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Abstract

Additive manufacturing allows the production of complex components for critical applications
such as in the aerospace industry. Laser powder bed fusion is the most widely used form of
additive manufacturing and good progress has been made in improved material quality in recent
years. Despite the progress, fatigue properties are sometimes still problematic and this requires
further investigation. The fatigue properties of additively manufactured metals depend on a
variety of factors including surface roughness, microstructure, porosity and residual stress,
amongst others. In this work the role of surface roughness in particular is evaluated using micro
computed tomography (microCT) scans before and after fatigue tests. The crack locations are
identified in scans after fatigue testing and correlated with surface features prior to fatigue tests
by careful alignment of CT images. In this way notches on the surface which act as “killer
notches” are measured and compared with other defects (both roughness notches and pores) in
the vicinity. Direct evidence is thereby provided for specific features acting as killer defects,
studied with varying surface topographies depending on build orientation. A statistical analysis
using stress intensity factor and fatigue test results of the same samples directly validate the
effect of the notches, in comparison to other similar notches across the sample. This is the first
notch-based surface roughness evaluation method reported using X-ray tomography, showing
promise as analytical methodology. In addition, the experimental campaign shows for the first
time a direct correlation of fatigue strength with surface roughness using different typical as-
built surfaces. This work lays the foundation for improved non-destructive testing, predictive
modelling and overall improvement and management of the performance of additively
manufactured parts based on surface features and surface characterization.

Keywords: metal additive manufacturing; laser powder bed fusion; surface roughness; X-ray
tomography; fatigue crack; killer notches



1. Introduction

Metal additive manufacturing (AM) is a rapidly growing production method for highly critical
components in various industries. The most widely used AM method is laser powder bed fusion
(LPBF) which allows high quality parts to be produced by selectively melting layers of powder
using a fast moving, high-power laser beam across a tightly packed powder bed [1,2]. Various
alloys can be produced by LPBF including popular aerospace alloys such as Ti6Al4V &
AlSi10Mg, with excellent material properties reported in various studies [3,4]. However, some
problems can arise which cause scatter in fatigue properties [5,6]. This variable fatigue
performance can be caused by a number of underlying problems which can be difficult to
identify due to the complexity of the LPBF process.

The most well-known issues which have been correlated with poor fatigue performance are
porosity, surface roughness, residual stress and microstructure, all of which can contribute to
the obtained properties in different relative amounts depending on the alloy and other details of
the production (e.g. process parameters, build orientation, etc.). In general, the effects of surface
defects, microporosity and inclusions in metals on fatigue performance is recognized and
understood, as reviewed in [7-10]. Much work has focused on the effects of pores on the
mechanical performance of additively manufactured parts, as summarized in [11,12]. It is also
understood that there is a competition between porosity, surface roughness, residual stress and
microstructure, which is interrelated in complex relationships and may depend on part geometry
and size due to differences in thermal history [13].

An improved understanding of the effects of all types of defects in additive manufacturing will
assist in efforts to predict the performance of additively manufactured materials, which all
forms part of the materials qualification needs for these materials for high criticality
applications [6]. Towards this aim, a defect-based modelling approach for internal pores has
been used with great success [12,14,15]. This was also demonstrated for surface and subsurface
pores in [16]. In [15] the authors clearly demonstrated, by the detection through computed
tomography (CT) scan of all the defects present in specimens, that the critical defects were the
ones with the largest stress intensity factor (SIF), thus supporting the adoption of “extreme
value” concepts for estimating the maximum size of defects for fatigue assessment [12] and for
comparing the “quality” of different treatments [17,18].

While these approaches are useful, it was also demonstrated in [19] that there is a strong
interaction between local surface features and pores, which cannot be ignored and may have a
higher influence for example when a pore is located at the surface. The fact that (in general)
most crack initiation occurs on surface or near-surface pores highlights the importance of
surface quality for improving fatigue properties. Many studies make use of post-process
machining or treatment of the surface for improved surface quality, for example by laser shock
peening [20,21]. However, the major advantage of additive manufacturing is the complexity of
design. When this complexity is utilized, for example in topology optimized or latticed
structures [22], many surfaces may not be accessible for processing, and the as-built surface is
of particular importance.

