary to the secondary regime of the
self-heating curves appear at higher stress amplitudes for the specimen tested
perpendicular to the printing direction. Several important questions remain.
What is the growth mechanism for the clusters of small grains? As well as
their role in dissipating heat generated during mechanical testing and failure
during cyclic loading? Being able to answer these questions would enable to:
(i) an understanding of the crack initiation and (ii) lead to a better explana-
tion of the crack arrest mechanisms in the case of the perpendicularly loaded
specimens A .
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Figures and tables:

Avor2 Byoa Roa2 Roa
ATl groins | small groins | large grains || All graims | small grams | large grams | All graims | smail grams | large grains | All graims | small graims | large graims
Diameter average (im) | 26.6 £202 | 8936 | 3524193 || 147+ 11 | 7234 | 296+ 153 252 £21.9] 8535 | 365209 [ 165 £156] 76235 | 312168
Diameter median (jim) 2 9% 299 s 5 214 193 4 395 2 7 %55
Aspect ratio average | 2413 | 93513 | 2412 | 27£17 | 24=04 | 33%2 | 24%13 | 2813 | 27%16 | 24£14 | 21E1 | 29£17
“Aspect ratio median 3 B 21 72 B s 3 3 73 2 s pE]
Quantity of grams (%) BXi 573 55 3 393 0.7 523 BE
Surface occupied (%) 105 505 314 556 133 S6.7 BT T3
Surface of study (mm?) 29 %21 T9x18 38x2 22x16
Table 1: Grains size statistics.
Technology o, (MPa) UTS (MPa) D (%)
Printing versus tensile direction € / ry L / Ty 1 / ry
1 1
0.12 mm configuration 445 £ 6.2 | 4754£5.3 | 1.06 | 639 £ 8.4 | 667 & 11.4 | 1.05 | 51 £ 3.2 | 50 £ 3.8 | 0.98
0.2 mm configuration 420 £ 7.3 | 480 £8.5 | 1.14 | 597 £ 6.7 | 688 4+ 10.3 | 1.15 | 46 £ 3.1 | 47 £ 4.2 | 1.02
R4z configuration 418 + 9.2 / / | 638+ 7.6 / / | 45+ 4.3 / /
Ry configuration 414 + 6.7 / / | 602+ 9.8 / / | 41£ 3.6 / /
Substrate 360 £+ 14.5 / / | 660 £ 8.7 / / | 85+t 8.1 / /
316L - LENS [12] from bulk 479 576 1.2 703 776 1.1 46 33 0.72
316L LMDS [26] from wall 352 558 1.6 536 639 1.19 46 21 0.46
304L DED [55] from bulk 440 552 1.3 670 730 1.09 70 51 0.73

Table 2: Mechanical properties of 316L from the present tests and from the literature
[12; 26; 55]. R is the ratio of the material parameters of the specimen B, over the
specimen A . In this table, bulk and wall stand for specimens extracted from multi-track
thickness and single-track structures respectively.

Specimens vy m | X | Ty 012
Aloa 0 |284] 558 [373] |
Ao 0.28 | 2.38 | 10.59 | 345 '
Bjoa2 0 |287] 3.86 | 339 1.06
Bjos 0 [294] 3.58 | 319 '
Ro12 0 [208] 2.6 |293 113
Roo 0 |[1.13] 3.24 | 259 '

Substrate | 0.17 | 2.54 | 6.22 | 328 /

Table 3: Values of the fitting parameters from Munier’s model [38] and other relative
values such as the mean endurance ¥, and the ratio highlighting the effect of the vertical
increment for a comparable configuration ry_o.12.
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Specimens | ry,_ 1
B | M
Bt | Lo
7| >
o LT
5 [[g;]] 117

Table 4: Anisotropic behavior of our specimens highlighted by the ratio of the mean en-
durance of the specimens perpendicular to the printing direction on the specimens parallel
(SN These values are compared with SS304 specimens manufactured by DED and

WAAM in [55] and [27] respectively and also with SS316L specimens manufactured by
SLM in [67]

Back and forth printing Back and forth printin
“—> printing
126
A (L) B (/)

Building
Direction (BD)

Figure 1: Schemes of the 316L single-track thickness walls where fully printed in both
orientation and repaired specimens were extracted by water jet cutting. The common
dimensions for all the specimens are presented on the scheme of the repaired specimens

(right).
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Figure 2: Experimental setup to measure the self-heating of the specimen during cyclic

loadings.
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Figure 3: (a):

(a) Successive series of cyclic loadings with increasing stress amplitudes
Yo for each block. The ratio of stress amplitude is constant throughout the whole test .

Time (min)

Stress Amplitude Z, (MPa)

Between the cyclic blocks, a hold time ¢,, in the elastic regime is performed to cool down
the specimens. (b): Evolution of the temperature elevation during the self-heating test.
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Back and Forth Printing Direction

Building Direction

Figure 4: EBSD map (IPF along BD) of the specimen Bjg2. A zoomed-in portion to
show in detail the microstructure and the presence of clusters of small grains between

some layers.
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Back and Forth Printing Direction

Building Direction

Cluster of
small grains

Interface

Figure 5: EBSD map (IPF along BD) of the specimen Rg3. A zoomed-in portion to show
in detail the zigzag pattern of the microstructure, the presence of clusters of small grains

between some layers and the epitaxial growth from the substrate.
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Back and Forth Printing Direction

Building Direction

Figure 6: EBSD map (IPF along BD) of the specimen A ¢.12-
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Back and Forth Printing Direction

Building Direction

Figure 7: EBSD map (IPF along BD) of the specimen R 12 showing an epitaxial growth.
The R .12 microstructure exhibits less of the zigzag pattern seen in the R ¢ 5 microstructure
and a substantially reduced presence of the clusters of small grains at the interfaces between
layers.
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Figure 8: Probability density function of grain equivalent diameter, i.e. the diameter of a
circle fitting the grain by its surface for the fully printed and repaired specimens in (a) and
(c) respectively. Probability density function of grain ellipticity, i.e. frequency in terms
of ratio between the large and small axes of the ellipse fitting the grain by its surface and
shape in (b) and (d) respectively.
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Figure 9: Pole figures of the crystallographic texture of the fully printed and repaired

specimens with respect to their vertical increment.
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Figure 10: Tensile stress-strain curves of all the specimens.
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Figure 11: Evolution of the temperature elevation of the specimen associated with a level
of stress amplitude for specimens A o2, Byo2, Alo.12, Byoi2, Roz2, Roi2 and the
substrate in (a), (b), (c), (d), (e), (f) and (g) respectively. A self-heating model proposed
in [38] is fitted on the experimental data and used to determine the mean endurance limit
(pink). The coefficients of the models and the mean endurances are listed in table 3.
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Figure 12: Self-heating test post mortem SEM images for specimens A, and By in (a)
and (b) respectively. The lower portions of the figures are the actual SEM images from
which one can distinguish two distinct patterns for the onset of crack initiation sites. The
tensile loading direction is indicated by the red arrows. The upper portions of the figures
are the sum of the black pixels for each vertical line of the SEM images. The maximum
values obtained after Moving Average filtering and determination of the local maxima
correspond to the location of the cracks
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Figure 13: Strain localization along the loading direction, indicated by the red arrows,
for specimens A, and By in (a) and (b) respectively. The strain is heterogeneously
distributed for A, with localization occurring at some interfaces. For B, the strain is
more homogeneously distributed. The complete experiment and results are available in
[11]
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