As-built additively manufactured surfaces are well known to be relatively rough and to depend
on build angle and process parameters [23]. It has been demonstrated that cracks initiate at
sharp micro-notches on the surface of as-built specimens (as clearly shown by Nicoletto [24]
comparing the same material with different processes). Due to this, variations in fatigue strength
depending on the build orientation and hence surface roughness have been reported [25]. Recent
work showed how different shapes of intentionally designed notches affect mechanical
performance and crack initiation, showing that there is a competition between global notches
(designed) and local notches (due to as-built surface) [26]. The fatigue strength dependence on



notch depth has been studied in detail in Ti6AI4V [27], revealing that the failures are driven by
the size of the largest defect in the vicinity of the notch.

X-ray tomography has been used with great success to provide insights into additively
manufactured materials, also for viewing of fatigue crack locations [28-30]. Recently the
detailed analysis of thin struts manufactured in Ti6Al4V combining CT-scan and scanning
electron microscopy (SEM) showed that the effect of surface features responsible for fatigue
failures could be modelled by Kitagawa-Takahashi diagram [14,16,31]. However, a systematic
study about the reasons why failure occurs in some critical surface features and their behaviour
for different surface qualities is still lacking.

This study is of primary importance for two different reasons: accurate assessment for
predictive modelling and general rating of surface quality. As for the modelling and assessment,
there are different approaches for numerical modelling surface effects (in terms of fatigue stress
concentration [32—36] or cracks [19,37-42]), but these approaches were applied thus far for
conservative predictions without a ‘sample by sample’ verification. As for the measurement of
surface quality, the different approaches for fatigue modelling use generalized roughness
parameters to describe the surface quality, but undoubtedly the concept of notch stress
concentration is only related to “valleys” and depressions in the profile. This was clearly
demonstrated by Gockel [43], who showed that the Ry parameter is the roughness parameter
having the strongest correlation with fatigue life.

In the work reported here, a series of LPBF samples were produced at different build
orientations in AlISilOMg, in order to intentionally induce differences in their surface roughness
and topography. These were subsequently subjected to high resolution microCT scans before
and after 3-point bending fatigue tests. This was done with the aim to reveal the location of
crack initiation relative to surface features and identify the critical features or “killer notches”
in each case. Selected cases are individually discussed and S:N curves presented, providing the
first direct evidence of the effects of specific as-built surface notches on fatigue performance.
The analysis of the competition of the different surface features detected on each sample was
carried out calculating a prospective SIF, i.e. treating the surface features as cracks. The reasons
for the choice of this index are: i) the success of defects/cracks concepts [7] in describing in a
unified concept both internal defects and surface asperities; ii) the connection of these concepts
to new ways for measuring and sampling the defects [44,45] that also led to implementations
into standards (i.e. ASTM standard E2283-03 [46]).

The papers is organized as follows: Section 2 describes the set-up and how the analyses were
carried out; Section 3 deals with a detailed description of the results for chosen samples of
different series; Section 4 presents and discusses the summary of results; Section 5 concludes
the paper.

2. Experiments

This work makes use of 5 sample types/series — the same geometry was manufactured in
different build orientations with between 3-5 replicates of each build orientation available. In
all cases there are rough as-built surfaces in the AlISi1l0Mg samples as is typical for LPBF, but
the roughness varies as does the amount of internal pores in the different build orientations. In
addition to these differences, there are also differences in microstructure and residual stress.
Some of these results were reported in a recent paper focusing on the fatigue performance [47].
All samples were produced for 3-point bend fatigue test with length of 60 mm and curvature of
20 mm, and were machined by 0.25 mm on the top and bottom surfaces in order to have a good
parallelism of the surfaces for the contact with 3-P bending test rollers. The net minimum
section of the specimens is 6 x 6 mm? (see Figure 1.a)



2.1 Additive manufacturing and sample preparation

The fatigue test samples were manufactured using a SLM 280HL v1.0 system equipped with
2x400W Yttrium fiber lasers that work in parallel in a build chamber of 280x280x350 mm?3
(SLM Solutions Group AG). During the manufacturing process, the chamber was flooded with
argon to reduce the oxygen content below 0.2% and the platform was heated to 150 °C. The
printing parameters were set to: beam power 350 W, hatch distance h = 0.13 mm and scan speed
v = 1650 mm/s. A layer thickness of 50 um was used resulting in a volumetric energy density
F = 32.63 J/mm?3. The scan strategy is stripes which rotate each layer by 67° and the scanning
order is two contours, followed by the hatch scanning. AlISi10Mg Powder produced by ECKA
granules were characterized by a mean size of 37 um, D10 = 21 um and D90 = 65 um and a
flowability of 80 s/50g. The tensile properties of the specimens (for the three orientations) were
tested on machined specimens with a diameter of 3 mm and they are reported in Table 1 [47].
The results show that there is not a significant anisotropy.

It is well known from the literature that the orientation of a surface with respect to the platform
determines its roughness [1]. Usually down-facing surfaces are roughest (as also shown here),
with upwards facing surfaces the smoothest, for ideal flat surfaces. However, in this case there
is a curvature of the surface which contributes to the complex roughness profiles. In this case
the upwards facing surfaces are also reasonably rough, possibly due to stair-stepping effect on
the curvature. The smoothest surfaces in this work are the side-facing surfaces. The roughness
values for the five orientations were measured along the longitudinal direction of a number of
10 specimens per series, along 3 lines following the ASTM D7127 — 17 [48] with a Mahr
Perthometer PRK stylus. Results are reported in Table 2 in terms of average values for the
different series (further details in [47]).

The residual stress due to the manufacturing process was investigated by X-ray diffraction using
the AST X-Stress 3000 portable X-ray diffractometer (CrKa radiation (AK alpha 1 = 2.2898
A)), using the sin2(y) method. The measurements were carried out along the Z-direction of the
specimen. The results in terms of the average longitudinal stress (z-direction in Fig. 1.a),
measured on two specimens per series, at a depth of 100 micron after electro-polishing step by
step material removal on a circular area with a diameter of 0.5 cm?, are reported in Table 2
(further details in [47]).

As expected, the residual stresses vary with build orientation due to differences in thermal
histories [1,49,50]. It would be expected that samples of types A and B which have direct bulk
connection to the baseplate (see Figure 1) have faster cooling and hence lower residual stresses,
as confirmed by the low compressive stresses measured. The sample type C without any
supports built in vertical orientation has the highest tensile residual stress while samples D and
E have supports which do not effectively transfer heat therefore moderate residual stresses are
found.

2.2 Fatigue testing
The three-point bending tests were performed at a stress ratio R=0.1 on an Instron Electroplus
E10000 machine equipped with a 10 kN load cell, with a frequency of approximately 40 Hz,
the set-up is reported in Figure 2(a). A 10% reduction in elastic dynamic stiffness was
considered as a failure condition, while tests were suspended as run-outs at 5 x 10° cycles [47].

The stress distribution for the three point bending specimen was obtained by FE elastic analysis
with ABAQUS/CAE 2017 adopting quadratic hexahedral elements with a dimension of the
notch root of 200 microns. The top roller was modelled with surface-to-surface contact with the
specimen, that was simply supported on two rows of nodes corresponding to the contact region



of the bottom rollers. The so-obtained stress distribution remains almost constant over the width
of the specimen and the stress distribution in the middle section (that was used for the SIF
calculation at the tip of cavities detected by CT-scan) is reported in Figure 2(b) [51].

The reference S-N diagrams for the different test series (in terms of local stress at the failure
location per each specimen) are reported in Figure 3, where the specimens here investigated are
highlighted with red circles. The S-N diagrams were determined by calculating the effective
local stress at the failure location per each specimens and the data were interpolated by least
squares method with an equation of the type logN=A+B log(AS), obtaining the mean line and
the 95% scatter band according to ASTM E739 [52], while the fatigue limits - ASjim- were
calculated Dixon’s formulas to the short staircase sequences [53].

The fatigue limits for the different series are reported in Table 3. As a reference, the fatigue
limit of machined specs (orientations 0°-90°-135°) is in the range 165-180 MPa, with pores in
a size range of 20-30 micron at the fracture origin [47]. These values are very close to results
by Brandl [54] for AISi10Mg machined specs and they are also consistent with Mower’s data
[55] for a wrought 6061 alloy (ASiim=210 MPa at R=0.1).

The results in Figure 2 and Table 3 clearly show a strong dependence of fatigue limit on
specimen orientation, as a result of the rough surface and the significant residual stresses, as
acknowledged by the recent results by Nicoletto [56]. The effect of the residual stresses can be
clearly seen comparing series B, C and E that have different fatigue properties even if their
roughness parameters are very similar. For a detailed analysis the reader should refer to [47].
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Figure 1: Details of the specimens investigated: a) shape of the specimens (the “as-built” surface
of interest is the blue one, surfaces with dash-dotted line are the ones machined) ; b) Build
orientations showing locations of supports, for sample series A-E.
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Figure 2: Details of fatigue tests: a) 3PB test setup; b) FE results of circumferential stress along
the specimen (view on midsection; circumferential stresses for a cylindrical reference system
located along curvature axis of the lower part) subjected to three-point bending [51].
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2.3 X-ray tomography detailed investigation

We investigated the samples (3 to 5 of each type) by non-destructive X-ray tomography before
and after fatigue tests, after which the specimens were broken under static load (using the same
setup of the fatigue testing) and then the fracture surfaces were analyzed under SEM to reveal
the features that triggered the fatigue failure.

The voxel size of the microCT scan was selected as 15 um, allowing analysis of all pores and
surface features larger than this value, and allowing a field of view covering most of the
sample’s critical surface. This voxel size implies that some aspects of the surface roughness is
not captured, and no microstructure is visible at all as is usual for microCT. Small cracks or
additional cracks which might be present (e.g. few microns only on pores) might not be visible,
but this is acceptable as the largest cracks are expected to be most important.

X-ray tomography was performed using a typical laboratory microCT device at the
Stellenbosch CT facility [57]. Scan parameters included 150 kV and 100 pA for X-ray
generation, with 0.5 mm copper beam filter. The sample was loaded with its long axis (Z-axis
in Figure 1) vertically, rotated around this axis. A full 360 degree rotation was used for scanning
in 2000 steps, at each step position the first image was discarded and the subsequent 3 images
were averaged. Detector shift was enabled to minimize ring artifacts.

3. Analysis method

The analysis was done in two steps: i) identification and measurement of relevant surface
features; ii) indexing of defect criticality. The two steps are described below.

3.1 Identification and measurement of relevant surface features

Data processing and analysis was performed in Volume Graphics VGSTUDIO MAX. The use
of microCT in additive manufacturing is further described in [28,58,59]. The image analysis
methodology is briefly explained here. All scan data was initially de-noised using an adaptive
Gaussian filter. Scans of the same sample before and after cracking were virtually overlapped
using a “best-fit” registration tool, after a default surface determination of the exterior of the
sample. In order to ensure the region of crack formation was well aligned for sensible analysis
to be performed (e.g. for crack location after fatigue test to be correlated to surface notch
features in scans prior to fatigue test), a manual refinement of the alignment was done based on
local surface features and internal features (pores), such that the region of crack was well
aligned. In order to find the crack origin in “before” scans, the “after” scans were viewed in
slices until the location of crack origin was found in three orthogonal planes. This was not
always possible within the field of view as the crack origin was sometimes at the corner of the
sample, and in some cases the cracks were very narrow making accurate location identification
challenging. For corner cracks, no SIF could be calculated as the reference surface for
calculating effective notch depth could not be fit properly on the corner.

For cases were the crack origin was in the field of view and clearly identified, the analysis
procedure was as follows. A cylinder geometry element was fitted to the exterior surface of the
“before” scan data, and a duplicate volume was created of this cylinder. The original surface
was compared to the best-fit cylinder volume and the result was analysed using a “nominal-
actual comparison” showing maximum deviations between the rough surface and the fitted
cylinder, this highlights notches (depressions) with colours indicating deviation values (also
equivalent to local “thickness”, or the difference between the cylinder and the actual surface).
In addition, selected locations could be identified with manual annotations and these used for
statistical SIF calculations (see Figure 4.a).



The procedure here implemented is very similar to the one adopted by Persenot et al. [60], who
studied the initiation of fatigue failures in thin Ti6AI4V struts manufactured by EBM. In that
case the authors applied an “unroll” process for the cylindrical strut-like morphology of the
sample, for identifying an ideal “flat” surface for evaluating surface defect depth. The technique
here adopted is similar but measures the local depth of notches directly on the geometry using
a fitted geometry object, minimizing possible errors in image processing.

Since this method is only sensitive to notch depth (and not shape or width), an additional
method was devised which takes half of the maximum notch depth and uses this as a criteria to
assign all notches as equivalent defects, in a defect analysis function (e.g. for a surface with
100 um notch depth maximum, minimum 50 um depth used as criterion). In this way surface
defects could be analysed for their horizontal extent as well as depth, and 3D images of selected
“killer notches” were produced using this criteria.

This method is newly developed here and allows the identification of notches in a defect
analysis function, similar to the statistical handling of porosity (each notch is treated as if it is
a pore). The defect analysis function used is part of the commercial software VGSTUDIO
MAX, and uses the “custom defect mask™ option. The connectivity between surface notches
depends on the depth of the notches and therefore a depth criterion for defining the notches as
defects depends on the surface condition and is a manual step. The limit of this method is the
possibility for multiple notches to be connected due to a shallow connection between them. In
this work this method was used primarily for visualization and interpretation of notch geometry
relative to crack location (see for example Figure 5(c)). SIF calculations were made only from
notch depth, which could in principle also be measured using appropriate CT cross sectional
images.

3.2 Indexing of defect criticality

Since the evidences in the literature showed that surface roughness and surface features could
be modelled by treating the surface asperities as microcracks [37,39-41,61], the severity of the
different micronotches and cavities detected by CT scan was indexed by calculating the SIF at
the tip of the i-th depression below the fitted cylinder as (see Figure 4.b):

Ki=F " Sioc,i - VT -ai ()

where F is the geometric factor for semi-elliptical cracks on plates subjected to bending [62—
64] ai is the defect depth and Siqc,i is the prospective stress at the position (along the curved
specimen’s surface) of i-th defect calculated from the Finite Element (FE) analysis of the
specimen for a maximum stress Smax=100 MPa taken as Smax=100 MPa as a reference. This
choice was made to univocally compare the defects detected on the specimens of the different
series.

It was verified that Newman and Raju solution for plate bending has an error of 2% respect to
SIF solution obtained with Wang & Lambert Weight Functions [65] on the real stress profile
determined from FE analysis.
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Figure 4: Scheme for detailed investigation: a) fit of a cylindrical surface to the CT surface of
each specimen; b) identification of depth for surface features (ai and a;) and their reference
stress Sioc for SIF calculation.



4. Results
4.1 Detection of cracks after fatigue test

After fatigue tests, all samples showed the presence of a crack — but the crack clarity in CT
images varied between sample types: A and B samples had very feint cracks indicating cracks
are very narrow, while C,D and E had more clear cracks. Correlation of this with surface
residual stress measurements explains the observation: C,D and E had tensile stresses on the
surface, which contributes to opening the crack while the opposite is true of samples A and B
which have compressive residual stress on the surface. The residual stress values are shown in
Table 2.

In order to provide an overview of the 5 sample types, Figure 5 shows the microCT views in
3D and 2D cross sections for typical examples of each, showing examples of the cracks in the
slice images. Table 2 shows the measured surface roughness Ra values (by traditional
profilometer) for each sample type which corresponds qualitatively to the surfaces shown in 3D
in Figure 5.

Overall, the roughest surfaces where those of samples A and D, with associated cracks
originating at notches. In samples B, the cracks originated at sample corners and in one case on
the side surface. In samples C and E, despite the smoother surfaces, notches often played a key
role in the crack initiation. Each sample type and each case is discussed individually in more
detail in the next sections.



: —1mm L S T — 1 mm :
Figure 5: Examples of CT slice images and 3D images of the surfaces of samples in each series
from A-E, here are shown A10, B10, C4, D2, EA4.




4.2 Samples type A

Sample A3 is shown in Figure 6, with a colour coding according to local “thickness” of the
notches or depressions as shown in Figure 6(a), with annotations showing selected notch depths.
The associated SIF values for these notches are given in Figure 6(b). Figure 6(c) shows a 3D
representation of the notches viewed from below, showing the “killer notch” at the location of
crack initiation (annotation 1) in the red feature, which is also the widest notch in the sample.
In fact, the reason for failure is not the width of the defect but the fact that it is the defect with
the largest SIF on the critical surface — it is the combination of notch depth and local stress
which results in higher SIF at this notch.

Sample A6 is shown in Figure 7, which clearly indicates that the crack initiates at a notch but
not the largest or deepest one. This notch is elongated and its SIF does show a high value but
not the highest of all notches, indicating some form of competition with another effect. In this
case a subsurface pore was found at the “killer notch” and the crack runs through it as shown.
The results from samples of type A (see also summary table 3) indicate the validity of the SIF
calculations (considering the notches as cracks) for explaining the failure location, but the
results also show competition with porosity or other notches. This is likely due to the very rough
and complex surface in the critical region of the sample as seen in the 3D images of this type
of surface.
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Figure 6: Sample A3 shown (a) with notch depth coding, (b) stress intensity factor
calculations for notch values and (c) 3D image of killer notch in red shown from below.
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Figure 7: Sample A6 shown in (a) with color coding applied to notch regions and indicating
the crack location, (b) 3D view of the killer notch in comparison to others in vicinity (c) SIF
calculations indicating not the highest stress at this notch, (d) pore shown below surface
which influenced this case.




4.3 Samples type B

In the samples of type B, the critical surface is smoother than all other types and microCT
showed in two cases that the crack originates at a pore and on a notch on the side surface, this
is shown in Figure 8. Two additional samples showed cracks originating from corners of the
sample only, with no notch present.

Crack location

its low
roughness. Here the crack originates at side surface near corner as indicated. Shown are three
orthogonal views in (a)-(c) and 3D surface view in (d).

4.4 Samples type C

In samples of type C, cracks are wider and more easily visualized in the CT data, making direct
correlation of exact crack location simpler than in samples of types A and B. Sample C1 is
shown in Figure 9 and its SIF calculation explains the crack location.

Sample C2 (see Figure 10) showed two cracks whose SIF were higher than any of the other
features. Figure 11 shows 3D cropped views of the main crack. Sample C4 showed a low SIF
at the crack initiation location and this could be explained by the presence of a large subsurface
pore in the vicinity, as shown in Figure 12.

For two other specimens, namely C3 and C5, the crack started near the corner of the specimen.
No calculation was done because of the impossibility to make precise measurements near the
corner. The situation is somehow similar to the B specimens, because the very low roughness
for this orientation.
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Figure 10 View o E‘Hé‘sample C2 characterized by two cracks, whose SIF is higher than the one
of the other notches. Shown are 3 orthogonal slice views in (a)-(c) and 3D surface view in (d).

Figure 11 Enlarged 3D sectional view at the center of main crack for specimen C2, showing in
(@) the crack in a virtual cross section in 3D and in (b) showing the 3D crack morphology in
red. A supplementary video is provided for reader interest in 3D morphology of the crack.
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Figure 12: Sample C4 with subsurface pore explaining crack at low SIF value in this case.



4.5 Samples type D

Samples of type D all contained a discontinuity in the center of the sample, related to some
instability in powder deposition (likely caused by the presence of supports) and solidification
at 45° in the center of the specimens, and they were also characterized with removed supports
in the middle of one side of the critical surface and no supports on other side (see Figure 1.b).

The step height was measured by fitting cylinders to the two sides of the sample and measuring
the difference for sample D2, giving a value of 140 um. Figure 13 shows a side view of the
crack location and the notch depth for sample D2, one case where the killer notch was not
predicted by the simple SIF calculations according to Eq. (2) but it was essentially related to
the presence of the big step, whose SIF solution (for a 2D crack) can be found in [66] and it can
essentially approximated as (t being the step height):

KQd,step =112 Spae - V7 - 2 (€))

The samples in this batch all contained multiple cracks near or under this step location, with
SIF calculations complicated by the multitude of cracks. Despite this difficulty, the cracks did
initiate at notches and SIF calculations accurately predicted the location of the notches of two
samples in this batch acting as “killer notches” (the SIF can be estimated with Eq. (2) when the
distance from the step is larger than 3t).

As an example Sample D4 is shown in Figure 14, in this case the SIF analysis accurately
predicted the 4 crack locations. As it can be seen in Figure 14(c), in reality the main crack is a
coalescence of multiple initiation points (namely #1, #3 and #4).
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Figure 13: Sample D2 shows multiple cracks, with major one initiating at the step discontinuity.
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Figure 14: Analysis of sample D4: a) general views showing multiple cracks near the step
discontinuity and an isolated crack; b) sectional view of defect #3; c) fracture surface
revealing the defects #3 and #4 identified by CT scan.

4.6 Samples type E

Samples of type E show smooth surfaces but cracks originate from shallow notches and these
are explained well by the associated SIF calculations in one sample of this type. Sample E2 is
shown in Figure 15, where two cracks are shown and both have equally high SIF values. The
fractography reveals that the depression corresponding to the main crack has a defect below it
Other samples of this series were complicated by cracks passing through subsurface pores and
not initiating on notches, indicating some competition of the crack initiation with pores in this
sample type.
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Figure 15: Analysis of Sample E2: a) general view with two cracks; b) SIF calculation that
justifies cracks in the two locations; c) detail of the defect at the origin of the main crack.




5 Discussion

5.1 Summary of results

In Table 3 is summarized the results from the experimental campaign, including effective
fatigue strength, and microCT-based analysis indicating the failure occurring at a notch or not,
the depth of the notch associated with the primary crack, the SIF prediction success and a note
about any possible pore sub-surface.

5.2 Remarks

It was found that, for samples of types A and D with the roughest surfaces, notches could be
correlated with crack initiation in many cases, but the presence of a discontinuity in the middle
of the D samples also drives multiple failures in this region and the analysis is complicated by
the discontinuity. Most likely the discontinuity which is caused by the presence of supports
during the build process, leads to a different thermal history in this region which leads to
microstructural differences between the two sections and potentially also a complicated residual
stress profile, which can contribute to crack initiation.

Samples of type B have very smooth critical surfaces and no failures were correlated with
surface notches (there are effectively no notches or depressions in the surface): the failures
occur in the corner of the sample or even on side surfaces which have higher roughness.
Samples of type C have relatively smooth surface but shallow notches are well correlated with
crack initiation, for those not initiating on corners. Samples of type E are also relatively smooth,
with many failures occurring seeming to be driven by subsurface pores, except in once case
where a shallow notch is identified as the crack initiation site.

It is interesting to observe that, due to bending of the specimens, the failures effectively started
from the surface features and from this point of view, it looks that the assumption by Molaei et
al. [40] for axial specimens that life prediction could be made considering the sum of surface
plus maximum internal defect sizes is excessively conservative in the case of a stress gradient
(this is due to the fact that the real probability of occurrence near the surface has to be
considered [67]).

5.3 Consequences

The most important result of this paper is that we clearly demonstrate that failure often occurs
at the features with the highest value of SIF based on surface roughness information. While the
additional role of pores and other effects such as residual stress and geometry are also clear in
the results, the importance of the surface features are highlighted here. This has most likely
been under-estimated until now due to the lack of information on deep notches in the as-built
surface by traditional surface roughness evaluation methods. The ability to predict fatigue
failure based on SIF of rough surface notches backs the adoption of extreme value statistics to
the sampling of surface features, as originally proposed by Murakami [68,69], in terms of
sectional measurement of surface depressions/cavities.

The results clearly show the capacity offered by a full 3D analysis to capture the surface features
and that the failures could be explained by SIF only, considering also the width of the defect (a
feature only offered by 3D measurements). This means that sectional measurements for AM
surfaces [19,61] are perhaps too simple and that an areal “extreme value” sampling (that means
capturing the maximum defect on portions of the surface) of surface features is the right
direction (as proposed in [32] for capturing the largest stress concentrations).

It must be emphasised that the significance of these results are in realization of the importance
of surface roughness on the fatigue properties, and that the actual surface details revealed by



CT scans allows a predictive failure analysis, which has not been reported before. This assists
in the understanding of the effect of rough as-built surfaces on the fatigue properties, which is
highly important for complex parts where no post-processing can be applied to hidden surfaces.

6 Conclusions

In this work a new methodology of quantifying surface notches was demonstrated using
microCT data of as-built surfaces of additively manufactured AISil0Mg specimens. An
experimental campaign was reported where the deepest notches were measured and stress
intensity factor calculations used to correlate notches with fatigue crack initiation for five
different types of surface roughness, due to different build orientations. Despite expected
competing effects of subsurface pores, microstructure and residual stresses, the method
accurately predicts 7 failure locations, with 4 cases of failure at locations other than the highest
stress intensity factor.

It was found that notches deeper than 50 pm have a high likelihood of acting as crack initiation
location irrespective of the surface quality, and these can be identified by comparing the surface
with a mean surface (or geometric fitted object) in microCT data. This provides not only a
visual identification of surface notch locations but also allows quantitative evaluation of the
local depth of the notches, for stress intensity factor calculations as demonstrated.

The importance of this work is that it demonstrates the ability to quantify the rough as-built
surface information, and effective notch depths in particular, and use these for predictive fatigue
analysis. This work lays the foundation for the development of prediction models of fatigue
failure of additively manufactured parts based on as-built surfaces, and for improvement of the
properties by surface modification. Future work is envisaged whereby samples with and without
subsurface pores are manufactured, and with samples which have been subjected to stress relief.
This will assist in understanding the role of each manufacturing defect type and the importance
of each, helping to design fatigue-resistant parts in complex as-built geometries in future.
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Tab. 1: Tensile properties along the three main orientations [47]

orientation Sy UTS
[MPa] [MPa]
0° (series A) 229 379.5
45° (series D and E) 206 383
90° (series C) 208 396

3

Table 2: Measured surface roughness (Ra and R;) values for each sample type

Sample type Ra R;

n*2c u=x2c

(um) (1m)
A 8.04t44 27.028 £16.3
B 272+1.14 12.748 +5.42
C 2.97 £0.92 12.429 +4.04
D 7.05+4.73 29.186 + 19.14
E 3.06+1.84 14.232 + 8.86

Table 2: Residual stress of each sample type (measured on two specimens per series)

Sample type Residual stress Deviation FWHM
(MPa) (MPa) (deg)

A -6.9 +10.3 1.42

B -14 +9.4 1.45

C 167.7 +20.1 1.40

D 150.65 +40.1 1.25

E 98.6 +14.6 1.35

Table 3: Fatigue limits ASjim for the different specimen series
Series Fatigue limit
ASiim, MPa
122

144

97

50

134

migi0O| @ >




Table 3: Summary of microCT data of “killer notches”

involved

Sample | Effective AS/ASiim Fail Notch SIF Possibly
applied at notch? | depth prediction | affected
stress (um) by pore?
AS (MPa)

A3 138 1.13 Yes 116 Yes -

A6 147 1.20 Yes 51 No Yes

Al0 123 1.01 Yes 88 Yes -

B9 169 1.17 No, corner | -

B10 158 1.10 No, side |-

surface

B11l 196 1.36 No, corner | -

B12 149 1.03 No, corner | -

Cl 148 1.52 Yes 32 Yes -

C2 150 1.54 Yes 26 Yes -

C3 120 1.23 Yes but | -

near corner
C4 111 1.14 Yes 24 No Yes
C5 104 1.07 Yes but | -

near corner
D1 70 1.40 Yes, deep |-

notch  on

corner, no

analysis

done

D2 119 2.38 Yes, at step | 159 No -

D3 90 1.80 Yes, at step | 195 Yes -

D4 65 1.30 Yes, at step | 192 Yes -

D5 49 0.98 Yes, at step | 230 No Yes

& notch
E2 159 1.18 Yes 33 Yes -
E3 134.5 1.00 No, - - Yes
possibly on
pore
E4 164 1.22 No, - - Yes
possibly
affected by
pore

E5 135 1.01 Yes, but|- - Yes

also pore




